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Abstract

Background: Alcohol impairs pulmonary innate immune function and is associated with an 

increased risk for tuberculosis (TB). Toll-like receptor 2 (TLR2) is a pattern recognition receptor 

on alveolar macrophages that recognizes Mycobacterium tuberculosis (Mtb). Its expression 

depends, in part, on granulocyte macrophage-colony stimulating factor (GM-CSF) signaling. 

Given our prior work demonstrating suppression of GM-CSF signaling in chronic alcohol 

ingestion, we hypothesized that alcohol impairs TLR2 expression via suppression of GM-CSF 

and thereby reduces the ability of the macrophage to recognize and phagocytose Mtb.

Methods: Primary alveolar macrophages were isolated from control-fed and alcohol-fed rats. 

Prior to cell isolation, some alcohol-fed rats were treated with intranasal GM-CSF and then 

endotracheally inoculated with an attenuated strain of Mtb. Primary macrophages were then 

isolated and immunofluorescence (IF) was used to determine phagocytic efficiency and TLR2 

expression in the presence and absence of GM-CSF treatment as well as phagocytic efficiency in 

the presence and absence of TLR2 neutralization.

Results: TLR2 expression and phagocytosis of Mtb were significantly decreased in the alveolar 

macrophages of alcohol-fed rats compared to control-fed rats. In parallel, blocking TLR2 signaling 

recapitulated this decreased phagocytosis of Mtb. In contrast, intranasal GM-CSF treatment 

restored TLR2 expression and Mtb phagocytosis in the alveolar macrophages of alcohol-fed rats to 

levels comparable to control-fed rats.

Conclusions: Chronic alcohol ingestion reduces TLR2 protein expression and phagocytosis of 

Mtb, likely as a result of impaired GM-CSF signaling. GM-CSF restores membrane-bound TLR2 

expression and phagocytic function.
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INTRODUCTION

Alcohol use disorders (AUD) are common worldwide and result in an estimated 3 million 

deaths each year (WHO, 2018). Unfortunately, the COVID-19 pandemic and its associated 

lockdowns has led to an increase in reported alcohol consumption as well as hospitalizations 

for alcohol-related end-organ damage (Kim et al., 2020, Rutledge et al., 2021). In addition 

to the well-known complications in the liver, AUD cause pulmonary complications as well, 

such as an increased risk for acute respiratory distress syndrome (ARDS) and bacterial 

pneumonia (Moss et al., 1996, Moss et al., 2003, Simou et al., 2018). Since the 1800s, an 

increased occurrence of pneumonia, including tuberculosis (TB), has been noted among 

patients who consume alcohol (Osler, 1898). More recent studies have confirmed the 

increased risk of TB among persons with AUD, and found that the latter is an independent 

risk factor for TB even after controlling for confounders such as comorbidities, lifestyle, or 

social determinants of health (Lonnroth et al., 2008, Rehm et al., 2009, Imtiaz et al., 2017). 

Further, those with AUD and TB are more infectious and have more clinically severe TB, 

including more cavitary disease and larger areas of affected lung, compared to those without 

AUD (Diel et al., 2004, Classen et al., 1999, Fiske et al., 2009, Volkmann et al., 2015, Wang, 

2012). Even when treated, AUD are associated with poor outcomes, including increased risk 

of treatment failure and death (Ragan et al., 2020, Volkmann et al., 2015, Thomas et al., 

2019).

Alcohol negatively impacts pulmonary innate immunity in many ways that favor Mtb, 

including impaired mucociliary function, increased alveolar oxidative stress, and a more 

permeable alveolar epithelium (Wigger et al., 2022). Further, alcohol impairs alveolar 

macrophage function, interfering with macrophage maturation, antioxidant defense, and 

phagocytosis (Moss et al., 2000, Jensen et al., 2013, Shibata et al., 2001, Joshi et al., 2005, 

Lloberas et al., 1999). The alveolar macrophage is a key component of the pulmonary 

immune system with a plethora of functions including pathogen recognition, phagocytosis, 

and initiation and recruitment of the innate and adaptive immune responses.

