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Abstract

Alcohol-use disorders (AUD) persist in the United States and are heavily associated with an 

increased susceptibility to respiratory viral infections. Respiratory syncytial virus (RSV) in 

particular has received attention as a viral pathogen commonly detected in children and immune-

compromised populations (elderly, asthmatics), yet more recently was recognized as an important 

viral pathogen in young adults. Our study evaluated the exacerbation of RSV-associated illness in 

mice that chronically consumed alcohol for 6 weeks prior to infection. Prior studies showed that 

lung viral titers remained elevated in these animals, leading to a hypothesis that T-cell activation 

and immune specificity were deficient in controlling viral spread and replication in the lungs. 

Herein, we confirm a reduction in RSV-specific IFNγ production by CD8 T cells and a 

depolarization of Th1 (CD4+IFNγ+) and Th2 (CD4+IL-4+) T cells at day 5 after RSV infection. 

Furthermore, over the course of viral infection (day 1 to day 7 after RSV infection), we detected a 

delayed influx of neutrophils, monocytes/macrophages, and lymphocytes into the lungs. Taken 

together, the data show that both the early and late adaptive immunity to RSV infection are altered 

by chronic ethanol consumption. Future studies will determine the interactions between the innate 

and adaptive immune systems to delineate therapeutic targets for individuals with AUD often 

hospitalized by respiratory infection.
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Introduction

Nearly 18 million individuals in the United States abuse alcohol (Grant, Dawson, et al., 

2004; Grant, Stinson, et al., 2004; NIAAA, 2000). The detrimental effects of alcohol use on 

organs involved predominantly in alcohol metabolism (e.g., liver) are well-described 

(Lieber, 1971; Rubin & Lieber, 1971). More recently, however, interest has risen in how 

alcohol use and metabolism alter lung airway function and immunity (Berger et al., 2014; 

Oldenburg, Poole, & Sisson, 2012; Simet et al., 2012; Skerrett, Niederman, & Fein, 1989; 

Yang et al., 2015). Alcohol-use disorders (AUD) are associated with an increased risk of 

bacterial respiratory infections, including M. tuberculosis and S. pneumoniae (Al-Sanouri, 

Dikin, & Soubani, 2005; Simet & Sisson, 2015). According to the Centers for Disease 

Control and Prevention, individuals that chronically abuse alcohol have a 10 times greater 

risk of acquiring bacterial pneumonia, and these individuals are four times more likely to die 

due to complications associated with bacterial pneumonia than the non-drinker (CDC, 

2004). Lung viral infections, specifically, make the lung permissive to opportunistic 

secondary bacterial pathogens such as S. pneumoniae (Vander Top, Wyatt, & Gentry-

Nielsen, 2005) or P. carinii (Gamble, Mason, & Nelson, 2006; Shellito, 1998; Shellito & 

Olariu, 1998). Understanding alcohol-induced alterations in the immune response to these 

viral infections is key to preventing secondary infections and developing therapies for at-risk 

individuals likely to contract respiratory infections.

Chronic alcohol consumption is associated with decreased viral clearance, increased 

pulmonary inflammation, and a modified anti-viral interferon response in animal studies 

(Jerrells et al., 2007). Namely, prior studies show that the anti-viral CD8+IFNγ+ T-

lymphocyte population is not properly activated in the setting of chronic alcohol 

consumption and influenza A viral infection. Subsequently, this T-cell defect significantly 

delays lung viral clearance (Meyerholz et al., 2008). BALB/c mice effectively clear a 

respiratory syncytial virus (RSV) infection within 5 days of exposure (Hashimoto et al., 

2009; Muñoz, McCarthy, Clark, & Hall, 1991; Topham, Tripp, & Doherty, 1997; Varga & 

Braciale, 2002); however, this requires a properly coordinated CD4+ and CD8+ T-cell 

response (Cannon, Openshaw, & Askonas, 1988; Varga, Wang, Welsh, & Braciale, 2001). 

