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Abstract

Background—It is well established that chronic ethanol (EtOH) consumption is associated with 

increased incidence and disease severity of respiratory infections. Our recent work demonstrates 

this increase in disease severity to influenza virus (IAV) infections is due, in part, to a failure to 

mount a robust IAV-specific CD8 T cell response along with a specific impairment in the ability 

of these T cells to produce IFNγ. However, the full extent of the lesion in the effector CD8 T cell 

compartment during chronic EtOH consumption remains unknown.

Methods—Utilizing the Meadows-Cook murine model of chronic alcohol consumption, mice 

received EtOH in their drinking water for 8 or 12 weeks. Mice were challenged intranasally with 

IAV and the activation and effector functions of IAV specific CD8 T cells were determined in 

both the lung-draining lymph nodes and lungs.

Results—Our results confirm the defect in interferon γ (IFNγ) production, however, the ability 

of IAV-specific T cells to produce tumor necrosis factor α (TNFα) and interleukin-2 (IL-2) in 

EtOH-consuming mice remains unaltered while interferon γ (IFNγ) production. In contrast, EtOH 

consumption significantly reduces the ability of CD8 T cells to degranulate and kill IAV-specific 

targets. Finally, our findings suggest the lesion begins during the initial activation of CD8 T cells, 

as we observe early defects in proliferation in the lung-draining lymph nodes (dLN) of IAV-

infected, EtOH-consuming mice.

Conclusions—These findings highlight the previously unrecognized depth of the lesion in the 

IAV-specific CD8 T cell response during chronic EtOH consumption. Given the important role 

CD8 T cell immunity plays in control of IAV, these findings may aid in the development of 

vaccination and/or therapeutic strategies to reverse these defects in the CD8 T cell response and 

reduce serious disease outcomes associated with IAV infections in alcoholics.
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Introduction

Chronic alcohol abuse by humans is associated with increased incidence and severity of 

pulmonary bacterial and viral infections (Happel and Nelson, 2005, Nelson and Kolls, 2002, 

Zhang et al., 2002, Cook, 1998). While studies have begun to elucidate the mechanisms 

leading to this increased pulmonary disease severity in alcoholics, much remains unknown 

(Happel and Nelson, 2005, Legge and Waldschmidt, 2014, Meyerholz et al., 2008, Joshi and 

Guidot, 2007, Nelson et al., 1991, Zhang et al., 2002, Brown et al., 2004, Downs et al., 

2013, Sisson, 2007, Bird and Kovacs, 2008). Therefore, it has been of continued interest to 

determine the effect of chronic alcohol consumption on the pulmonary adaptive immune 

response. Previously, our group has demonstrated increased morbidity and mortality along 

with an increase in viral titers following infection with influenza A virus (IAV) in a murine 

model of chronic ethanol (EtOH) consumption (Meyerholz et al., 2008, Langlois et al., 

2010). This defect in viral clearance and increased disease is correlated with a decrease in 

the number of total and IAV-specific CD8 T cells in mice chronically consuming EtOH. 

Further, the IAV-specific CD8 T cells in EtOH-consuming mice also exhibit decreased 

interferon γ (IFNγ) production (Meyerholz et al., 2008).

The development of a cytotoxic CD8 T cell response is required to clear an acute IAV 

infection (Bender et al., 1992, Doherty et al., 1997). In addition to producing pro-

inflammatory cytokines [e.g. IFNγ, tumor necrosis factor α (TNFα), and interleukin-2 

(IL-2)], CD8 T cells can also kill virally infected cells via perforin/granzymes, tumor 

necrosis factor receptor apoptosis-inducing ligand- (TRAIL-), and/or Fas-mediated 

apoptosis (Brincks et al., 2008, Topham et al., 1997, Doherty et al., 1997). However, what 

effect chronic EtOH exposure has on these functions remains unknown. Therefore, we 

determined the depth of the lesion in the effector response of CD8 T cells within EtOH-

consuming mice during IAV infection.

Our results demonstrate that extension of our previous studies to 12 weeks of chronic EtOH 

consumption maintains the defect in IFNγ production, but surprisingly not TNFα or IL-2, by 

IAV-specific CD8 T cells. Given the known elevation in viral titers during IAV infection 

within EtOH-consuming mice (Langlois et al., 2010, Meyerholz et al., 2008), we also sought 

to determine whether any direct mechanisms of CD8 T cell killing were affected by chronic 

EtOH consumption. We observed a significant decrease in degranulation which correlates to 

a significant reduction in the ability of IAV-specific CD8 T cells from the lungs of IAV-

infected, EtOH-exposed mice to kill IAV-peptide pulsed targets in vitro.