Granulocyte macrophage-colony stimulating factor (GM-CSF) is essential for the maturation 

and function of the alveolar macrophage (Shibata et al., 2001). GM-CSF is also vital to the 

innate immune response to Mycobacterium tuberculosis (Mtb), the causative organism of 

TB, restricting bacillary growth and promoting mycobacterial clearance (Bryson et al., 2019, 

Mishra et al., 2020, Benmerzoug et al., 2018). We previously demonstrated that chronic 

alcohol exposure interferes with GM-CSF signaling by decreasing expression of the β-

subunit of the receptor for granulocyte/macrophage-colony stimulating factor (GMCSF-Rβ) 

on the alveolar macrophage surface (Joshi et al., 2005). This results in diminished activity 

of PU.1, a GM-CSF-dependent regulatory transcription factor required for normal alveolar 

macrophage differentiation, phagocytosis, pathogen killing, and cytokine production (Brown 

et al., 2009, Shibata et al., 2001, Joshi et al., 2006, Joshi et al., 2005).

Toll-like receptor 2 (TLR2) is an important pattern recognition receptor (PRR) expressed 

on macrophages that recognizes lipoproteins and lipomannans specific to mycobacteria, 

including Mtb, and subsequently initiates expression of various effector molecules 
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(Oliveira-Nascimento et al., 2012, Kirschning et al., 1998, Aliprantis et al., 1999). TLR2 

deficiencies have been associated with an increased susceptibility to TB as well as impaired 

immunologic response and mycobacterial killing by the macrophage (Yim et al., 2006, 

Ogus et al., 2004, Ben-Ali et al., 2004, Drennan et al., 2004, Texereau et al., 2005, Reiling 

et al., 2002, Kramarska et al., 2021, Palucci et al., 2016, Thoma-Uszynski et al., 2001). 

Alcohol has been shown to inhibit TLR2 function (Goral and Kovacs, 2005, Pruett et al., 

2004). Further, GM-CSF and PU.1, both downregulated with chronic alcohol exposure, 

are promoters of TLR2 expression and function (Shibata et al., 2001, Haehnel et al., 

2002, Liu et al., 2017, Kurt-Jones et al., 2002). This link between TLR2 and GM-CSF, 

as well as the importance of TLR2 to the alveolar macrophage’s response to Mtb, led us 

to hypothesize that alcohol-induced impairment of alveolar macrophage GM-CSF signaling 

results in impaired TLR2 expression and thereby impairs recognition and uptake of Mtb.

MATERIALS & METHODS

Alcohol feeding and primary alveolar macrophage isolation

Adult male Sprague-Dawley littermate rats were fed either an alcohol or a control diet 

as previously described (Fan et al., 2011). Briefly, animals were fed the standard Lieber-

DeCarli liquid diet containing either alcohol (ethanol, 36% of total calories) or an isocaloric 

carbohydrate substitution ad libitum for a total of 6 weeks. All animal work was performed 

with the approval of the Institutional Use and Care of Animals Committee at Emory 

University.

Primary alveolar macrophages were obtained by bronchoalveolar lavage (BAL) from 

alcohol-fed and control-fed rats after sacrifice as previously described (Staitieh et al., 2018). 

Alveolar macrophages were washed before plating in F12-K with gentamycin (50ug/mL), 

amphotericin B (2.5 ng/mL), and 10% fetal bovine serum. Each independent experiment 

made use of cells from 3–4 different animals per feeding group that were plated at a density 

of 80,000 cells/well on 16-well slide for immunofluorescence (IF). Two hours after plating, 

non-adherent cells were removed to obtain an enriched population of alveolar macrophages.

Airway treatments in vivo

In selected experiments, rats were anesthetized with vaporized 3% isoflurane and then 

treated intranasally with either recombinant granulocyte macrophage colony-stimulating 

factor (rGM-CSF) (PeproTech, Cranbury, NJ/USA), 500 ug in 100 μL of phosphate-buffered 

saline (PBS), or 100 μL of PBS alone, by gently instilling the volume into one nostril with 

a 200 μL pipette. Rats sniff repetitively by a characteristic reflex that delivers a significant 

volume of the instilled liquid into the lower airways as we have published previously (Pelaez 

et al., 2004). Rats were given 3 separate rGM-CSF or PBS treatments over 3–6 days prior to 

Mtb endotracheal inoculation.