The CD8+ T-cell response is activated through an interaction with antigen-presenting cells 

(APC) and the type 1 CD4+ T-helper (Th1) cells (i.e., CD4+IFNγ+ T cells). These 

interactions between APC and T-helper cells are necessary to activate the specific anti-viral 

CD8+ T-mediated immune defense (Doherty et al., 1997; Topham et al, 1997; Zhong, 

Roberts, & Woodland, 2001). RSV has a unique immune signature in the lungs; RSV is the 

only respiratory viral pathogen known to skew the anti-viral T-cell response toward a type 2, 

CD4+ T-helper (Th2, CD4+ IL-4+) response as opposed to a Th1 response (Christiaansen, 

Knudson, Weiss, & Varga, 2014; Lotz & Peebles, 2012). The Th2 cell responses are 

associated with allergic or anti-parasitic responses. Moreover, the Th2 skewing induced 

during an RSV infection is commonly associated with the severity of respiratory symptoms 

including bronchiolitis, excessive mucus production, and barking cough noted in infected 

infants and children (Christiaansen et al., 2014; Peebles & Moore, 2007). The aim of this 

study was to evaluate CD4+ and CD8+ T-cell responses following alcohol consumption and 

RSV infection, with the intention of understanding the interplay of alcohol on anti-viral 
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immunity in the lung. We hypothesized that CD4 and CD8 T-cell activation and cytokine 

(IFNγ, IL-4) production would be attenuated by chronic alcohol consumption in RSV-

infected mice. This study provides evidence that chronic alcohol consumption substantially 

affects anti-viral immunity causing increased RSV titers, decreased CD8+IFNγ activation, 

and decreased CD4+IL-4 responses that impact immune cell migration and activation in the 

lung.

Materials and methods

Mice and chronic alcohol feeding

Female BALB/c mice, between 6–8 weeks of age, were purchased from Jackson Laboratory 

(Bar Harbor, ME). Mice acclimated for a minimum of 1 week prior to starting the 

experimental protocol. Animals were randomly assigned to ethanol feeding or water feeding 

as control. We utilized the Cook model of ethanol feeding (Cook et al., 2004, 2007), 

whereby mice acclimated to ethanol feeding by gradually increasing the volume of ethanol 

in drinking water over a 1-week period (10% ethanol [w/v] in sterile water for 2–3 days, 

followed by 15% [w/v] in sterile water for two additional days, followed by 18% ethanol 

[w/v] for the remainder of the experiment) (Elliott, Sisson, & Wyatt, 2007). No significant 

weight loss was observed due to alcohol feeding. All animal experiments were conducted in 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. In addition, animal experiments were completed with the approval and oversight of 

the University of Nebraska Medical Center's Institutional Animal Care and Use Committee.

RSV infection

Mice from ethanol-feeding and control-feeding groups were randomly chosen to receive an 

RSV infection. Mice were lightly anesthetized with isoflurane and intranasally instilled with 

RSV (Advanced Biotechnologies, Eldersburg, MD) diluted in 50 μL of sterile saline, at 

3,250 TCID50 U per mouse. Mock-infected mice were similarly anesthetized and instilled 

with saline as vehicle control. Body weight was monitored to assure that no more than 20% 

of initial starting body weight was lost during the infection period. Subsets of mice were 

euthanized at days 1, 3, 5, and 7 post-infection.

TCID50/mL method – viral infectivity assay

Murine lungs were weighed and homogenized in base Earl's Minimum Essential Medium 

(EMEM) (ATCC, Manassas, VA) for the viral infectivity assay. Briefly, human epithelial 

type 2 (HEp-2) cells (ATCC) were sub-cultured into 96-well plates (Corning, Pittsburgh, PA) 

at a rate of 5 × 105 cells per well in EMEM supplemented with 10% fetal bovine serum and 

1% penicillin/streptomycin (Life Technologies, Grand Island, NY). Upon reaching 85–90% 

confluence, cell layers were washed with phosphate-buffered saline (PBS), and then 

inoculated with 10-fold dilutions of mouse lung homogenates. After a 2-h incubation at 

37 °C in a 5% CO 2 incubator, the lung homogenates were removed by aspiration. Serum-

free base EMEM was added to all the wells, and plates were incubated for up to 7 days at 

37 °C, 5% CO 2. Each well was examined for viral infection, and quantitation of virus was 

determined using the Reed-Munich equation (Warren et al., 2015).
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Bronchoalveolar lavage and immune cell detection

