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Background: Excessive alcohol intake is associated with adverse immune response-
related effects, however, acute and chronic abuse differently modulate monocyte
activation. In this study, we have evaluated the phenotypic and functional changes of
monocytes in acutely intoxicated healthy volunteers (HV).

Methods: Twenty-two HV consumed individually adjusted amounts of alcoholic
beverages until reaching a blood alcohol level of 1‰ after 4h (T4). Peripheral blood was
withdrawn before and 2h (T2), 4h (T4), 6h (T6), 24h (T24), and 48h (T48) after starting the
experiment and stained for CD14, CD16 and TLR4. CD14brightCD16-, CD14brightCD16+

and CD14dimCD16+ monocyte subsets and their TLR4 expression were analyzed by flow
cytometry. Inflammasome activation via caspase-1 in CD14+ monocytes was measured
upon an ex vivo in vitro LPS stimulation. Systemic IL-1b and adhesion capacity of isolated
CD14+ monocytes upon LPS stimulation were evaluated.

Results: The percentage of CD14+ monocyte did not change following alcohol
intoxication, whereas CD14brightCD16- monocyte subset significantly increased at T2
and T24, CD14brightCD16+ at T2, T4 and T6 and CD14dimCD16+ at T4 and T6. The relative
fraction of TLR4 expressing CD14+ monocytes as well as the density of TLR4 surface
presentation increased at T2 and decreased at T48 significantly. TLR4+CD14+ monocytes
were significantly enhanced in all subsets at T2. TLR4 expression significantly decreased
in CD14brightCD16- at T48, in CD14brightCD16+ at T24 and T48, increased in
CD14dimCD16+ at T2. IL-1b release upon LPS stimulation decreased at T48,
correlating with TLR4 receptor expression. Alcohol downregulated inflammasome
activation following ex vivo in vitro stimulation with LPS between T2 and T48 vs. T0.
The adhesion capacity of CD14+ monocytes decreased from T2 with significance at T4,
T6 and T48. Following LPS administration, a significant reduction of adhesion was
observed at T4 and T6.
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Abbreviations: BSA, bovine serum album
protein; CD, cluster of differentiation; ED
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family pyrin domain containing 3; NF-k
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Conclusions: Alcohol intoxication immediately redistributes monocyte subsets toward
the pro-inflammatory phenotype with their subsequent differentiation into the anti-
inflammatory phenotype. This is paralleled by a significant functional depression,
suggesting an alcohol-induced time-dependent hyporesponsiveness of monocytes to
pathogenic triggers.
Keywords: ethanol, drinking, innate immunity, inflammasome, LPS, IL-1b, CD14, TLR4
INTRODUCTION

Alcohol is one of the oldest and nowadays one of the most common
addictive substances worldwide (1). Although low-to-moderate
alcohol intake is associated with decreased risk of cardiovascular
diseases and subsequent mortality (2), alcohol abuse contributes to
the development of alcoholic liver disease, pancreatitis and further
pathologies (1). In Germany, approximately 7.8 million adults drink
excessive amounts of alcohol (3), causing 74,000 deaths every year
(4). However, these numbers do not include physical trauma-related
deaths that frequently occur under the influence of alcohol (4). Since
up to 50% of physically traumatized patients are admitted to the
emergency departments with an acute alcohol intoxication (5, 6),
the numbers of alcohol-related deaths may be underestimated.

There is a rising evidence that alcohol intake has a biphasic effect
on the innate immune response in a dose- and time-dependent
manner (7–10). Chronic alcohol intake is associated with increased
susceptibility to infections and sterile inflammation, which may
cause severe tissue damage and poor outcomes after injury (1, 11).
Following binge drinking, defined as an episodic excessive alcohol
intake and the most common form of alcohol abuse, the counts
of circulating leukocytes, monocytes and natural killer cells
as well as the release of tumor necrosis factor (TNF)-a after an
ex vivo in vitro whole blood stimulation with lipopolysaccharide
(LPS) increase in the first 20 minutes after drinking, suggesting an
early pro-inflammatory response. Subsequent decline of
monocytes, natural killer cells and interleukin (IL)-1b, IL-6 and
monocyte chemoattractant protein (MCP)-1 levels in circulation
and the elevation of systemic IL-10 level suggest an anti-
inflammatory state in the later course (7, 9, 12). In line with this
data, leukocytes and IL-6 decrease in circulation was observed in
severely injured patients with excessive alcohol intoxication (10).
However, lower alcohol concentrations do not seem to induce the
pro-inflammatory acute phase proteins (9). Those pro-
inflammatory mediators are essential for the cell recruitment of
the innate immune system and the initiation of the adaptive
immune response (8), why acutely intoxicated patients with
alcohol are potentially more vulnerable to infections.