As the defects in the IAV-specific CD8 T cell population were observed at the peak of the 

immune response, we also sought to identify when this lesion in the IAV-specific CD8 T 

cell response first appears. It has been demonstrated that IAV-specific CD8 T cells first 

acquire effector functions in draining lymph nodes (dLN) (Kim and Braciale, 2009, Legge 

and Braciale, 2003). Further, the acquisition of IFNγ production has been linked to cell 

division, with only activated CD8 T cells that have undergone 4 or more rounds of division 

expressing IFNγ (Lawrence and Braciale, 2004). It has also been documented that IAV-

specific CD8 T cells must interact with pulmonary dendritic cells (DCs) within the lungs 

following activation in order to avoid apoptosis and continue to proliferate and develop a 
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robust T cell response (McGill and Legge, 2009, McGill et al., 2008). This indicates that 

signals in the dLN and/or lungs could be contributing to the lesion within the IAV-specific 

CD8 T cell response of mice chronically consuming EtOH. Our results suggest that the 

lesion in the effector response begins within the dLN, as we observed a significant defect in 

proliferation and IFNγ production by IAV-specific CD8 T cells within the dLN of EtOH-

consuming mice. Together, these findings highlight the previously unrecognized depth of 

the lesion in the IAV-specific CD8 T cell response within mice chronically consuming 

EtOH. Targeting to reverse these specific defects in proliferation, degranulation, 

cytotoxicity, and IFNγ production may aid in treating increased disease severity and delayed 

viral clearance during IAV infection of chronic alcoholics.

Materials and Methods

Mice

Six- to eight-week-old wild type (WT) C57Bl/6 and BALB/c mice were obtained from The 

National Cancer Institute (Frederick, MD). Clone 4 (CL-4) CD90.1+ mice containing T cell 

receptor (TCR) transgenic T cells specific for the HA533 epitope of A/PR/8/34 were 

obtained from The Jackson Laboratory (Bar Harbor, ME). All mice were housed and 

maintained in the specific pathogen-free animal care facility at the University of Iowa (Iowa 

City, IA). All experiments were performed in accordance with regulatory standards and 

guidelines and were approved by the Institutional Animal Care and Use Committee of the 

University of Iowa. Unless noted otherwise, all experiments herein were performed with 

C57Bl/6 mice.

EtOH Administration

Mice were administered EtOH using the Meadows-Cook model of administration (Cook et 

al., 2007, Cook et al., 2004, Gurung et al., 2009, Meyerholz et al., 2008, Ness et al., 2008, 

Song et al., 2002, Parlet and Schlueter, 2013). After 1 week of acclimation, mice were 

separated into two groups of equal size. One group was transitioned to pharmaceutical grade 

EtOH by receiving the following in drinking water: 10% for 2 days, 15% for 5 days, and 

20% for 12 wks. BALB/c mice received the following: 10% for 2 days, 15% for 5 days, and 

18% for 8 wks. These EtOH solutions were the only source of water available for the mice 

in the EtOH group. The control animals were given the same double-distilled water used for 

the EtOH solutions. Mice were given access to the appropriate source of drinking fluid and 

laboratory chow ad libitum throughout the treatment period. With this ethanol 

administration protocol, mice were visibly inebriated in the early morning following 

nocturnal drinking, and blood alcohol levels were as high as 400 mg/dL, with much lower 

levels later in the day (Song et al., 2002). Mice remained on this EtOH protocol throughout 

the duration of experiments.

Influenza A virus infection

Influenza A virus strain A/PR/8/34 was prepared from stocks as described previously 

(Legge and Braciale, 2003). Mice were anesthetized with isoflurane and infected 

intranasally with 1.1×103 tissue culture infectious units of virus.
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MHC I Tetramers

MHC class I tetramers specific for influenza nucleocapsid protein (NP)366-374 (H-2D(b)/

ASNENMETM) and influenza acidic polymerase protein (PA)224-233 (H-2D(b)/

SSLENFRAYV) were obtained from the National Institute of Allergy and Infectious 

Disease MHC Tetramer Core Facility (Atlanta, GA).

Surface Staining

Single-cell suspensions of lungs were prepared by pressing them through wire mesh screens. 

1×106 cells/well were placed in a 96-well plate and blocked with 2 μl rat serum in FACS 

buffer for 30 min at 4°C.

