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Abstract

Background—The lung has a highly regulated system of innate immunity to protect itself from 

inhaled microbes and toxins. The first line of defense is mucociliary clearance, but if invaders 

overcome this, inflammatory pathways are activated. Toll-like receptors (TLRs) are expressed on 

the airway epithelium. Their signaling initiates the inflammatory cascade and leads to production 

of inflammatory cytokines such as IL-6 and IL-8. We hypothesized that airway epithelial insults, 

including heavy alcohol intake or smoking, would alter the expression of TLRs on the airway 

epithelium

Methods—Bronchoscopy with bronchoalveolar lavage and brushings of the airway epithelium 

was performed in otherwise healthy subjects who had normal chest radiographs and spirometry. A 

history of alcohol use disorders (AUDs) was ascertained using the Alcohol Use Disorders 

Identification Test (AUDIT), and a history of cigarette smoking was also obtained. Age, gender 

and nutritional status in all groups were similar. We used real-time PCR to quantitate TLR1-TLR9 

and enzyme-linked immune assay (ELISA) to measure TNFα, IL-6 and IL-8.

Results—Airway brushings were obtained from 26 non-smoking/non-AUD subjects; 28 

smoking/non-AUD subjects; 36 smoking/AUD subjects; and 17 non-smoking/AUD subjects. We 

found that TLR2 is upregulated in AUD subjects, compared to non-smoking/non-AUD subjects, 

and correlated with their AUDIT scores. We also measured a decrease in TLR4 expression in AUD 

subjects that correlated with AUDIT score. IL-6 and IL-8 were also increased in bronchial 

washings from AUD subjects.
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Conclusions—We have previously demonstrated in normal human bronchial epithelial (NHBE) 

cells that in vitro alcohol exposure upregulates TLR2 though a NO/cGMP/PKG dependent 

pathway, resulting in upregulation of inflammatory cytokine production after gram-positive 

bacterial product stimulation. Our current translational study confirms that TLR2 is also 

upregulated in humans with AUDs.
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INTRODUCTION

Problem drinking that becomes severe is given the medical diagnosis of alcohol use disorder 
or AUD, which can be identified using the Alcohol Use Disorder Identification Test 

(AUDIT). AUDs have long been recognized as a risk factor for pneumonia with Benjamin 

Rush first publishing this association in 1810. Careful study in more recent history also 

demonstrates an increased risk of developing pneumonia in those with AUDs (Fernandez-

Sola et al., 1995, Samokhvalov et al., 2010), as well as an increased severity of illness and 

mortality (Naucler et al., 2013). Alcohol likely exerts these effects in a multitude of ways. 

Alcohol has profound effects on nearly all host defenses of the lung, including mucociliary 

clearance (Wyatt and Sisson, 2001), airway inflammation (Bailey et al., 2009), macrophage 

function (Goral and Kovacs, 2005), and alveolar barrier function (Moss et al., 1996).

The airway epithelium plays a role in neutrophil recruitment during pneumococcal 

pneumonia through its production of chemokines and inflammatory cytokines (Yamamoto et 

al., 2014). Toll-like receptors (TLRs) are important initiators of the inflammatory response 

in the airway epithelium (Sha et al., 2004). The human airway epithelium expresses TLR 1–

10, pattern recognition receptors that initiate the inflammatory cascade to combat infecting 

pathogens. Each TLR recognizes a different pathogen-associated molecular pattern ligand 

(Table 1). TLR2 recognizes lipoprotein components of the gram-positive bacterial cell wall. 

It dimerizes with either TLR1 or TLR6 to recognize either triacyl lipoprotein (TLR1) or 

diacyl lipoprotein (TLR6). The most common cause of community-acquired pneumonia is 

Streptococcus pneumoniae, a gram-positive organism that signals through TLR2. TLR4 is 

also expressed in the airway epithelium, where it responds to lipopolysaccharide (LPS), a 

component of the gram-negative cell wall.