For endotracheal inoculation of Mtb, an attenuated Mtb strain, H37Rv (mc2 6206) (Jain et 

al., 2014), was obtained from the laboratory of Dr. William R. Jacobs Jr., PhD at Albert 

Einstein of College Medicine (New York, NY/USA) and was grown in Middlebrook’s H9 

broth supplemented with Middlebrook’s OADC enrichment using the methods described 
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by Nazarova et al (Nazarova and Russell, 2017). Mtb was labeled with fluorescein-5-

Isothiocyanate (FITC) (Invitrogen, Carlsbad, CA/USA) using the methods described by 

Astarie-Dequeker et al (Astarie-Dequeker et al., 1999). Briefly, 2×108 mycobacteria were 

added to 1 mL of 0.01% FITC in 0.2M Na2CO3–NaHCO3 buffer containing 150 mM NaCl 

(pH 9.2) for 30 minutes. Mycobacteria were then washed twice in PBS and subsequently 

resuspended in the enriched Middlebrook broth at a concentration of 1×108/mL. Animals 

were endotracheally intubated as described by Kastl et al (Kastl et al., 2004) and inoculated 

with Mtb as described by Leong et al (Leong et al., 2010). Briefly, animals were 

anesthetized with intraperitoneal injections of ketamine and xylazine and subsequently 

endotracheally intubated with a 14-gauge intravenous catheter. Using a 1 mL syringe, 107 of 

FITC-labeled Mtb in 100 μL was injected through the endotracheal catheter followed by an 

immediate 900 μL of air and an additional 1 mL of air, to facilitate dispersion of Mtb into 

the lower airways. Twenty-four hours after inoculation, the animals were sacrificed.

GM-CSF treatment, TLR2 neutralization and Mtb infection ex vivo

Primary alveolar macrophages were obtained from wild-type rats by BAL and plated as 

described above. Cells were incubated with 50 ng/mL GM-CSF (PeproTech, Rocky Hill, NJ) 

for 48 hours. Cells were treated with a TLR2 neutralizing antibody (Anti-mTLR2-IgG, ID: 

C9A12, InvivoGen, San Diego, CA/USA) at 5 ug/mL. After 30 minutes, cells were infected 

with FITC-labeled Mtb, H37Rv (mc2 6206), at a multiplicity of infection (MOI) of 10:1 for 

24 hours.

Phagocytic Efficiency

Phagocytosis was assessed via immunofluorescence. Images were obtained with a 

fluorescence microscope and cellSens software (Olympus Life Science, Waltham, MA/

USA). The point maxima function of ImageJ (Fiji, Madison, WI/USA) was used to 

measure the number of fluorescent, intracellular FITC-labeled Mtb. Multiple random fields 

from multiple replicates were assessed for a total of 250–350 cells per condition. Mtb 
phagocytosis was expressed as the phagocytic efficiency, which was calculated as the total 

number of FITC-fluorescent puncta within the cellular border per total number of cells. The 

phagocytic efficiencies are presented % relative to control.

Immunofluorescence

Immunofluorescence staining was performed using primary antibodies to TLR2 (1:250 

dilution) (ID: MA5–32787, Invitrogen, Carlsbad, CA/USA), Alexa Fluor-labeled secondary 

antibodies, and 4′,6-diamidino-2-phenylindole (DAPI, 1:5000 dilution). Prior cell fixation 

and image acquisition, wells were treated with 1:10 diluted trypan blue solution for 

approximately 2 minutes to quench background fluorescence and enhance image quality. 

Images were obtained with a fluorescence microscope and cellSens software. Corrected 

total cell fluorescence was calculated with ImageJ. Multiple random fields from multiple 

replicates for a total of 200–300 cells per condition were analyzed to determine the mean 

fluorescence for each condition. Area and integrated density were calculated, and the 

fluorescence of each cell was then determined by dividing the integrated density by the 

area. The levels of fluorescence are presented % relative to control.
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Statistical Analyses

Student’s t-test was used for single comparisons and analysis of variance (ANOVA) was 

used for multiple comparisons using the Analysis ToolPak in Microsoft Excel (Redmond, 

WA/USA). Data are presented as mean ± standard error of the mean. Significance was 

accepted at p < 0.05.