Human monocytes exposed to moderate amount of alcohol
in vivo or in vitro express significantly lower levels of pro-
in; Bcl-3, B-cell lymphoma 3-encoded
TA, ethylenediaminetetraacetic acid;
volunteers; IL, interleukin; LPS,

moattractant protein; NLRP3, NLR
B, nuclear factor ‘kappa-light-chain-
phate-buffered saline; TLR, Toll-like

org 2
inflammatory cytokines in Toll-like receptor (TLR)4-MyD88 and
TLR-TRIF-dependent manner when stimulated with LPS in vitro
(13). Additionally, activation of the nuclear factor 'kappa-light-
chain-enhancer' of activatedB-cells (NF-kB) is downregulatedp65/
p50 dependently (14). The above described studies deal with
monocytes as a single population, however, three monocyte
subsets can be distinguished according to their expression levels
of cluster of differentiation (CD)14 and CD16: Classical monocytes
(CD14brightCD16-) are released into circulation from bonemarrow
and act as a precursor for intermediate monocytes
(CD14brightCD16+), which in turn differentiate into non-classical
monocytes (CD14dimCD16+) (15). Classical subset has anti-
microbial and innate immune sensing features, contributing to
phagocytosis, adhesion andmigration (15).Once they enter tissues,
classical monocytes differentiate into monocyte-derived
macrophages or dendritic cells, where they are crucial for shaping
and subsequent resolution of inflammation (15). Intermediate
monocytes regulate apoptosis and transendothelial migration
(15), and their high occurrence in patients with systemic
infections suggests a defensive role against invading pathogens
(16). Non-classical monocytes provide complement- and FcR-
mediated phagocytosis and are linked with anti-viral response to
human immunodeficiency virus (15). In chronic excessive alcohol
abuse, the numbers of classicalmonocytes are significantly reduced,
whereas the non-classical monocytes display an increase in their
counts, while the changes particularly restore two weeks following
alcoholwithdrawal (17).Althoughaccumulating evidence indicates
a shift in monocyte subsets under several pathological conditions,
their distribution and function in acutely intoxicated subjects with
alcohol remain elusive.

Considering that phenotypic and functional alterations of
monocytes are substantially involved in the initiation and
subsequent resolution of inflammation, we evaluated the
phenotypic shift of monocytes following episodic excessive
alcohol intake in healthy volunteers (HV). We hypothesized
that acute alcohol intoxication shifts the monocytes toward the
anti-inflammatory phenotype and ameliorates LPS-induced pro-
inflammatory response ex vivo in vitro by suppressing the
inflammasome activation.
MATERIALS AND METHODS

Ethics
The current study was performed pursuant to ethics committee
approval (255/14) from the University Hospital of the Goethe-
University Frankfurt and in accordance with the Declaration of
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Helsinki and following the Strengthening the Reporting of
Observational studies in Epidemiology-guidelines (18).

Patient Cohort
Twenty-two HV between 18 and 50 years of age were enrolled.
Exclusion criteria included a history of chronic alcohol abuse,
acute infection, pre-existing chronic inflammatory diseases,
immunological disorders, human immunodeficiency virus
infection, infectious hepatitis, medication and pregnancy. Renal
insufficiency and changes in transaminases to identifying chronic
liver diseases were excluded by blood test.

Study Design
Healthy volunteers received a standardized lunch (1 pizza) one
hour before starting the experiment. Subsequently, HV
consumed individually calculated amount of alcohol until
reaching blood alcohol level of 1 ‰ after 4 hours. In detail,
HV received whisky-coke cocktail (Tennessee Whiskey Jack
Daniels, 40%; Coca-Cola) in a mixing ratio of 1:2 every 20
minutes for 4 hours. Then, the HV were monitored for further
2 hours without alcohol intake. For the individual calculation of
the amount of alcohol to reach 1 ‰ after 4 hours, the modified
Widmark equation including age, sex, height and weight was
applied. Blood alcohol concentration (BAC) was monitored
hourly until T6 and at T24 and T48. At every time point, a
blood sample for the determination of the BAC was taken. Blood
samples were obtained in prechilled ethylenediaminetetraacetic
acid tubes (BD vacutainer; Becton Dickinson Diagnostics,
Belgium) and kept on ice. Then, blood was centrifuged at
2,000 × g and at 4°C for 15 minutes and the supernatant was
immediately used for the determination of BAC using the
diagnostic set serum EtOH by Cobas 8000 Modular Analyzer
(Roche Diagnostic, Germany). The participants leaved the
research facility after T6 and came back at T24 and T48.
During the time out of the institute, participants were allowed
to eat and drink with restriction of drinking alcohol. A brief
overview of the study design and sampling is shown in Figure 1.
Frontiers in Immunology | www.frontiersin.org 3
Blood Sampling
Peripheral blood was withdrawn in serum-gel and Li-Heparin
collection tubes (Sarstedt, Germany) before (T0) and 2 (T2),
4 (T4), 6 (T6), 24 (T24) and 48 (T48) hours after starting the
alcohol consumption. Subsequently, the samples collected in
serum-gel collection tubes were centrifuged directly after the
collection at 2,000 × g and at 4°C for 15 minutes. Serum was stored
at -80°C until further analysis. Blood in Li-Heparin collection tubes
were directly processed for flow cytometry and adhesion assay.