We previously demonstrated in an in vitro model that alcohol exposure alters the expression 

of TLRs in the airway epithelium (Bailey et al., 2009). After alcohol exposure, an increase 

in TLR2 mRNA and protein was observed. The upregulation of TLR2 corresponds to an 

exaggerated inflammatory response to components of the gram-positive cell wall (Bailey et 

al., 2009). Subsequently, we discovered that the upregulation of TLR2 by alcohol is related 

to alcohol-triggered nitric oxide production in the airway epithelial cell, which stimulated 

cGMP and PKG (Bailey et al., 2010).

To determine whether TLR2 was also upregulated in vivo in the human condition, we 

measured TLRs 1–9 expression in airway brushings from never smokers and subjects with 

AUDs. Because those with AUDs also frequently smoke (Walton, 1972), we also measured 
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TLR expression in smokers with and without AUDs. Based on our in vitro model, we 

hypothesized that human subjects with AUDs would express higher levels of TLR2 mRNA 

in their airway epithelium, resulting in higher levels of airway cytokines.

MATERIALS AND METHODS

Subject screening, recruitment, and enrollment

The institutional review boards at all participating sites approved this study, and all subjects 

provided written informed consent before their participation. Subjects with AUDs were 

recruited between 2008 and 2014 from the Denver Comprehensive Addictions Rehabilitation 

and Evaluation Services (Denver CARES) center, an inpatient detoxification facility 

affiliated with Denver Health and Hospital System in Denver, CO. Subjects with AUDs were 

eligible if they met the following 3 criteria: 1) an Alcohol Use Disorders Identification Test 

(AUDIT) score of ≥8 (Saunders et al., 1993); 2) used alcohol within the 7 days before 

enrollment, and 3) 21 yrs old, or older. AUD subjects were excluded from participation if 

they had any of the following comorbidities: 1) Liver disease (history of cirrhosis, total 

bilirubin ≥ 2.0 mg/dl, or serum albumin ≤3.0); 2) history of gastrointestinal bleeding; 3) 

heart disease (history of myocardial infarction, severe valvular dysfunction or ejection 

fraction < 50%.); 4) renal disease (end-stage renal disease requiring dialysis, or a serum 

creatinine ≥2 mg/dl); 5) lung disease (abnormal chest radiograph or spirometry (forced vital 

capacity (FVC) or forced expiratory volume in 1 second (FEV1) <75% predicted)); 6) illicit 

drug use (defined as a urine drug screen positive for cocaine, opiates, or 

methamphetamines); 7) diabetes mellitus; 8) inability to provide informed consent; 9) 

human immunodeficiency virus (HIV) positive; 10) pregnancy; or 11) abnormal nutritional 

status, based on serum albumin and weight loss history over the prior 6 months (White et al., 

2012).

Subjects without AUDs (controls) were recruited from the University of Colorado’s 

Anschutz Medical Campus in Aurora, CO, and via print advertisements in the Denver 

metropolitan area. Screening of potential control subjects focused on matching these control 

subjects to AUD subjects in terms of age, sex, and smoking history. Cigarette-smoking 

history was assessed by self-report. Pack-year history was calculated in current and former 

smokers (for both AUD subjects and controls). Time since cessation was also recorded for 

former smokers.

Eligible subjects who provided informed consent were admitted to the University of 

Colorado Hospital Clinical and Translational Research Center (CTRC) for bronchoscopy. 

Subjects were sedated using standard conscious sedation protocols as previously described 

(Hunninghake et al., 1979, Burnham et al., 2013). Briefly, the bronchoscope was wedged 

into a sub-segment of either the right middle lobe or the lingula. Three to four 50-ml aliquots 

of sterile, room temperature 0.9% saline were sequentially instilled and recovered with 

gentle aspiration. The first aspirated aliquot, representing the “bronchial component” was 

centrifuged to remove cells and was utilized in experiments for the present investigation. A 

sterile cytology brush was then used to collect brushings from the left and right mainstem 

bronchi. Brushes were transferred immediately after collection into microfuge tubes 
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containing RNAlater (Sigma-Aldrich St. Louis, MO). Both the brushings and BAL fluid 

were stored at −80°C until RNA extraction could be performed.