RESULTS

Chronic alcohol ingestion impairs phagocytosis of attenuated Mtb in a rat model and 
reduces TLR2 expression in rat alveolar macrophage

As chronic alcohol exposure decreases alveolar macrophage bacterial phagocytosis (Brown 

et al., 2009), we first assessed phagocytosis of Mtb from alcohol-fed rats and their control-

fed littermates. As shown in Figure 1, the relative phagocytic efficiency was significantly 

lower in the primary alveolar macrophages isolated from alcohol-fed rats compared to 

macrophages from control-fed rats (40 ± 2% vs. 100 ± 17%, p<0.05), a 60% decrease in 

phagocytosis compared to control. Given the importance of TLR2 for Mtb recognition, as 

well as previous work showing alcohol’s detrimental effects on TLR2 in splenic, peritoneal, 

and peripheral white blood cells in murine models (Thoma-Uszynski et al., 2001, Goral 

and Kovacs, 2005, Pruett et al., 2004, Hu and Spaink, 2022), the effect of chronic alcohol 

ingestion on TLR2 expression from the primary alveolar macrophage was assessed in 

our particular animal model. As shown in Figure 2, the relative TLR2 expression was 

significantly reduced in the alveolar macrophages of alcohol-fed rats (81 ± 1% vs. 100 ± 

1%, p<0.05) indicative of nearly a 20% decrease in TLR2 expression compared to control.

Blocking TLR2 signaling impairs phagocytosis of attenuated Mtb in a rat model

To determine the functional consequences of decreased TLR2 expression, alveolar 

macrophages were cultured with TLR2 neutralizing antibody prior to adding Mtb in the 

culture medium. As shown in Figure 3, blocking TLR2 on the cell membrane by neutralizing 

antibody significantly decreases the relative phagocytic efficiency of alveolar macrophages 

compared to control (72 ± 6% vs. 100 ± 7, p<0.05). We found that this significant 

decrease in the relative phagocytic efficiency persisted even if the alveolar macrophages 

were incubated with GM-CSF for 48 hours prior to exposure to the TLR2 neutralizing 

antibody (68 ± 6% vs 100 ± 7%, p<0.05), Phagocytic efficiency of the alveolar macrophages 

was not significantly affected by GM-CSF treatment alone (96 ± 4% vs. 100 ± 7%, p>0.05) 

(Figure 3).

Intranasal GM-CSF treatment restores alveolar macrophage TLR2 expression and 
phagocytosis of attenuated Mtb in alcohol-fed rat alveolar macrophages

Given the role of GM-CSF and PU.1 in the regulation of TLR2 (Shibata et al., 2001, 

Haehnel et al., 2002), we next assessed whether GM-CSF treatment could restore TLR2 

expression in primary alveolar macrophages from alcohol-fed rats. Alcohol-fed rats and 

their littermate controls were treated with recombinant rat GM-CSF with 3 days by nasal 

instillation. We found that GM-CSF improves relative TLR2 expression in the alveolar 

macrophages of alcohol-fed rats (Figure 4) and restores it to the level of control-fed rats 
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(100 ± 1% vs. 100 ± 1%, p>0.05). There is no change in the TLR2 expression in the control 

animals treated with or without GM-CSF (97 ± 2% vs. 100 ± 1%, p>0.05) (Figure 4).

Since chronic alcohol exposure reduced GMCSF-Rβ expression on the alveolar macrophage 

surface and consequently impaired macrophage function (Brown et al., 2009, Trapnell and 

Whitsett, 2002), alveolar macrophage phagocytosis of Mtb was used to analysis of the 

macrophage function. We found that there is an increase in the relative phagocytic efficiency 

of alveolar macrophages from alcohol-fed rats treated with GM-CSF to the level of their 

control-fed littermates (100 ± 10% vs 100 ± 9%, p>0.05) without significantly impacting 

the phagocytic efficiency of the alveolar macrophages in control animals with or without 

GM-CSF treatment (116 ± 7% vs. 100 ± 9%, p>0.05) (Figure 5).

DISCUSSION

This study provides evidence that GM-CSF-dependent TLR2 suppression is a novel 

mechanism by which alcohol impairs the alveolar macrophage response to Mtb. It builds 

on our prior work on the relationship between GM-CSF and innate immunity in alcohol-

induced lung disease and illustrates a previously unrecognized pathway by which alcohol 

renders the lung more susceptible to Mtb, suggesting novel research pathways into host-

directed immune therapeutics.