Analysis of Monocyte Subsets and TLR4
Expression by Flow Cytometry
100 µl heparinized blood was transferred into polystyrene FACS
tubes (BD Pharmingen™). The samples were incubated with 5 µl
CD14 (APC/Cy7; Clone M5E2; BioLegend), 5 µl CD16 (PE/Cy7;
Clone 3G8; BioLegend) and 5 µl TLR4 (APC; Clone HTA125;
BioLegend) in the dark at 4°C for 10 minutes. Subsequently, the
samples were washed with 2 ml FACS buffer (0.5% bovine serum
albumin (BSA) in phosphate-buffered saline (PBS)) and
centrifuged at 350 × g at 4°C for 5 minutes. For red blood cells
lysis, 3 ml lysis buffer (0.155 M NH4Cl, 0.01 M KHCO3, 0.1 mM
ethylenediaminetetraacetic acid (EDTA)) were added and
incubated in the dark at 4°C. Washing step was repeated.
Monocyte population was defined by gating the corresponding
forward and side scatter scan. From each sample a minimum of
3.0 x 104 cells were measured, which were subsequently analyzed.
The percentage of CD14brightCD16- (classical subset),
CD14brightCD16+ (intermediate subset) and CD14dimCD16+

(non-classical subset) as well the percentage and mean
fluorescent units of TLR4 out of CD14+ viable cells were
assessed by flow cytometric analyses using a BD FACS Canto
2™ and FACS DIVA™ software (BD Bioscience). Unspecific
binding of the antibodies was excluded by using isotype controls.

Whole Blood Stimulation With LPS
50 µl heparinized blood was added to 450 µl RPMI 1640 media with
supplements [100UI/mlpenicillin,100µg/ml streptomycin,0.1mg/ml
FIGURE 1 | Study design. Healthy volunteers (HV) received a standardized lunch one hour before starting the experiment and had one liter water at hand during the
first observation period of 6 hours (T0-T6). Every 20 minutes, HV received an individually calculated amount of whisky-coke cocktail (EtOH) for four hours, reaching
blood alcohol concentration of 1‰ after 4 hours (T4). Blood samples were collected before (T0) and 2 (T2), 4 (T4), 6 (T6), 24 (T24) and 48 (T48) hours after starting
the alcohol consumption. This is the same study design as published by Sturm et al. (19).
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gentamycin, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 10% heat-inactivated fetal bovine serum (FBS)] and LPS at
final concentration of 10 µg/ml (20). Subsequently, the samples
were incubated at 37°C and 5%CO2 for 24 hours. After stimulation,
the samples were centrifuged at 2,100 × g and at room temperature
for 10 minutes. Supernatants were stored at -80°C until the
further analysis.

Measurement of IL-1b
For the detection of IL-1b levels in directly collected serum (see
Blood Sampling) and the supernatants after whole blood
stimulation with LPS (see Whole Blood Stimulation With
LPS), ELISA DuoSet kit (#DY201, R&D, USA) was used
according to the provider's instructions.

Caspase-1 Activity
Active caspase-1 was quantified by using a FAM-FLICA
Caspase-1 (YVAD) Assay Kit (ImmunoChemistry, USA) (21).
50 µl blood and 240 µl RPMI 1640 media with supplements was
transferred into polystyrene FACS tubes. Samples were
incubated with 1 µg/ml LPS (E. coli O127:B8 strain; Sigma
Aldrich, Germany), 100 µM BzATP (ATP; Sigma-Aldrich,
Germany) (22) and 10 µl 30X FAM-FLICA caspase-1
inhibitor) at 37°C and 5% CO2 for 90 minutes. Subsequently,
cells were washed with RPMI 1640 media supplemented with
10% FBS 2 times. For red blood cell lysis, 3 ml lysis buffer (0.155
M NH4Cl, 0.01 M KHCO3, 0.1 mM EDTA) were added and
incubated in the dark at 4°C for 10 minutes. Cells were washed
with 2 ml FACS buffer and centrifuged at 200 × g at 4°C for 5
minutes. Following pellet resuspension in 500 µl FACS buffer,
caspase-1 expression was assessed by flow cytometric analyses
using a BD FACS Canto 2™ and FACS DIVA™ software (BD).