Following blocking, cells were incubated with FACS buffer containing rat anti-mouse 

CD8α monoclonal antibody (mAb) (53-6.7), rat anti-mouse CD3ε mAb (145-2C11), 

hamster anti-mouse CD95L mAb (MFL3), rat anti-mouse TRAIL mAb (N2B2), mouse anti-

human/mouse granzyme B mAb (GB11), and NP366 and PA224 tetramers for 30 min at 4°C. 

Cells were then fixed in FACS Lysis Buffer (BD) per manufacturer’s instructions and 

resuspended in PBS. Data was acquired on a BD FACSCanto II and analyzed with FlowJo 

software (TreeStar, Inc.).

In Vitro Intracellular Cytokine and CD107a Assay

Intracellular cytokine staining was performed as previously described (Hemann et al., 2013). 

Briefly, 5×105 cells from lung single-cell suspensions were incubated for 6 h with NP366 or 

PA224 peptides in complete media containing recombinant human IL-2 (Novartis) and 

brefeldin A (Sigma). For CD107a degranulation, this incubation was performed in the 

absence of brefeldin A. Anti-mouse CD107a mAb (1D4B) was present during peptide 

incubation in order to measure degranulation (Brincks et al., 2008). Following incubation, 

cells were surface stained with rat anti-mouse CD8αmAb (53-6.7). Following fixation, cells 

were permeablized by incubation for 30 min at 4°C in FACS Buffer containing 0.5% 

saponin (ACROS) and subsequently stained with rat anti-mouse IFNγ (XMG1.2), rat anti-

mouse TNFα (MP6-XT22), and rat anti-mouse IL-2 (JES6-5H4) for 30 min at 4°C in FACS 

Buffer containing 0.5% saponin. Data was acquired on a BD FACSCanto II and analyzed 

with FlowJo software (TreeStar, Inc.).

In Vitro Cytotoxicity Assay

In vitro cytotoxicity assay was performed as previously described (Brincks et al., 2011, 

Legge and Braciale, 2005). On day 8 following IAV infection, lungs were harvested from 

water- and EtOH-consuming mice without perfusion or prior BAL wash, homogenized, and 

CD8 T cells from total lung homogenate were MACS purified (>95% purity). A portion of 

the purified T cells was then stained with anti-CD8α and anti-CD11a mAbs. The percentage 

of CD11a+ CD8αlo T cells was used to calculate the number of antigen experienced (IAV-

specific) effectors (Rai et al., 2009). For target cells, naïve C57Bl/6 splenocytes were 

labeled with 2μM PKH. One half was subsequently labeled with 0.5μM CFSE, and the other 

half was labeled with 3μM CFSE. The CFSElo cells were pulsed with 10μM OVA257 

peptide as a control while the CFSEhi cells were pulsed with 10 μM NP366 and PA224 
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peptide for 1 h at 37°C. The effector CD8 T cells were mixed with the peptide-pulsed target 

cells at a 10:1 and 25:1 E:T ratio and cultured for 8 h in complete media. Following 

incubation, samples were run on the flow cytometer to determine cell populations present. 

The percent of CFSEhi and CFSElo cells were adjusted based on the adjustment of the target 

only wells to 50:50. The percent specific killing was then calculated: ([adjusted CFSEhi cell 

#/adjusted CFSElo cell #] × 100).

In Vivo Intracellular Cytokine Assay

5×106 naïve, CFSE-labeled, CL-4 CD90.1 cells (H-2d) from the spleens of EtOH-or water-

consuming mice were transferred intravenously into equivalent (EtOH- or water-consuming) 

BALB/c hosts (H-2d). Mice were infected with a 0.1 LD50 of A/PR/8/34. On day 4 post 

infection (p.i.), mice were administered 500 μg monensin intraperitoneally as previously 

described (Hufford et al., 2011, Liu and Whitton, 2005). 6 hours following treatment, mice 

were sacrificed, dLN were harvested and single-cell suspensions prepared. Cells were 

stained extracellularly with mouse anti-rat/mouse CD90.1 (OX-7). Following fixation, cells 

were permeablized by incubation for 30 min at 4°C in FACS Buffer containing 0.5% 

saponin (ACROS) and subsequently stained with rat anti-mouse IFNγ (XMG1.2), rat anti-

mouse TNFα (MP6-XT22), rat anti-mouse IL-2 (JES6-5H4) and mouse anti-human/mouse 

granzyme B (GB11) for 30 min at 4°C in FACS Buffer containing 0.5% saponin. Data was 

acquired on a BD FACSCanto II and analyzed with FlowJo software (TreeStar, Inc.). 

Percent divided and proliferation index were determined using proliferation measures within 

the FlowJo software.