We utilized a rat model for chronic alcohol ingestion that has previously been established 

as a robust model for alcohol-associated lung disease in human subjects. Both this animal 

model and human subjects with AUD has previously been shown to have depleted alveolar 

levels of glutathione, an important antioxidant needed for oxidative stress defense, as well 

as increased alveolar epithelial permeability that puts the lung at risk for edematous injury 

(Holguin et al., 1998, Moss et al., 2000, Guidot et al., 2000, Burnham et al., 2009). Further, 

this rat model has previously been shown to recapitulate alveolar macrophage dysfunction 

seen in human subjects with AUD, specifically including impaired development, bacterial 

phagocytosis, and expression of GM-CSF receptor β-subunit expression (Joshi et al., 2005, 

Mehta et al., 2013). To our knowledge, this is the first study to use this rodent model 

for AUD in the setting of TB, in particular investigating the response of the alveolar 

macrophage. The attenuated Mtb strain used in these experiments, while having an improved 

biosafety and limited virulence, has been shown to result in similar levels of macrophage 

uptake and induce a comparable cytokine release when compared to more pathogenic strains 

of Mtb – making it a suitable model for investigations of the initial innate immune response 

(Mouton et al., 2019).

Phagocytic impairment is crucial as the alveolar macrophage is the resident innate immune 

effector in the lung and is responsible for recognizing, phagocytosing, and clearing 

pathogens, including Mtb. Mtb recognition and subsequent phagocytosis by the alveolar 

macrophage is the first step in the intracellular killing process, but also classically activates 

macrophages and leads to production of pro-inflammatory cytokines, including tumor 

necrosis factor alpha (TNFα) and interferon gamma (IFNγ), which are responsible for 

recruiting additional macrophages, polymorphonuclear leukocytes (PMNs), and antigen-

presenting cells to the site of infection (Jayachandran et al., 2013). This cytokine release, 
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as well as Mtb antigen presentation by various cells, mobilizes the adaptive immune 

response resulting in the T-cell activation crucial for control of Mtb infection (Jasenosky 

et al., 2015). Thus, an impairment to Mtb recognition and phagocytosis not only dampens 

initial mycobacterial control and intracellular killing but could later blunt and/or delay 

comprehensive innate and adaptive immune response to Mtb infection. We found that Mtb 
phagocytosis and TLR2 expression is decreased in the alveolar macrophages of alcohol-

fed rats compared to control-fed rats after endotracheal inoculation of Mtb. Endotracheal 

inoculation of Mtb strengthens the results and is the first to utilize this type of exposure to 

investigate phagocytosis of Mtb in this rat model. We used immunofluorescence to assess 

the phagocytic efficiency, as opposed to measurements of colony-forming units (CFU) or 

polymerase chain reaction (PCR) after cell lysis, as it allowed for direct visualization of 

the fluorescently labeled Mtb as well as a quantification per cell. Notably, this method 

has limitations as it is 2-dimensional and the lacks quantification of the mycobacteria in 

each intracellular, fluorescent puncta. In addition, although we were able to assess uptake, 

this method does not allow us to comment on phagolysosomal fusion or pathogen killing. 

Our use of immunofluorescence for TLR2 assessment was undertaken without membrane 

permeabilization and is complemented by DAPI staining to assist with visualization of the 

surface protein staining and was further enhanced by the use of trypan blue exposure to 

quench background fluorescence.

Utilizing a TLR2 neutralizing antibody, we assessed the functional consequences of 

decreased TLR2 expression in primary rat alveolar macrophages. We found that blocking 

of TLR2 impaired phagocytosis of Mtb. Further, this impairment in phagocytosis persisted 

even when macrophages were supplemented with GM-CSF prior to exposure to the TLR2 

neutralizing antibody. This result directly links TLR2 to the macrophage’s phagocytosis 

of Mtb, a relationship previously suggested, and confirms the importance of TLR2 to 

GM-CSF-dependent phagocytosis (Palucci et al., 2016). TLR2 is an important PRR that 

specifically recognizes mycobacteria and subsequently induces intracellular signaling via 

the transcription factor nuclear factor kB (NF-kB) leading to production of reactive oxygen 

species (ROS), type 1 interferons, and effector molecules essential for intracellular killing, 

recruitment of additional PMNs, and adaptive immune activation including interleukin 