Adhesion Assay
The isolation of CD14+ monocyte we described already elsewhere
(23). Peripheral blood monocytes were isolated by a density-
gradient centrifugation (Bicoll separation solution, 1.077 g/ml
density; Biochrom, Germany). Here, 20 ml Bicoll separating
solution was carefully overlaid with 20 ml of heparinized blood
and centrifuged at 800 × g at room temperature for 30 minutes.
Peripheral blood mononuclear cells from interphase were
transferred into fresh tubes and washed with 10 ml FACS buffer
and centrifuged at 350 × g at room temperature for 5 minutes.
Remaining red blood cells were lysed by 10 ml lysis buffer in dark
for 10 minutes and subsequently centrifuged. Following a further
washing step with 15 ml MACS buffer (0.5% BSA, 2 mM EDTA in
1x PBS w/o Mg2+ and Ca2+), cells were resuspended in 500 µl
RPMI 1640 media with supplements. Mononuclear cells were
stimulated with 1 µg/ml LPS at 37°C and 5% CO2 for 90 minutes
and subsequently washed with MACS buffer.

For CD14 labeling, cell pellet was resuspended in 75 µl MACS
buffer and the cell suspension was incubated with 25 µl magnetic
CD14 microbeads (Miltenyi Biotec, Germany) at room
temperature for 15 minutes. Following a washing step with 3
ml MACS buffer, CD14+ labeled monocytes were magnetically
isolated by using LS columns (Miltenyi Biotec, Germany)
Frontiers in Immunology | www.frontiersin.org 4
according to the manufacturer’s protocol. Following a further
washing step with 10 ml FACS buffer, cell pellet was resuspended
in 500 µl of RPMI 1640 media with supplements. Only cell
cultures with a purity and viability of ≥95% were used for further
experiments. Cell population purity was evaluated by flow
cytometry according its size and CD14 expression. Cell
viability was proved by Türk’s solution exclusion assay (Merck,
Darmstadt, Germany).

The adhesion assay was performed as described before (24).
200,000 CD14+ monocytes were seeded in 6-well flat-bottom plate
(Sarstedt, Germany), where adherent A549 pulmonary epithelial
cells to the density of 80%were seeded a day before, and, incubated
at 37°C and 5% CO2 for 35 minutes. Cells were washed twice with
RPMI 1640media with supplements and following fixation by 1ml
1% glutaraldehyde for 3 minutes, monocytes were washed once
more with PBS. Adherent monocytes on plates were stored in 2 ml
PBS in the dark and at 4°C until evaluation. The adherent
monocytes were then counted in 5 different fields of a defined size
(5×0.25 mm2) using a phase contrast microscope (×20 objective).
The mean cellular adhesion rate was calculated.

Statistics
GraphPad Prism 6.0 software (GraphPad Software Inc. San
Diego, CA, USA) was used to perform the statistical analysis.
Data are given as mean ± standard error of the mean (SEM). The
data distribution was tested by the D’Agostino-Pearson test, and
the data is not normally distributed. Since we have 6 groups with
matched or repeated measures, thus paired data, the non-
parametric Friedman’s test was applied. Dunn-Bonferroni
post-hoc test for multiple comparisons was used. T0 is the base
condition to which the others were compared. The Wilcoxon
matched-pairs signed rank test as a nonparametric statistical tool
comparing two paired groups in Figure 6 was used to determine
if two sets of pairs are different from one another in a statistically
significant manner. Spearman’s correlation coefficient was
calculated to determine correlations. A p value below 0.05 was
considered statistically significant.
RESULTS

Characteristics of the Study Participants
From 22 healthy volunteers, 12 female and ten male with a mean
age of 25 (± 4) years were enrolled. All included individuals
exerted normal ranges of transaminases excluding chronic e.g.
liver diseases, since the rages at T0 were: 15-20 U/l GGT, 22 U/l
GPT and 23 U/l GOT. Thus, no individuals with chronic liver
diseases or malfunction were included. Furthermore, the BAC
increased to 0.46±0.02‰ at T2, with further at T4 (1.11±0.05‰)
reaching the target BAC of 1‰. At T6 BAC decreased to
0.83±0.06‰ and was not further detectable at T24 and T48.

Acute Alcohol Intake Modulates the
Distribution the CD14+ Monocyte Subsets
Since it is known that alcohol misuse has modulating effects on
the immune system, we investigated the distribution of different
May 2021 | Volume 12 | Article 652488
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monocytes subsets in healthy volunteers following excessive
acute alcohol intake. Fluorescently ex vivo in vitro labeled
circulating monocytes were gated as it is shown in the
Figure 2. Following alcohol intake, the percentage of CD14+