Subsets of mice were euthanized at days 5 and 7 post-infection and bronchoalveolar lavage 

(BAL) fluids collected by washing lungs with 3 × 1-mL saline through a small tracheal 

incision, previously described (Elliott et al., 2007). Cell pellets were acquired by 

centrifugation from lung lavage fluids and stained with antibodies developed against 

extracellular anti-mouse antigens: hamster anti-mouse CD3ε APC-Cy7 (clone: 145-2C11), 

rat anti-mouse CD4-PerCPCy5.5 (clone 145-2C110), rat anti-mouse CD45-APC (clone: 30-

F11) (BD Biosciences, San Jose, CA) and rat anti-mouse CD8β-eFlour450 (clone: 

eBioH35-17.2) (eBiosciences, San Diego, CA). Cell data acquisition was completed using 

the BD Biosciences LSRII. Subsequent gating and analysis were performed using Flowjo 

software (Asland, OR). In separate experiments, BAL cells were prepared onto cytospin 

slides at a rate of 5 × 105 cells per slide. Slides were stained with Diff-Quik reagent (Fisher 

Scientific, Houston, TX) and neutrophils, lymphocytes, and monocyte/macrophage were 

quantified on at least ten 10X fields per slide.

Lung-associated T-cell isolation procedure

Total lung cells were also collected from 5 mice per treatment group. After opening the chest 

cavity, the right ventricle was infused with 10 mL of sterile heparinized (5 U/mL) PBS to 

remove blood from the pulmonary vasculature. Lung tissues were dissociated through a 70-

uM cell strainer into a petri dish containing RPMI supplemented with type I collagenase (20 

U/mL) (Worthington, Lakewood, NJ) (Poole et al., 2012). Type I collagenase was activated 

by placing the petri dishes in a 37 °C incubator for 15 min. The single-cell suspension of 

lung cells was filtered a second time through a 30-uM cell strainer into a conical tube and 

washed once with complete RPMI (10% fetal bovine serum [FBS], 1% penicillin/

streptomycin, and 50-μM 2-mercaptoethanol). Lung cells were quantified by hemocytometer 

and recorded. Viability was assessed and assured using trypan blue exclusion. Next, T cells 

were isolated using the manufacturer's instructions included with the pan T-cell isolation kit 

available from Miletyni (San Diego, CA). Post-sort T-cell purification was 92.2% ± 3.99 

across all T-cell activation experiments.

T-cell activation assay

Activation and cytokine expression profiles of infiltrating T cells were investigated by 

fluorescence-activated cell-sorting (FACS) analysis. 1 × 106 lung T cells were stimulated 

with RSV-specific peptide (M282–90, 1 μM) (Anaspec, Fremont, CA) or PMA/Ionomycin 

(50 ng/mL and 1 μg/mL, respectively) for 6 h to assess CD8+ T-cell activation and CD4+ T-

cell polarization, respectively. Fresh RPMI media without PMA/Ionomycin or M2 peptide 

was applied to cells as a negative control. Following the stimulation period, brefeldin A (0.5 

ng/mL, BD Biosciences) was added to inhibit protein transport for 2 h before extracellular 

staining with rat anti-mouse CD8β eFlour 450 (clone: eBioH35-17.2) (eBioscience) hamster 

anti-mouse CD3ε APC-Cy7 (clone: 145-2C11), and rat anti-mouse CD4 PerCP-Cy5.5 

(clone: RM4-5) (BD Biosciences). All cells were treated with cytofixation and 

permeabilization buffer (BD Biosciences) for 20 min prior to staining with rat anti-mouse 

IL-17A PE (clone: TC11-18H10.1), IFNγ FITC (clone: XMG1.2) and IL-4 APC (clone: 

11B11) (BD Biosciences) for 45 min. Cells were washed two times with PBS containing 2% 

Warren et al. Page 4

Alcohol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FBS and 0.1% NaN3 and analyzed on the FACS LSRII (BD Biosciences). At least 10,000 

CD8+ events and 30,000 CD4+ events were acquired to ensure sufficient detection of 

intracellular IFNγ, IL-4, and IL-17A.