Statistical Analysis

Data was compiled in graphical format using Prism software (Graphpad Software, San 

Diego, CA). Error bars represent the SEM. Statistical significance was determined using 

unpaired, two-tailed Student’s t tests.

Results

Dysregulation of cytokine production by CD8 T cells in chronic EtOH consumers during 
IAV challenge is limited to IFNγ

Mice chronically consuming EtOH have been demonstrated to be more susceptible to IAV 

infections (Meyerholz et al., 2008). One of the mechanisms of this increased susceptibility 

in murine models of chronic EtOH consumption is due to reduced IFNγ production by IAV-

specific CD8 T cells along with a reduction in the total IAV- specific CD8 T cell population 

detected by major histocompatibility complex (MHC) class I-viral peptide tetramers 

(Meyerholz et al., 2008). Similar to our previous studies analyzing IAV-specific CD8 T cell 

responses in mice consuming EtOH for four to eight weeks, C57Bl/6 mice chronically 

consuming 20% EtOH for twelve weeks prior to IAV infection display a significant 

reduction in the number of IAV-specific CD8 T cells as determined by tetramer staining 

(Fig. 1A). However, this decrease in the total numbers of IAV-specific CD8 T cells is due to 

the documented decrease in the total CD8 T cell population as the frequency of tetramer+ 

CD8 T cells remains equal between water- and EtOH-consuming mice during IAV infection 

[(Meyerholz et al., 2008) and Fig. 1A]. In contrast, mice chronically consuming 20% EtOH 
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for twelve weeks have a significant reduction in both the frequency and number of IFNγ-

producing, IAV-specific CD8 T cells within the lungs on day 8 p.i. (Fig. 1B). This 

supplemental lesion within the frequency of IAV-specific CD8 T cells that can produce 

IFNγ in EtOH-exposed mice demonstrates that in addition to the EtOH-induced reduction in 

global CD8 T cell immunity, EtOH exposure results in the selective inhibition of IFNγ 

production by those effector IAV-specific T cells that do develop. Interestingly, this specific 

defect in IFNγ production by IAV-specific CD8 T cells is rescued when the T cells are 

stimulated ex vivo with PMA and ionomycin [data not shown and (Meyerholz et al., 2008)], 

indicating this defect in IFNγ production is specific to a signaling event upstream of Ca2
+ 

flux and PKCθ activation.

IAV-specific effector CD8 T cells have been shown to produce IFNγ, TNFα and IL-2 

synchronously during IAV infection (La Gruta et al., 2004). While TNFα aids in inhibition 

of viral replication and enhancement of cytolytic activity (Wortzman et al., 2013), IL-2 has 

been implicated in the activation and expansion of IAV-specific CD8 T cells (Malek, 2008). 

Given the severe defect in IFNγ production by CD8 T cells during IAV infection in mice 

chronically consuming EtOH, we next investigated whether the ability of the IAV-specific 

CD8 T cell population to produce TNFα and/or IL-2 was also altered by EtOH exposure. 

Surprisingly, the ability of IFNγ+ IAV-specific CD8 T cells to produce TNFα (Fig. 2A) or 

IL-2 (Fig. 2B) during IAV challenge remains unaltered during chronic EtOH consumption. 

Further, co-production of either TNFα (Fig. 2C) or TNFα and IL-2 (Fig. 2D) in addition to 

IFNγ during IAV challenge remains unaltered by chronic EtOH consumption. However, it 

should be noted that these polyfunctional CD8 T cells represent a very small fraction of the 

total IAV-specific CD8 T cell population in both water and EtOH-consuming mice (Fig. 1 & 

Fig. 2). Together, these results demonstrate the EtOH-induced defect in IAV-specific CD8 T 

cell cytokine production appears to be limited to the IFNγ compartment.

Chronic EtOH consumption does not reduce FasL and TRAIL expression by IAV-specific 
CD8 T cells

CD8 T cells utilize multiple mechanisms to control IAV infection within the lungs. In 

addition to producing inflammatory cytokines, CD8 T cells can induce lysis of virally 

infected cells by FasL-, and/or TRAIL-dependent mechanisms (Brincks et al., 2008, Doherty 

et al., 1997, Topham et al., 1997). Therefore, we sought to determine the surface levels of 

these molecules on IAV-specific CD8 T cells in order to begin to understand whether any of 

these mechanisms could potentially be involved in the increased susceptibility to IAV 

infection observed in EtOH-consuming mice (Meyerholz et al., 2008, Langlois et al., 2010). 