monocytes did not change during the whole observational period
of 48 hours compared to the counts before the experiment start
(T0) (Figure 3A). Regarding the subsets, the classical monocytes
defined as CD14brightCD16- cells became significantly more
abundant at T2 and T24 after starting drinking alcohol
compared to T0 (Figure 3B, p < 0.05). The intermediate
CD14brightCD16+ monocytes displayed a significant increase in
the first 6 hours (T2, T4, T6) with subsequent decrease to the
baseline at T24 and T48 (Figure 3C, p < 0.05). We observed an
increase of non-classical CD14dimCD16+ subset at T4 and T6
hours compared to the counts at T0, followed by decrease from
T24 (Figure 3D, p < 0.05).
Frontiers in Immunology | www.frontiersin.org 5
Combining the absolute cell numbers of leukocytes per
microliter (25) with the relative fractions of monocytes and
their subsets, we converted the percentages of monocyte
subsets into absolute cell numbers. These are summarized in
Supplementary Table 1.
TLR4 Expression Is Upregulated in the
Early Phase and Downregulated in the
Later Phase of Acute Alcohol Intake
Following the determination of monocyte subsets, we analyzed the
expression of surface receptor TLR4. The representative gating
strategy of TLR4-positive monocytes is shown in the Figure 2. The
abundance of TLR+ CD14+ monocytes significantly increased at T2
while decreasing to base level at T6 until T24 (Figure 4A, p < 0.05).
At T48, TLR4 expression was significantly decreased compared to
FIGURE 2 | Representative gating strategy for the flow cytometric analyses and evaluation of monocyte subsets with regard to their TLR4 expression.
May 2021 | Volume 12 | Article 652488
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T0 (Figure 4A, p < 0.05). The relative fraction of TLR4+

CD14brightCD16- classical monocytes increased significantly at T2
and T6 vs. T0 (Figure 4B, p < 0.05). CD14brightCD16+ intermediate
and CD14dimCD16+ non-classical subsets showed a significant
elevation of TLR4+ monocytes at T2 compared to T0
(Figures 4C, D, p < 0.05).

Additionally, to the relative fraction of TLR4+ monocytes, we
evaluated the mean TLR4 expression on monocytes. CD14+

monocytes displayed significantly higher expression at T2 and
significantly reduced TLR4 receptor density at T48 compared to
T0 (Figure 4E, p < 0.05). Rising trend was indicated at T2 and T6
in classical monocyte subset and the density of TLR4 decreased
significantly at T24 vs. T0 (Figure 4F, p < 0.05). Intermediate
monocytes showed increased TLR4 expression at T2 and a
significant decline at T24 and T48 compared to T0 (Figure 4G,
p < 0.05). The non-classical subset displayed significant elevation
of TLR4 receptor intensity at T2 vs. T0 (Figure 4H, p < 0.05).

IL-1b Release Following Ex Vivo In Vitro
Whole Blood Stimulation With LPS Is
Diminished Two Days After Acute Alcohol
Intake Correlating With TLR4 Receptor
Density on Monocytes
Further, since it is known that ethanol inhibits the NLRP3
inflammasome activation, we evaluated the levels of circulating
IL-1b and following ex vivo in vitro stimulationwithLPS. IL-1bwas
not detectable in serumdirectly obtained fromthe participants at all
time points (detection limit of 3.91 pg/mL; data not shown).
Following LPS stimulation, we have shown that the acute ethanol
intoxication did not have an impact on IL-1b concentration at T2,
T4 and T6 compared to IL-1b concentration before starting
binge drinking (T0) (Figure 5A). At T24, we observed a slight
decrease that continued and became significant at T48 vs. T0
Frontiers in Immunology | www.frontiersin.org 6
(Figure 5A, p < 0.05). This IL-1b level positively correlated with
TLR4 receptor density on monocytes at T48 (Figure 5B).

Ethanol Intake Leads to
Hyporesponsiveness to Secondary Hit
A brief overview about ex vivo in vitro experimental design and
representative gating strategy is shown in Figures 6A, B. Level of
active caspase-1didnot showsignificant changes inCD14+monocytes
during the entire observation period of 48 hours compared to the level
before alcohol intoxication (T0) (Figure 6C). The ex vivo in vitro
stimulation of CD14+monocytes with 1 µg/mLLPS and 100 µMATP
led to significant increase of caspase-1 expression at all time points
comparedtoequivalentunstimulatedmonocytes (Figure6C, p<0.05).
At T2, T6 and T48, caspase-1 expression significantly decreased
following LPS and ATP stimulation compared to stimulated
monocytes at T0 (Figure 6C, p < 0.05).

Furthermore, we found that the adhesion capacity of CD14+

monocytes is impaired by alcohol intake. Ex vivo in vitro, CD14+

monocytes displayed less adhesion to A549 cells from T2 until T48
compared to T0, with significance at T4, T6 and T48 (Figure 6D,
p < 0.05). Following LPS administration, monocyte adhesion
decreased from T6 until T48 vs. stimulated monocytes at T0,
with significances at T4 and T6 (Figure 6D, p < 0.05). At T48,
significant increase in adhesion rates of LPS stimulated monocytes
compared to unstimulated monocytes is shown (Figure 6D, p <
0.05). At T6, there is no difference in adhesion rates between
stimulated und unstimulated monocytes (Figure 6D).
DISCUSSION

Excessive alcohol drinking is associated with adverse immune
response-related effects such as susceptibility to nosocomial
A