Statistical methods

Data are representative of two or three separate experiments and presented as mean + SEM. 

Statistical analysis was conducted using GraphPad Prism Version 6 (San Diego, CA). 

Statistical significance was determined by Student's t test for studies determining differences 

between RSV and RSV+EtOH alone where measured outcome was not detected in the non-

infected (CTRL) or ethanol-treated (EtOH) (e.g., Fig. 1A). Two-way ANOVAs and Mann-

Whitney post-tests were used to confirm differences in percent body weight change (Fig. 

1A) and immune cell infiltration (Fig. 1C) among treatment groups. For all other analyses, 

one-way ANOVAs were used to determine differences among treatment groups and a 

Bonferroni post hoc analysis was used to account for multiple comparisons if the p value 

was <0.05. In all analyses, p values less than 0.05 were considered statistically significant. 

Exact p values (between 0.05 and 0.10) are reported in the text and figures to indicate 

statistical trends among the various treatment groups.

Results

Chronic ethanol consumption delays viral clearance, disrupts weight gain, and alters 
immune cell kinetics to the airways following RSV infection

Previously, we demonstrated an increase in lung RSV titers and inflammatory mediators 

after chronic ethanol feeding up to day 5 post-infection (Jerrells et al., 2007). We 

hypothesized that recovery from RSV was delayed due to altered immune cell kinetics 

following RSV infection in BALB/c mice undergoing chronic ethanol feeding. Here, we 

demonstrate that the delay in viral clearance continues out to day 7 post-infection (Fig. 1A). 

At this time point, 90% (9 of 10 mice) of water-fed, RSV-infected (RSV+) mice had cleared 

the RSV infection from the lung; however, in ethanol-fed, RSV-infected mice (EtOH+RSV), 

only 10% (1 of 10 mice) had cleared the virus. As a marker of illness severity, there was a 

modest change in body weight following the RSV infection. Specifically, in the ethanol-fed, 

RSV-infected mice there was a slight decrease in body weight (RSV-infected only: −1.3% 

± 0.716 vs. EtOH+RSV −2.941% ± 0.574; n = 25 and 23, respectively) following infection 

as compared to all other groups (Fig. 1B). RSV infection did not induce substantial body 

weight loss in the control-fed mice. BAL fluids were collected and cytospins were developed 

to quantify immune cell influx to the airways at day 1–7 after RSV infection. Significant 

deficiencies were determined in the EtOH+RSV mice compared to RSV at day 3 post-

infection for all cell types (neutrophils, lymphocytes, and monocytes; Fig. 1C, **p < 0.01), 

and at day 7 significantly more neutrophils remained in the airways as well (*p < 0.05). 

These findings suggest that chronic ethanol feeding significantly delays viral clearance and 

impacts illness severity through an immune-cell mediated mechanism following RSV 

infection in BALB/c mice.
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Airway recruitment of total CD3+ T cells, CD4+ T cells, and CD8+ T cells is altered by 
ethanol feeding following RSV

Previously, we reported a delayed influx of total lung lymphocytes at days 2 and 3 post-RSV 

infection following ethanol feeding (Fig. 1C) (Jerrells et al., 2007). Because of the delay in 

viral clearance, we hypothesized that ethanol feeding reduces the RSV-specific T-cell 

response mounted during infection. In these next studies, we evaluated the recruitment of 

total CD3+ T cells, CD3+CD4+ (helper) T cells, and CD3+CD8+ (anti-viral, cytolytic) T 

cells at days 5 and 7 post-infection in BAL fluids (Fig. 2). At both day 5 and day 7 after 

infection, we detected a significant influx of total T cells (Fig. 2A), CD4+ T cells (Fig. 2B, 

top) and CD8+ T cells (Fig. 2B, bottom) in the RSV-infected (RSV+) mice as compared to 

their water-fed (CTRL) and ethanol-fed (EtOH), non-infected controls (p < 0.05). As 

compared to RSV+ mice, EtOH+RSV mice demonstrated significant increases in 

recruitment of CD4+ and CD8+ T cells in ethanol-fed, RSV-infected mice (Fig. 2B & 2C, #p 
< 0.05) at day 7. There was a trend toward increased total CD3+ T-cell recruitment in 

ethanol-fed mice RSV-infected mice as compared to water-fed RSV-infected animals (Fig. 