(IL)-1, IL-6, and IL-12 (Oliveira-Nascimento et al., 2012, Kirschning et al., 1998, Aliprantis 

et al., 1999). TLR2 is vital for restricting intracellular growth of Mtb and containing 

Mtb infection. TLR2 has previously been shown to enhance macrophage proinflammatory 

cytokine release, antimicrobial effector pathways, and macrophage apoptosis in response to 

Mtb (Kramarska et al., 2021, Palucci et al., 2016, Thoma-Uszynski et al., 2001, Bocchino et 

al., 2005, Lopez et al., 2003). Further, TLR2-deficient murine models exhibit significantly 

decreased macrophage activation, proinflammatory cytokine release, and early death after 

exposure to Mtb compared to controls (Drennan et al., 2004, Reiling et al., 2002). To our 

knowledge, we are the first to link impaired GM-CSF signaling to a reduction in alveolar 

macrophage phagocytosis of Mtb as a result of diminished TLR2 expression.

In the rat model used in these experiments, alcohol has been previously shown to 

significantly reduce PU.1 expression and its nuclear binding (Joshi et al., 2005, Brown 

et al., 2009). Alcohol’s inhibition of PU.1 expression is multifactorial, however alcohol is 

known to downregulate GMCSF-Rβ expression on the alveolar macrophage surface, thus 
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impairing GM-CSF signaling and diminishing PU.1 expression (Shibata et al., 2001, Joshi 

et al., 2006, Joshi et al., 2005, Lloberas et al., 1999, Brown et al., 2009). Nonetheless, 

treatment with GM-CSF seems to override any proximal suppression. Intranasal treatment 

with rat rGM-CSF prior to endotracheal Mtb infection restored both TLR2 expression and 

phagocytic function in alveolar macrophages of alcohol-fed rats. Our data further solidifies 

the relationship of functional GM-CSF and PU.1 signaling to adequate TLR2 expression 

and function (Shibata et al., 2001, Haehnel et al., 2002, Liu et al., 2017, Kurt-Jones et al., 

2002). To our knowledge, this is the first experiment to use intranasal rGM-CSF treatments 

to induce a functional response to Mtb that mitigates the effects of chronic alcohol ingestion.

In summary, we determined that chronic alcohol ingestion impairs alveolar macrophage 

TLR2 expression and subsequent phagocytosis of Mtb. The increasing recognition of 

TB associated with AUD underscores the need to further investigate pathways mediating 

alcohol-induced macrophage dysfunction. In this study, we build on known impairments in 

phagocytosis and GM-CSF signaling in AUD by linking the macrophages’ dysfunctional 

response to Mtb to impairments in TLR2 expression. In the animal model, these deleterious 

effects appear to be due, in part, to the downregulation of GM-CSFRβ and PU.1 that we 

previously identified (Joshi et al., 2005), and the subsequent reduction in TLR2 expression 

identified in this study. Treatment with GM-CSF restores both membrane-bound TLR2 

levels and macrophage phagocytic function, indicating that the proper function of TLR2 is 

dependent on functional GM-CSF signaling. Future studies will ultimately need to confirm 

our results in human alveolar macrophages. As a potential translation to the clinical setting, 

this study suggests that enhancing GM-CSF signaling in TB associated with AUD will 

increase PU.1 activity and TLR2 expression, and may, after appropriate confirmation and 

clinical testing, be considered as an adjunctive therapy in people with AUD at high risk for 

pulmonary TB.
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Figure 1: 
Chronic alcohol ingestion impairs alveolar macrophage phagocytosis of attenuated 

Mycobacterium tuberculosis (Mtb). (A) Alveolar macrophages from alcohol-fed rats 

(Alcohol) have significantly decreased phagocytic efficiency of Mtb compared to control-fed 

rats (Control). Rats were endotracheally inoculated with 107 of fluorescein-5-Isothiocyanate 

(FITC)-labeled Mtb. Primary alveolar macrophages were isolated 24 hours after inoculation 

by bronchoalveolar lavage. Phagocytic efficiency was quantified by immunofluorescence. 