RNA extraction and real-time PCR

RNA was extracted using the MagMax kit (Life Technologies, Carlsbad, CA) according to 

the manufacturer’s protocol. RNA quantity and quality were analyzed using a 

spectrophotometer (NanodropD-1000, Wilmington, DE). Only RNA samples with a 260:280 

ratio of >1.8 were used. Total cDNA was synthesized using the Taqman real-time PCR kit 

(Applied Biosystems) according to the manufacturer’s directions using 50ng of RNA 

template and random hexamers (2.5 µM). Quantitative Real-time PCR was performed using 

an ABI Prism 7400 sequence detection system (Applied Biosystems). The reactions were 

run as a duplex, with the gene of interest containing a FAM probe and the endogenous 

control 18S ribosomal RNA containing a VIC/Tamra probe. The reaction mixture consisted 

of a 1X cocktail of Taqman universal master mix (Applied Biosystems) containing primers 

for both the gene of interest (TLR1-9) and the endogenous control gene 18S Ribosomal 

RNA. The following primer/probe sets for Toll-like receptors 1 through 9 were selected for 

study: (TLR1: Hs00413978; TLR2: Hs00152932; TLR3: Hs00152933; TLR4: Hs00152939; 

TLR5: Hs00152825; TLR6: Hs00271977; TLR7: Hs01933259; TLR8: Hs00152972; TLR9: 

Hs00370913; Applied Biosystems). Reactions were performed in duplicate. The PCR 

conditions were 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15s at 95°C, and 1 

min at 60°C. Each transcript level was normalized to ribosomal RNA using the cycle 

threshold value (Ct) using the ΔΔCt method (Livak and Schmittgen, 2001). Data is reported 

as the average Ct normalized to ribosomal RNA.

IL-6, IL-8 and TNFα enzyme-linked immunosorbant assays (ELISA)

IL-6, IL-8 and TNFα were measured in the acellular bronchial lavage fluid using a standard 

sandwich ELISA as described previously (Wyatt et al., 2010). For IL-6 and IL-8 

measurements, microtiter plates were coated with the appropriate capture antibody in 

Voller’s carbonate buffer (pH 9.6) overnight at 4°C. The anti-human IL-8 antibody (R&D 

Systems, Minneapolis, MN) was diluted 1:500; IL-6 antibody (R&D Systems) was diluted 

1:1000. The plates were washed and recombinant IL-6 or IL-8 standards were applied along 

with 200µl of samples in duplicate for 2 hours. The plates were washed and the “bridge” 

antibody was applied, either (rabbit) anti-human IL-8 antibody diluted 1:500 (Rockland, 

Gilberstville, PA) or IL-6 antibody (R&D Systems) diluted 1:1000 for 1 hour. The plates 

were washed and then developed using a peroxidase substrate consisting of 10 ng/ml 

orthophenylenediamine (Sigma-Aldrich), and 0.003% H2O2 in distilled water. The TNFα 

measurements were made in the same way with the following exceptions: The capture 

antibody was anti-human TNFα (2 µg/mL), the secondary “bridge” antibody was 

biotinylated (rabbit) anti-human TNF-α (200 ng/mL). Detection was performed using 

steptavidin-HRP (1:200, R&D Systems). Total protein levels in the fluid was also measured 

using the Bradford assay (BioRad, Hercules, CA).

Statistical analysis

All statistical analysis was performed using GraphPad PRISM (Graph Pad, La Jolla, CA). 

We used non-parametric one-way ANOVAs (Kruskal-Wallis) to compare the 4 groups, 
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followed by Dunn’s multiple comparison’s test. A p value of <0.05 was considered 

significant. Linear regression was used to evaluate TLR2, TLR4 and cytokine values against 

AUDIT scores.