2A, p < 0.069). Lastly, we wanted to determine whether the ratios of CD8+ to CD4+ T cells 

were altered by ethanol feeding in lung lavage fluids and single cell suspensions made from 

non-lavaged, total lung tissue of RSV-infected mice. The ratios across the RSV-infected 

groups changed between day 5 and day 7 of infection such that at day 5, RSV+ mice had a 

higher ratio of CD8+ T cells to CD4+ T cells in BAL (Fig. 2C, left). Conversely, the EtOH

+RSV mice had a greater ratio of CD8+ T cells to CD4+ T cells at day 7 in BAL (Fig. 2C, 

left) and total lung cell suspensions (Fig. 2C, right). Taken together with the previous data 

showing delayed viral clearance (Fig. 1A), these data explain the higher levels of T cells 

later in the course of RSV infection after ethanol feeding.

Total lung Th1 and Th2 helper cell polarization is decreased during RSV infection by 
ethanol feeding

Given the altered influx of lymphocytes and T-cell populations to the airways following 

ethanol feeding and RSV infection at day 5 and day 7, we next hypothesized that 

polarization of total lung T-helper cells would decrease with ethanol feeding and RSV 

infection. Following ex vivo activation with PMA/Ionomycin, we demonstrated a significant 

increase in Th1 (CD4+IFNγ+) and Th2 (CD4+IL-4+), but not Th17 (CD4+IL-17+) cells 

after RSV infection as compared to relative non-infected controls (Fig. 3A, *p < 0.05 and 

**p < 0.01 and no change for Th17). When we compared the numbers of Th1 and Th2 cells 

detected per 5.0 × 104 CD45+CD3+ T cells, we detected fewer Th1 cells (#p < 0.05) in the 

lungs of EtOH+RSV mice as compared to RSV+ mice from day 5 (no difference at day 7).

We also evaluated the exact level of intracellular cytokine production by each of the T-helper 

subsets on a per cell basis (reported as mean fluorescence intensity, or MFI) at both day 5 

and day 7. The type 1 helper T-cell response, or IFNγ MFI, was significantly reduced 

between the RSV+ and EtOH+RSV mice (Fig. 3B, top, #p < 0.05) at day 5 of RSV 

infection. IL-4 production by CD4+IL-4+ (Th2) cells was significantly decreased at day 5 

post-infection with ethanol feeding (Fig. 3B, middle, ###p < 0.001). The Th17 response, as 

measured by IL-17A production by CD4+IL-17A+ cells, was not different among the groups 

(Fig. 3B, bottom). T-helper cell responses were measured again at day 7 in lung-isolated T 
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cells, but only IL-4 MFI of Th2 cells remained decreased (Fig. 3B, middle). All other T-

helper populations and cytokine production were comparable among the RSV-infected 

groups at day 7 after infection.

RSV-specific activation of lung CD8+ T cells, and IFNγ production in the lung, are 
attenuated by chronic ethanol feeding

In these studies, we sought to determine the magnitude of the RSV-specific CD8 T-cell 

response using the dominant RSV peptide (M282–90) to stimulate CD8 T cells ex vivo. We 

hypothesized that this response would be decreased with ethanol feeding and RSV infection. 

CD8+IFNγ+ cells were determined by flow cytometry, and the numbers of M2-activated 

cells detected in the lungs were increased with RSV infection in water-fed animals only at 

day 5 post-infection (Fig. 4A, top and left, *p < 0.05), and not at day 7 (Fig. 4A, bottom and 

left). A significant decrease in the number of CD8+IFNγ+ cells was detected with ethanol-

fed, RSV-infected mice (#p < 0.05) at day 5, and ethanol-fed, RSV-infected mice 

demonstrated a significant decrease in IFNγ expression as compared to RSV-infected alone 

at day 5 (Fig. 4A, top and right, ###p < 0.001). IFNγ production in the lungs and BAL was 

also reduced at day 5 post-infection in ethanol-fed, RSV-infected mice (Fig. 4B, 4C, #p < 