Representative images are shown from control-fed (B) and alcohol-fed (C) rats. Data 

presented as mean ± SEM. *p ≤ 0.05 compared to control. n = 250 or more cells per 

group from at least 3 animals/condition.
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Figure 2: 
Chronic alcohol ingestion significantly reduces alveolar macrophage toll-like receptor 2 

(TLR2) expression. (A) Alveolar macrophages from alcohol-fed rats have significantly 

decreased TLR2 expression compared to control-fed rats. The effect of chronic alcohol 

ingestion was examined in primary alveolar macrophages of rats fed a control vs. alcohol 

diet for > 6 weeks. TLR2 expression was quantified using immunofluorescence via 

primary antibodies to TLR2 and Alexa Fluor-labeled secondary antibodies. The nuclei 

were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Representative images are 

shown from control-fed (B) and alcohol-fed (C) rats. Data presented as mean ± SEM. *p ≤ 

0.05 compared to control. n = 250 or more cells per group from at least 3 animals/condition.
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Figure 3: 
Blocking of TLR2 impairs alveolar macrophage phagocytosis of attenuated Mtb. Alveolar 

macrophages from wild-type rats exposed to a neutralizing TLR2 antibody (Anti-mTLR2-

IgG) have significantly decreased phagocytic efficiency of Mtb compared to unexposed 

alveolar macrophages from wild-type rats (Control). A significant decrease in phagocytic 

efficiency persisted even when alveolar macrophages were incubated with granulocyte 

macrophage colony-stimulating factor (GMCSF) for 48 hours prior to neutralizing 

antibody exposure (Anti-mTLR2-IgG+GMCSF). Phagocytic efficiency was quantified using 

immunofluorescence via FITC fluorescence. Data presented as mean ± SEM. *p ≤ 0.05 

compared to control. n = 250 or more cells per group from at least 3 animals/condition.
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Figure 4: 
Intranasal recombinant granulocyte macrophage colony-stimulating factor (GM-CSF) 

treatment rescues alcohol-induced reduction in TLR2 expression. (A) Alveolar macrophages 

from alcohol-fed rats treated with intranasal recombinant GM-CSF (Alcohol + rGMCSF) 

have similar levels of TLR2 expression compared to control-fed rats and significantly 

greater TLR2 expression compared alcohol-fed rats without GM-CSF treatment. TLR2 

expression was quantified using immunofluorescence via primary antibodies to TLR2 and 

Alexa Fluor-labeled secondary antibodies. Representative images are shown from control-

fed (B), control-fed with intranasal GM-CSF (C), and alcohol-fed (D), and alcohol-fed with 

intranasal GM-CSF (E) rats. Data presented as mean ± SEM. *p ≤ 0.05 compared to control, 

**p ≤ 0.05 compared to alcohol. n = 250 or more cells per group from at least 3 animals/

condition.
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Figure 5: 
Intranasal recombinant GM-CSF treatment restores the phagocytic efficiency of Mtb 
impaired by chronic alcohol ingestion in alveolar macrophages. (A) Alveolar macrophages 

from alcohol-fed rats treated with intranasal recombinant GM-CSF have similar 

phagocytosis of Mtb compared to control-fed rats and significantly greater phagocytic 

efficiency compared in alcohol-fed rats without GM-CSF treatment. Rats were treated 

with GM-CSF three times prior to endotracheal inoculation with Mtb. Primary alveolar 

macrophages were isolated 24 hours after inoculation. Phagocytic efficiency was quantified 

using immunofluorescence. Representative images are shown from control-fed (B), control-

fed with intranasal GM-CSF (C), and alcohol-fed (D), and alcohol-fed with intranasal 

GM-CSF (E) rats. Data presented as relative mean ± SEM. *p ≤ 0.05 compared to control, 

**p ≤ 0.05 compared to alcohol. n = 250 or more cells per group from at least 3 animals/

condition.
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Figure 6: 
Summary schema of the alveolar macrophage and the impact of alcohol use disorder 

on the expression of membrane-bound toll-like receptor 2 (TLR2) expression and 

phagocytosis of Mycobacterium tuberculosis (Mtb). Chronic alcohol exposure impairs 

granulocyte macrophage colony-stimulating factor (GM-CSF) signaling, which decreases 

PU.1 expression, thereby diminishing TLR2 expression. Decreased TLR2 thereby impairs 

Mtb recognition and subsequent phagocytosis. Treatment with recombinant GM-CSF (rGM-

CSF) mitigates alcohol-induced impairments to the GM-CSF/PU.1 axis, which allows for 

recovery of TLR2 expression and Mtb phagocytosis.
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