B D

C

FIGURE 3 | Impact of acute alcohol intoxication on monocyte subset distribution. Percentage distribution of CD14+ (A) classical (CD14brightCD16-) (B), intermediate
(CD14brightCD16+) (C) and non-classical (CD14dimCD16+) (D) was determined in blood of healthy volunteers (n=22) before (T0) and 2 (T2), 4 (T4), 6 (T6), 24 (T24) and
48 (T48) hours after starting the alcohol consumption. Data are presented as mean ± standard error of the mean. *p < 0.05 vs. T0.
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infections with possible further progression to acute respiratory
distress syndrome or sepsis (26). Following traumatic injury,
monocytes show a shift toward the pro-inflammatory phenotype
(23), and whereas chronic alcohol intake causes an exaggerated
differentiation into the anti-inflammatory phenotype (17), the
effect of acute alcohol intake still remains elusive. Since there is a
frequent coincidence of alcohol misuse and traumatic injuries (5,
6), understanding of their interaction and the mechanisms of
ongoing misbalanced immune response after trauma may
contribute to the development of advanced therapeutic
strategies for alcohol-intoxicated severely injured patients.
Therefore, we evaluated the phenotypic and functional changes
Frontiers in Immunology | www.frontiersin.org 7
of monocytes in intoxicated HV. The key results are summarized
in Figure 7.

In this study, HV consumed calculated amount of whisky-
coke cocktail every 20 minutes during the first 4 hours of the
experiment, reaching a blood alcohol level of 1‰. Over the
whole observation period of 48 hours, the relative fraction of
CD14+ monocytes remained stable, whereas the individual
monocyte subsets showed significant alterations. Classical
monocytes, characterized by CD14brightCD16- expression,
provide phagocytosis contributing to immune defense against
invading pathogens and are equated with murine pro-
inflammatory Ly6Cbright monocytes (15, 27). Two hours after
A

B

D

E

F

G

H

C

FIGURE 4 | Impact of acute alcohol intoxication on Toll-like receptor 4 (TLR4) surface presentation on monocytes. Percentage and mean intensity expression of
TLR4 on CD14+ monocytes (A, E) and the classical (CD14brightCD16-) (B, F), intermediate (CD14brightCD16+) (C, G) and non-classical (CD14dimCD16+) (D, H)
monocyte subsets were determined in blood of healthy volunteers (n=22) before (T0) and 2 (T2), 4 (T4), 6 (T6), 24 (T24) and 48 (T48) hours after starting the alcohol
consumption. Data are presented as mean ± standard error of the mean. *p < 0.05 vs. T0.
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drinking, the ratio of classical subset significantly increased. This
was paralleled by increased abundance of intermediate subset
that lasted for 6 hours and by enhanced levels of non-classical
monocytes between 4 and 6 hours after alcohol intake. It is
generally accepted that classical monocytes are precursors for the
intermediate subset, which expresses the highest levels of antigen
presentation-related molecules and has been linked with rapid
immune defense in systemic infections (15, 16). Alcohol
intoxication has been shown to enhance the expression of
MCP-1 and C-C chemokine receptor type 2 in pancreas and
microglia, contributing to the extent of tissue injury (28, 29).
Therefore, binge alcohol drinking may cause a release of classical
monocytes from the bone marrow within the first 2 hours after
drinking, which in turn may differentiate into intermediate
monocytes. Regarding the delayed increase of the relative non-
classical monocyte fraction, it seems, that alcohol intoxication
converts the intermediate into non-classical monocytes and
thereby, switch their pro-inflammatory character into an
immunosuppressive cell type. Under the same experimental
settings, it has been shown that absolute leukocyte numbers
significantly increase two and four hours after starting alcohol
drinking, suggesting an early mobilization of immune system
(25). The percentage of granulocytes out of all leukocytes
decreases significantly at four and six hours, whereas the
monocyte percentage decreases first significantly at six hours
with subsequent significant elevation at 24 and 48 hours post-
drinking (25). The current literature describes changes in
leukocyte subpopulations almost exclusively in chronic alcohol
abuse, although these changes are not less relevant in acute
Frontiers in Immunology | www.frontiersin.org 8
setting of alcohol drinking. Gacouin et al. analyzed leukocytes in
critically ill patients, which have been acutely intoxicated with
alcohol (30). They have shown that the circulating neutrophils
and classical monocytes are less present in those patients,
whereas the values for B lymphocytes, cytotoxic and
noncytotoxic lymphocytes were significantly higher. Since these
results persist in patients with and without infection, they suggest
that these changes may be induced by alcohol.