0.05 [total lung] and p < 0.08 [BAL]). At day 7 after RSV infection, while we detected a 

significant number of M2-specific CD8+IFNγ+ T cells in the lungs of ethanol-treated, RSV-

infected mice (Fig. 4A, bottom, #p < 0.05), we detected no change in IFNγ MFI in the RSV 

vs. EtOH+RSV CD8+IFNγ+ cells (Fig. 4A, bottom and right). In addition, there was no 

difference in IFNγ lung protein (BAL or lung tissue) levels between water-fed and ethanol-

fed RSV-infected animals at day 7 (Fig. 4B, 4C). Given the virus remaining in lungs at this 

time point, however, increases in M2-specific CD8+IFNγ+ cell numbers are not surprising 

for the ethanol-treated, RSV-infected mice compared to water-fed RSV-infected mice. Taken 

together, with the delayed viral clearance and decreased T-helper response, this suggests that 

specific RSV immunity, mediated through the IFNγ pathway, may be defective in chronic 

alcohol-fed mice.

Discussion

Chronic ethanol consumption has been recognized as a comorbidity for respiratory illness 

for centuries. Respiratory syncytial virus is an important viral pathogen not only in children, 

but also in immune-compromised patients, the elderly, and young adults (Falsey, 2005; 

Falsey et al., 2006; Falsey, Hennessey, Formica, Cox, & Walsh, 2005; Falsey & Walsh, 2000, 

2005; Kulkarni et al., 2016; O'Shea, Pipkin, Cane, & Gray, 2007; O'Shea, Ryan, 

Hawksworth, Alsip, & Gray, 2005). Here we showed altered immune responses to RSV in 

BALB/c mice that have consumed 18% ethanol in their drinking water for 6 weeks. 

Lymphocytic recruitment to the airways was delayed with ethanol feeding, and virus 

persisted in the lung out to day 7 post-infection in ethanol-fed mice (Fig. 1). Ethanol feeding 

decreased the Th1 response commonly described for all viral infections (Fig. 3). Similarly, 

ethanol feeding blunted the Th2 response, which is characteristic only to RSV infections 

(Fig. 3). Finally, we examined the response of CD8+ T cells to the immunodominant RSV 

peptide, M2, and discovered a significant decrease in the IFNγ production by these cells as 

well as a significant reduction in total lung IFNγ production (Fig. 4). Because this cell 
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population is necessary for cytolytic killing of RSV-infected cells, and IFNγ is pertinent for 

activating other immune-mediated events (macrophage phagocytosis, B-cell class 

switching), this reduced response explains the delay in viral clearance and prolonged illness 

in the mice.

General lymphocytic recruitment was altered by ethanol treatment in our previous published 

data at time points as early as 48 h (Jerrells et al., 2007). Others report decreased IFNγ 
production by influenza-activated lung CD8+ T cells isolated from ethanol-fed influenza-

infected mice (Meyerholz et al., 2008). These type 1 responses are necessary for fighting 

bacterial pathogens (e.g. M. tuberculosis and K. pneumoniae) as well (Greenberger et al., 

1996; Moore, Perry, Getsoian, Newstead, & Standiford, 2002). This coincides well with the 

findings of our present work where we detected reduced IFNγ (Fig. 4). In addition, 

alterations to cell kinetics have been reported for neutrophils in alcohol-feeding models that 

do not involve viral pathogens (Raasch et al., 2010; Siggins et al., 2011). Thus, the delayed 

cellular influx into the lungs and to airways is not surprising. Much work has focused on 

understanding the basic changes ethanol exposure has on the airway epithelium; ciliary 

beating and clearance responses are decreased after prolong exposure to alcohol, and IL-8 

(neutrophil chemoattractant) release is decreased in the lungs as well (Allen-Gipson et al., 

2004). Here we expand upon those findings and show that early kinetics of lung immune-

cell infiltration and later T-cell recruitment is delayed by ethanol feeding after RSV infection 

(Fig. 1 & Fig. 2). It is well reported that BALB/c mice can clear RSV infection within 5 

days (Lotz & Peebles, 2012), yet at day 7 after RSV infection, our ethanol-fed mice are still 

actively infected with live virus (Fig. 1). There may be a combination of alcohol-related 

defects increasing susceptibility to RSV infection. However, defining the various alcohol-

related defects in concert is a current limitation of these studies.