RESULTS

Demographics

Subject and control demographic data are summarized in Table 2. We recruited 36 smokers 

with AUDs and 28 smoker controls, and 17 non-smokers with AUDs and 26 non-smoker 

controls. The mean age was similar in all groups (p=0.13). The majority of subjects in each 

group were male (70%–90%), consistent with the increased male prevalence of AUDs 

(Nolen-Hoeksema and Hilt, 2006). There were no differences in sex between the groups 

(p=0.15). In terms of race, the groups were equally balanced with a diverse population 

represented. Mean AUDIT scores were substantially higher in the AUD groups consistent 

with the presence of alcohol abuse and dependence among subjects with AUDs (Saunders et 

al., 1993). The non-smoking groups were never smokers, with a mean pack-year history of 

0. The smoking groups were all current smokers. The mean body mass index (BMI) was not 

statistically significantly different between the groups. There were subtle differences in lung 

function between the groups, with smokers having a slightly lower forced expiratory volume 

in 1 second (FEV1) compared to non-smokers. There was no difference in FEV1 between the 

2 smoking groups (p>0.05).

TLR expression

TLR1-9 expression was measured in the airway brushings of all subjects (Figure 1). The 

data is reported as Ct normalized to ribosomal RNA. TLR8 was measured, but was 

undetectable in all samples. For most TLRs, there were no statistically significant 

differences between the groups. We did, however, see a doubling of TLR2 in the non-

smokers with AUDs (p<0.05) compared to non-smoking controls, and a near tripling in 

smokers with AUDs (p<0.05). TLR2 expression was not, however, significantly different 

between the non-smokers with AUDs and smokers with AUDs. We also observed a decrease 

in TLR4 in smokers with AUDs compared to non-smoking controls (p<0.05). We also saw 

trends towards increased expression of TLR2’s binding partners, TLR1 and TLR6, among 

subjects with AUDs, particularly among AUD subjects who smoked.

To determine if there was an association between the severity of AUDs and TLR expression, 

we compared AUDIT scores with mRNA expression of TLR2 and TLR4 (Figure 2). We 

found that as AUDIT score increased, TLR2 expression also increased (n= 107, p=0.05) 

while TLR4 expression diminished significantly (n=107, p=0.001). Relationships between 

AUDIT scores and other measured TLRs were also examined, and found to be not 

significantly associated.

Airway Cytokines

To determine whether the upregulation of TLR2 had inflammatory consequences in the 

airways, we measured inflammatory cytokines present in the bronchial component of the 

BAL. Bronchial BAL was available for 19 non-smokers, 18 smokers, 14 non-smokers with 
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AUD, and 23 smokers with AUDs. We measured an increase in both IL-6 and IL-8 among 

subjects with AUDs, independent of smoking (Figure 3). Like TLR2 expression, the IL-6 

(Figure 4) and IL-8 production (Figure 4) was directly related to the AUDIT score (n=72). 

Linear regression for TNFα was also examined and found to be insignificant. There were no 

significant differences in total protein between the groups (p=0.54).

DISCUSSION

Alcohol abuse has long been recognized to contribute to increasing incidence and severity of 

pneumonia. The airway epithelium plays an important role in directing the innate immune 

response to infection (Sadikot et al., 2006). Little is known about how alcohol intake alters 

airway epithelial innate immunity. The experiments described here help us understand the 

potential relationship between alcohol consumption, TLR expression and airway 

inflammation. We observed that TLR2 is upregulated and TLR4 is downregulated in the 

airway epithelium of those with AUDs. Smoking in the absence of AUDs did not 

appreciably influence TLR2 expression; however, when combined with AUDs, it tended to 

increase expression still further, although these changes were not statistically significant. 

Changes in TLR expression correlated linearly with individual AUDIT scores, a validated 

measure of alcohol intake/addiction. Importantly, increased quantities of IL-6 and IL-8 were 

measured in the bronchial component of the BAL of those with AUDs, suggesting the 

potential for alterations in TLR2 expression to impact inflammatory state in the airways.

The initiation and resolution of inflammation of the airway epithelium is delicately 

balanced. While it is possible that a blunted inflammatory response could contribute to 

increased susceptibility for lung infection, it is also possible that increased baseline 

inflammation, as observed in these investigations, could lead to worsened lung injury and 

suboptimal airway repair. This scenario could result in the greater severity of pneumonia 

typical of patients with AUDs.