The initial pro-inflammatory immune response is paralleled
by elevated TLR4 expression 2 hours after starting the alcohol
intake. Following an alcohol binge, the intestinal barrier is
disrupted, enhancing the mucosal penetration of intestinal
luminal toxic substances, pathogens and antigens, that in turn
can lead to intestinal mucosal injury and inflammation (31). An
increase of TLR4 in ileum and colon has been linked with
increased intercellular permeability by the disruption of tight
junctions between epithelial cells (32). Alcohol-induced loss of
tight junctions allows the intestinal pathogens or pathogen-
derived molecules to translocate into circulation, where they
trigger the inflammatory cascade and activate immune cells such
as monocytes and macrophages in TLR4-dependent manner,
leading to a secretion of pro-inflammatory cytokines (31–33).
Moreover, the intensity of alcohol intoxication positively
correlates with serum levels of LPS and markers of monocyte
activation (33). However, 24 hours after binge drinking, we have
shown that the TLR4 expression on monocytes is downregulated
and positively correlates with systemic IL-1b levels measured at
48 hours following ex vivo in vitro LPS stimulation. The relative
fraction of non-classical monocytes, which are comparable with
murine anti-inflammatory Ly6Clow monocytes (27), recovered to
the baseline at 24 hours. However, the immunosuppressive effect
of alcohol seems to affect the functionality of individual
monocyte subsets without changing their ratios at T48. In line
with this, less monocytes are positive for reactive oxygen species
at 48 hours after binge drinking, suggesting lower antimicrobial
competence (25). Acute alcohol intoxication-related decrease in
TLR4 response, so-called TLR4 tolerance, is induced by B-cell
lymphoma 3-encoded protein (Bcl-3) that negatively regulates
TNF-a transcription (34). Treatment of human monocytes and
murine macrophages with 25 mM and 50 mM ethanol,
respectively induces Bcl-3 expression that in turn enhances p50
homodimer stabilization. Bcl-3-p50 homodimer complex binds
to TNF-a promotor region, inhibiting the TNF-a and
consequently the NF-kB transcriptional activity (34, 35).
However, repeated alcohol intoxication such as chronic alcohol
abuse abolishes the initial anti-inflammatory effect and leads to
the loss of TLR4 tolerance (1), supporting the theory about the
biphasic effect of alcohol.

We have shown that systemic IL-1b level is below the
detection limit following alcohol intoxication and that the
amount of active caspase-1 does not significantly change in
monocytes during the entire observation period. The release of
IL-1b upon inflammasome activation involves 2 major steps:
1) Synthesis of inactive pro-IL-1b, 2) enzymatic cleavage of pro-
IL-1b into active IL-1b by caspase-1 with subsequent secretion of
IL-1b into extracellular space (36). Since LPS-induced IL-1b
A

B

FIGURE 5 | Impact of acute alcohol intoxication on IL-1b release after
stimulation with lipopolysaccharide (LPS). IL-1b was determined in blood of
healthy volunteers (n=22) that was stimulated with LPS for 24 h before (T0)
and 2 (T2), 4 (T4), 6 (T6), 24 (T24) and 48 (T48) hours after starting the
alcohol consumption (A). Spearman analysis of correlation between IL-1b and
TLR4 at T48 is shown (B). Data are presented as mean ± standard error of
the mean. *p < 0.05 vs. T0.
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decrease positively correlates with TLR4 surface presentation at
T48, monocytes appear less responsible toward TLR4 ligands
such as LPS and may mitigate the transcription and translation
of pro-IL-1b in NF-kB-dependent manner. No alteration in
caspase-1 levels suggests that inflammasome assembly was not
impeded and the lower IL-1b may be caused by the lack of
inactive pro-IL-1b. Although it is well known that IL-1b is
mainly produced by monocytic immune cells in NLR family
pyrin domain containing 3 (NLRP3)/Caspase-1-dependent
manner, there is increasing evidence that IL-1b can be
produced by neutrophils or inflammasome-independently as
well (37–39). Thus, a monocyte-independent production of IL-
1b following alcohol intoxication should be further investigated.
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Ex vivo in vitro stimulation of monocytes with LPS and ATP
significantly increases their caspase-1 level. During and following
the excessive alcohol intake, caspase-1 expression is upregulated
but significantly less induced compared to non-intoxicated HV.
This is in line with an in vitro study, that we have published
recently showing that ethanol pre-treatment (170 mM) of human
HepG2 liver cells downregulated caspase-1 expression following
LPS and ATP administration (22). This may be caused by innate
immune memory (40), whereby the first hit (here alcohol) may
reprogram the innate immune cells resulting in an adaptation of
the response to the subsequent second hit (here LPS and ATP).
However, the underlyingmechanism remains elusive. Some studies
show that this adaptation may be caused by the downregulation of
TLR surface expression and an upregulation of Toll-interacting
protein with subsequent hypophosphorylation of IL-1 receptor-
associated kinase and downregulation of canonical NF-kB pathway
(41, 42). Moreover, acute alcohol intoxication leads to impaired
adhesion of monocytes, whereby the subsequent ex vivo in vitro
stimulation with LPS cannot at all or only barely increase the
adhesive capacity compared to monocytes without endotoxin
challenge. This may be caused by the lower surface presentation
of intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1 as shown in an in vitro study with polyphenols from
red wine by Ferrero et al. (43). Polyphenols are non-alcoholic
compounds of alcoholic beverages such as wine or whisky (44).
Since de-alcoholized wine inhibits the monocyte migration ex vivo
(45), we should consider that the effect we attribute to ethanol/
alcohol may be also caused by other non-alcoholic compounds.