The necessity for early innate immune response in shaping the adaptive/specific immune 

response, and even long-term immune memory, weeks after infection has been confirmed 

(Schoenberger, Pulendran, & Katsikis, 2012; Smit et al., 2008; Smit, Rudd, & Lukacs, 

2006). Thus, the defect in the downstream anti-viral CD8 T cells and viral clearance may be 

the result of the late recruitment of innate immune cells (e.g., dendritic cells, inflammatory 

monocytes), which serve important functions in activating the specific immune response. As 

suggested by our data and data from the ethanol-feeding influenza viral infection model 

(Meyerholz et al., 2008), viral processing and presentation by the antigen-presenting cell 

(APC) populations may be the specific cause for the decreased adaptive immune response. 

Further studies determining APC recruitment and T-cell activation by these cells in 

secondary immune organs of ethanolfed animals may have merit. However it is unknown 

whether the results in the present study are the result of an intrinsic T-cell defect or an 

environmental effect. It is likely a combination of both, yet it is plausible that transferred T 

cells can restore the anti-viral protection in the lungs. To our knowledge, no one has 

attempted to rescue the T-cell phenotype by transferring memory or activated T cells from 

naïve or previously RSV-challenged hosts. These studies are tedious, but may prove 

therapeutically important for individuals who succumb quickly to respiratory viral 

infections.

Warren et al. Page 8

Alcohol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Notably, we detected a blunted IL-4 production by Th2 cells (Fig. 3). Perhaps the decrease 

in IL-4 may indicate reduced regulation of inflammation, as IL-4 responses can have an anti-

inflammatory effect, especially if IL-10 is detected as well. Recently, Weiss et al. (2011) 

described a protective role for IL-10-producing CD4-helper T cells in lungs of RSV-infected 

mice (Weiss, Christiaansen, Fulton, Meyerholz, & Varga, 2011). This IL-10-producing 

population was composed of a subset of CD4+ cells that expressed FOXP3+ (a marker of T 

regulatory cells), and a CD4+FOXP3- population. In IL-10 knockout studies, the burden of 

RSV infection in the lungs was increased in the absence of IL-10. This may explain our 

recent finding of a modest increase in IFNγ-producing CD8+ cells detected in the lungs at 

day 7 post-infection, yet a reduced level of IL-10 in BAL and lungs at the same time point 

(data not shown). The presence of IFNγ indicates an ensuing chronic RSV infection, 

considering the amount of virus still detected in the lungs of the ethanol-fed mice. We 

anticipate that the IL-10 response may be delayed as well and therefore not present to limit 

the inflammatory state in the lungs later in infection. Further studies are needed to delineate 

the loss of IL-4 in conjunction with IL-10 and examine the contribution of T regulatory cells 

in the lungs of the ethanol-fed, RSV-infected mice.

In summary, this work adds to the previously recognized finding of the comorbidity of 

alcohol on the lungs and immune system during respiratory infections. Herein, we have 

intricately defined a delayed viral clearance of RSV and shown extensively that T-helper cell 

polarization and the anti-viral CD8 responses are delayed, yet not completely defective in 

alcohol-treated animals. Chronic alcohol abusers are often hospitalized with common 

respiratory infections, which necessitate a functioning T-cell repertoire. Therefore, future 

studies are planned to expand upon this work to potentially identify therapeutic interventions 

for these individuals.
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Highlights

• Immune-cell kinetics into the lungs are delayed in BALB/c mice with 

ethanol consumption following RSV infection.

• We show that T-cell recruitment to the airways is reduced.