TLR2 and alcohol

The effect of alcohol intake and inflammation is complex, depending both on the chronicity 

and quantity of alcohol intake. Our finding of elevated TLR2 in the airway epithelium in 

those with AUDs is consistent with our previous work in an in vitro model of alcohol 

exposure in human airway epithelial cells. In that model, we measured an increase in TLR2 

mRNA and protein after 24–48 hours of 50–100mM alcohol exposure (Bailey et al., 2009). 

The cells that were pretreated with alcohol had a more vigorous response to the TLR2 

agonist, peptidoglycan (Bailey et al., 2009). We later demonstrated that the upregulation of 

TLR2 in the airway epithelium is related to the increase in nitric oxide signaling and PKG 

activity (Bailey et al., 2010). Although we initially developed this in vitro model to 

understand the lung’s acute response to alcohol exposure, it in fact recapitulates chronic 

alcohol intake in the case of TLR2 expression.

The upregulation of TLR2 by alcohol is not unique to the airway epithelium. Lieber-DeCarli 

alcohol feeding of mice for 10 days is also associated with upregulation of TLR2 in the liver 

(Gustot et al., 2006). There is also evidence that TLR2 signaling is enhanced by alcohol in 
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microglial cells (Fernandez-Lizarbe et al., 2013), and that TLR2 expression is upregulated in 

the brains of humans with AUD’s (Crews et al., 2013).

TLR4 and alcohol

Our investigations also suggest that TLR4 expression is diminished in the airways of 

subjects with AUDs. The significance of this alcohol-triggered decrease in TLR4 in the 

airway epithelium is unknown. The airway epithelium already has a blunted response to 

TLR4 agonists due to its relatively low expression and its lack of MD-2 (Ohnishi et al., 

2007). There is evidence, however, that TLR4 mutations in the alveolar epithelium can 

contribute to hyporesponsiveness to TLR4 ligands such as endotoxin (Breslau et al., 1996). 

Acute alcohol exposure in murine models has also been shown to dampen TLR4 signaling in 

macrophages at the level of lipid raft formation, CD14 (Szabo et al., 2007), as well as ERK 

signaling (Goral and Kovacs, 2005). In contrast, chronic alcohol exposure in human 

monocytes has been shown to increase TNFα release in response to LPS (Mandrekar et al., 

2009). Likewise, in the brain, alcohol has been shown to activate TLR4 in glial cells and 

contribute to neuroinflammation (Pascual et al., 2011).

Increased inflammatory cytokines in those with AUDs

Our finding of increased IL-6 and IL-8 in the bronchial component of that BAL was initially 

surprising, because most in vitro models of airway epithelial alcohol exposure do not 

conclusively demonstrate differences in basal cytokine production with alcohol treatment 

alone (Raju et al., 2013, Bailey et al., 2009), but rather, after stimulation with bacterial 

products. It is worthwhile noting that human airways in vivo, such as those we examined, are 

continuously exposed to bacterial products through breathing, while in vitro models remain 

sterile, which may explain our observations. Our previous work also shows that increased 

RANTES (Regulated upon Activation Normal T cell Expressed and Secreted) also correlates 

with AUDIT scores. Both IL-8 and RANTES are dependent on NFκB signaling, which can 

be activated by TLR2 in the airway epithelium (Berube et al., 2009).

Our results related to IL-8 differ from those previously reported by Rennard et al. (Mio et 

al., 1997), who report upregulation of IL-8 in the context of smoking. The two studies differ 

in that alcohol history was not elicited in the Rennard cohort, and we know that smokers are 

3 times more likely to abuse alcohol (Breslau et al., 1996). Our cohort was also larger; 26 

nonsmokers and 28 smokers, compared to 10 and 12, respectively, in the Rennard study. It is 

also important to note that in our study, the smokers had a 12–16 pack-year history of 

smoking, and their daily smoking was limited due to inpatient treatment for AUDs.

Limitations

Although intriguing, our study is not without limitations. Our sample size is relatively small. 