Limitations
This study has several strengths including pharmacologically
relevant model for binge drinking and a novel approach to
understanding the variability in monocyte subsets and the
dynamic responses of these subsets as well as their functions
following acute alcohol intoxication. However, this study also has
several limitations. First, although we have shown a clear
phenotypical shift of monocytes toward the anti-inflammatory
phenotype in time-dependent manner, an analysis of the
expression pattern of pro- and anti-inflammatory genes and of
the altered functionality (e.g. phagocytosis and bacterial killing,
generation of reactive oxygen species) would significantly
improve these findings. This was not possible for technical and
time reasons. Second, including a placebo group would
immensely enhance the validity of the results. Until now, there
are no short-term in vivo studies showing the impact of cola or its
ingredients (sugar, phosphoric acid, carbonic acid etc.) on
monocytes and the most in vitro studies focus on the long-
term impact of glucose on monocyte functionality (diabetes
models). Afshar et al. have shown in line with the data
presented in this study that acute alcohol intoxication by
ethanol mixed with chilled sugar-free flavored seltzer water led
an early pro-inflammatory immune response 20 minutes after
reaching blood alcohol concentration of 1‰ (7). Two and five
hours later, an anti-inflammatory state was observed with
reduced numbers of monocyte and natural killer cells,
attenuated LPS-induced IL-1b levels and a trend toward
increased IL-10 levels (7). Further, in vitro studies with THP-1
A

B

D

C

FIGURE 6 | Impact of acute alcohol intoxication on inflammasome activation
in monocytes and their adhesive capacity upon LPS and ATP or only LPS
stimulation ex vivo. Experimental design and representative gating strategy for
caspase-1 is shown in (A, B). Percentage expression of caspase-1 in CD14+

monocytes (C) and their adhesive capacity (D) following ex vivo LPS
stimulation was determined in blood of healthy volunteers (n=22) before (T0)
and 2 (T2), 4 (T4), 6 (T6), 24 (T24) and 48 (T48) hours after starting the
alcohol consumption. Data are presented as mean ± standard error of the
mean. *p < 0.05 vs. T0 and indicated.
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describe increased secretion of IL-1b in glucose dose- and time-
dependent manner, that is paralleled by enhanced adhesion
capacity (46, 47). Although these opposite results to our study
cannot definitely exclude that cola might have anti-inflammatory
features on monocyte subsets and functions, it considerably
supports our conclusion that these effects are attributed to
alcohol. Third, the calculated absolute cell numbers of
monocyte subsets are artificial. Since we did not use cell
counting beads, we obtained only the relative fractions of
monocyte subsets. Thus, for getting the absolute cell numbers,
we calculated those out of leukocytes counted by automated
blood cell counter (Sysmex Europe GmbH, Germany). Lastly,
although density gradient centrifugation by using Bicoll as a
separation medium is a standard method for immune cell
isolation for diverse immunological investigations, such as
evaluation of the inflammasome activation in monocytes (48,
49), we cannot exclude a monocyte activation by the density
gradient centrifugation itself or by direct or indirect interactions
with lymphocytes and platelets, which have been shown to
undergo phenotypical and functional changes following a
density gradient centrifugation (50–52).
CONCLUSIONS

Taking together, an acute intoxication with alcohol induces
monocyte conversion toward their pro-inflammatory phenotype
in the very early phase upon drinking. In the later time course,
they differentiate into anti-inflammatory monocytes, findings that
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are paralleled by downregulation of TLR4 expression and IL-1b
release. Our results suggest that an acute intoxication with alcohol
has immunosuppressive effects in a time-dependent manner.
Therefore, along with the endotoxin tolerance, excessively
alcoholized subjects may be susceptible to the development of
secondary infections. Ex vivo in vitro LPS stimulation of
monocytes shows a downregulation of NLRP3 expression in
samples obtained from severely injured patients compared to
healthy subjects (53). This in turn elicits the synthesis and
release of active IL-1b (53), whereby the monocyte deactivation
correlates with the injury severity (54). In a rat model of blunt
chest thorax trauma and hemorrhagic shock with subsequent
resuscitation, monocytes express lower levels of caspase-1 in
response to ethanol administration 2 hours before injury (21).
Accordingly, alcohol intoxication may synergize with later
trauma-induced immunosuppression leading to further
enhanced vulnerability to infectious complications in the clinical
course and has to be elaborated in further studies. It remains
controversial whether an acute intoxication with alcohol has an
impact on the outcome after a major injury, however, an
adjustment of the timing of life-saving intervention according to
the immune response may improve the therapeutic approach.
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