• T-helper cell polarization and RSV-specific CD8+ T-cell activation are 

both reduced due to chronic alcohol consumption.
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Fig. 1. Chronic ethanol consumption delays viral clearance, disrupts weight gain, and alters 
immune-cell kinetics to the airways following RSV infection
Female BALB/c mice were ethanol-fed or water-fed for 6 weeks prior to RSV infection 

(3,250 TCID50 U/mouse). A) Lung viral titers were determined in lung homogenates (100 

g/mL) at day 7 post-infection. N = 10 mice infected group, and N = 3 mice from the non-

infected groups. “n.d.” denotes that virus was not detected. Statistical significance was 

determined by non-parametric Student's t test, where * indicates difference (p < 0.05) 

between EtOH+RSV treatment and RSV-infected alone. B) Percentage of body weight loss 

was determined over the course of the infection. a: indicates difference vs. control (p < 

0.05), b: p < 0.05, indicates difference vs. EtOH+RSV-treated. Sample size equals 23–25 

mice per infected group and 8–10 mice per non-infected group. C) Cell differentials 

determined in BAL cytospins. Counts of neutrophils, lymphocytes, or macrophage/

monocytes per 10X field. Letters denote statistically significant difference between groups. 

a: change in body weight vs. CTRL animals. b: change in body weight compared to EtOH

+RSV infected animals. Asterisks indicate a significant difference between RSV and EtOH

+RSV-infected (*p < 0.05; **p < 0.01). Data are representative of 2–3 separate experiments.
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Fig. 2. Airway recruitment of total CD3+ T cells, CD4+ T cells, and CD8+ T cells is altered by 
ethanol feeding following RSV
Water-fed and ethanol-fed animals were treated ± RSV and euthanized at day 5 and 7 post-

infection (p.i.) to detect T-cell populations by flow cytometry in BAL and in non-lavaged 

total lung tissue. A) Represents CD3+ T cells and B) CD3+CD4+CD8- and 

CD3+CD8+CD4- T cells in BALF. C) The ratios of total CD8 to CD4 cells were determined 

at day 5 and day 7 in BAL (left) and non-lavaged, whole lung cell suspension (right). Results 

are representative of two separate experiments with n = 6–8 mice for infected groups and n = 

2–3 mice per non-infected groups. Statistical significance was determined by one way 

ANOVA and Bonferroni post-tests. Asterisk indicates a significant RSV infection effect as 

compared to relative control; # represents a significant difference between RSV and EtOH

+RSV (p < 0.05).
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Fig. 3. Total lung Th1 and Th2 helper cell polarization is decreased during RSV infection by 
ethanol feeding
Ethanol-fed or water-fed RSV-infected mice were euthanized on days 5 and 7, and lung T 

cells were isolated, stimulated with PMA/Ionomycin, and stained for intracellular IFNγ, 

IL-4, and IL-17A. A) Bar graphs depict mean ± SEM of the count of CD45+CD3+CD4+ T 

cells that were positive for IFNγ (Th1, top) and IL-4 (Th2, middle) and IL-17A (bottom) 

per 50,000 CD45+CD3+CD4+ events. B) Bar graph depicts the cytokine median 

fluorescence intensity (MFI) per cell basis minus the media control. Results are 

representative of two independent experiments with a total of 6–10 mice per treatment 

group. Statistical analysis was carried out using a one-way ANOVA followed by Bonferroni 

post-test. Asterisks are indicative of a significant infection effect as compared to relative 

control (*p < 0.05 or **p < 0.01), and # or ### indicates a difference between RSV and 

EtOH+RSV (p < 0.05 or 0.001).
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Fig. 4. RSV-specific activation of lung CD8+ T cells and IFNγ is attenuated by chronic ethanol 
feeding
Total lung CD3+ T cells were isolated from water-fed and ethanol-fed +/− RSV-infected 

animals at day 5 and day 7, then stimulated with the RSV-specific, immunodominant M2 

peptide (1 M) for 6 h. A) Counts of CD8+IFNγ+ T cells per 50,000 total 

CD45+CD3+CD8+ T cells (left), and corresponding intracellular IFNγ MFI (right) for day 

5 (top graphs) and day 7 (bottom graphs). B) Total IFNγ protein in BAL and C) total lung 

homogenate determined by ELISA. Statistical significance was determined using a one-way 

ANOVA and Bonferroni post-test. Asterisk indicates a significant infection effect compared 

to relative non-infected control (*p < 0.05). # or ### indicates a significant difference (p < 

0.05 and 0.001) between infected groups by Bonferroni post-test. Results are representative 

of two separate experiments, with 6–10 mice per group in each experiment.
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