However, it utilizes matched controls and is one of the largest to examine the role AUDs 

play in pulmonary inflammation, particularly the airway epithelium. Although we did 

observe a relationship between AUDs and TLR2, as well as pro-inflammatory cytokine 

expression, we cannot prove that AUDs were causal in this observation. The relationships 

we observed, however, are consistent with our prior in vitro work and add additional support 

to our argument. Further, our assessment of these parameters in healthy subjects, matched 
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closely on the basis of age, smoking and gender should provide more validity to our 

observations.

We were limited by the fact that we were only able to measure TLR expression using real-

time PCR. Although protein levels would further support our contentions, the quantity of 

protein required to do so is limited by approved research techniques in our center, and may 

not be safe in asymptomatic research subjects. Despite these obstacles, the correlations we 

observed between TLR2 with pro-inflammatory cytokine proteins helps to support the 

possibility that mRNA expression of TLRs may influence airways inflammation.

Finally, although our subjects were primarily men, they are representative of the US 

population with AUDs; additional investigations will be necessary to compare gender 

differences in outcome variables we reported (Fillmore et al., 1997).

Conclusions

In a well-characterized cohort of subjects with AUDs and controls without evidence of 

pulmonary disease, a history of AUDs was associated with enhanced TLR2 expression, in 

conjunction with increased IL-6 and IL-8 present in bronchial fluid, independent of smoking 

history. In contrast, AUDs were associated with diminished TLR4 expression in these 

subjects. These data suggest that alcohol abuse and dependence have the potential to 

influence the inflammatory state in the airways, and may be one factor that contributes to 

severe pneumonia with poorer outcomes among those with AUD.
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Figure 1. TLR2 is increased in AUDs and TLR4 is decreased
Airway brushings were obtained from 1. Nonsmokers (white bars, n=26), 2. Non-Smokers 

with AUD’s (dappled white bars, n=17), 3. Smokers without AUD (gray bars, n=28) and 4. 

Smokers with AUD’s (gray dappled bars, n=36). Data are reported as Ct normalized to 18S 

ribosomal RNA. Error bars represent standard error of the mean. *p<0.05
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Figure 2. TLR2 increases with increasing AUDIT score, while TLR4 decreases with increasing 
AUDIT score
TLR2 and TLR4 levels were plotted against AUDIT score and the linear regression curve 

(solid line) was plotted with the 95% confidence intervals (Dashed lines). TLR 2 increased 

with increasing AUDIT score (n=107, p=0.05), while TLR4 decreased with increasing 

AUDIT score (n=107, p=0.001).
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Figure 3. IL-6 and IL-8 are increased in the bronchial component of the BAL in those with 
AUD’s
TNFα, IL-6 and IL-8 were measured in the bronchial component of the BAL from 19 non-

smokers (white bars), 18 smokers (grey bars), 14 non-smokers with AUDs (white dappled 

bars), and 23 smokers with AUDs (grey dappled bars). We measured increased IL-6 and 

IL-8 in those with AUDs, independent of smoking. (* p<0.05, *** p<0.001).
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Figure 4. Increases in IL-6 and IL-8 correlate with increasing AUDIT score
IL-6 and IL-8 were plotted against AUDIT scores. The linear regression line (solid line) was 

plotted with the 95% confidence intervals (dashed line). There was a significant correlation 

with both IL-6 and IL-8 and AUDIT score (n=72).
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Table 1

Summary of TLR ligands and their origins.

Ligand Origin of the ligand

TLR1 Lipoprotein Bacteria (Gram positive)

TLR2 Triacyl lipoprotein Bacteria (Gram positive)

TLR3 Double stranded RNA Viruses

TLR4 LPS Bacteria (gram negative)

TLR5 Flagellin Bacteria

TLR6 Diacyl lipoprotein Bacteria (gram positive)

TLR7 Single stranded RNA Viruses & bacteria

TLR8 Single stranded RNA Viruses & bacteria

TLR9 Unmethylated CpG
DNA

Viruses & bacteria
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