We detected no difference in the frequency of IAV-specific CD8 T cells expressing FasL or 

the mean fluorescence intensity (MFI) of FasL on IAV-specific CD8 T cells between water 

and EtOH-consuming mice (Fig. 3A & 3B, left column). Consistent with the EtOH-induced 

decrease in the total CD8 T cell numbers (Fig. 1), we did detect a significant reduction in the 

total numbers of IAV-specific CD8 T cells expressing FasL (Fig. 3C, left column). These 

results indicate that while the total number of FasL+ IAV-specific CD8 T cells is impaired 

by chronic EtOH consumption, the amount of FasL present on a per cell basis within the 

IAV-specific CD8 T cell population remains equivalent. We observed a similar trend when 

analyzing TRAIL expression of IAV-specific CD8 T cells within the lungs of water- and 
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EtOH-consuming mice. While the total number of TRAIL+ IAV-specific CD8 T cells is 

significantly diminished in EtOH-consuming mice (Fig. 3C, right column), the frequency of 

TRAIL+ cells within the IAV-specific CD8 T cell population along with TRAIL MFI per 

cell remained unaltered by chronic EtOH exposure (Fig. 3A & 3B, right column). Together, 

these results indicate that while the EtOH-induced reduction in total numbers of FasL+ and 

TRAIL+ IAV-specific CD8 T cells likely contribute to an overall reduced CD8 T cell 

mediated cytotoxicity of IAV-infected epithelial cells, it appears unlikely that there is a 

specific, intrinsic defect in FasL- and/or TRAIL-mediated cytotoxicity by IAV-specific CD8 

T cells (Meyerholz et al., 2008).

Chronic EtOH decreases IAV-specific CD8 T cell degranulation, limiting their cytotoxic 
ability

In addition to their use of surface expressed death-inducing ligands to mediate cytoxicity, 

CD8 T cells can release perforin and granzymes to induce the lysis of target cells. Therefore, 

we next determined whether EtOH exposure altered granzyme B expression within IAV-

specific CD8 T cells. As shown in Figure 4, we detected no differences in the frequency, 

MFI or numbers of granzyme B+ IAV-specific CD8 T cells within the lungs on day 8 p.i. 

between water- and EtOH-consuming mice (Fig. 4A–4C), indicating chronic EtOH 

consumption does not alter the granzyme B+ IAV-specific CD8 T cell population during 

IAV challenge.

Although we detected no difference in the granzyme B expression of IAV-specific CD8 T 

cells in EtOH-consuming mice during IAV challenge, it is possible that an EtOH-induced 

defect in cytotoxic T lymphocyte (CTL) killing via the perforin/granzyme pathway could 

still be present due to altered ability of IAV-specific CD8 T cells to degranulate and thereby 

release granzyme B. When we monitored the ability of water- and EtOH-exposed CD8 T 

cells to degranulate (measured by surface CD107a expression), we observed a significant 

decrease in both the frequency and number of CD107a+ CD8 T cells in EtOH-consuming 

mice compared to water controls (Fig. 4D & 4E).

The observed EtOH-induced reduction in degranulation suggests IAV-specific CD8 T cells 

from the lungs of EtOH exposed mice are likely defective in their ability to kill IAV-

infected cells. A defect in killing by IAV-specific CD8 T cells from EtOH-exposed mice is 

consistent with the observed increase in IAV virus titers in EtOH- compared to control 

water-consuming mice (Meyerholz et al., 2008, Langlois et al., 2010). In order to determine 

the cytotoxic effector ability of IAV-specific CD8 T cells, we utilized an in vitro 

cytotoxicity assay. In agreement with the observed EtOH-induced reduction in 

degranulation, purified IAV-specific CD8 T cells from the lungs of EtOH-consuming mice 

are significantly reduced in their ability to lyse IAV-peptide pulsed targets relative to control 

OVA-peptide pulsed targets at a 10:1 and 25:1 E:T ratio (Fig. 5). This data indicates IAV-

specific CD8 T cells from the lungs of EtOH-consuming mice on day 8 p.i. are defective in 

their ability to kill at a per cell level compared to their counterparts from water-drinking 

controls. This defect in killing may be responsible for the higher viral titer observed within 

the lungs of mice chronically consuming EtOH during IAV infection (Meyerholz et al., 

2008, Langlois et al., 2010).
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The EtOH induced lesion within the IAV-specific CD8 T cell response begins in the dLN 
during the T cells’ initial activation

The acquisition, expression, and regulation of effector functions by CD8 T cells is linked to 

both their initial activation in the dLN as well as subsequent programming at peripheral 

sites. Initially, the production of both IFNγ and granzyme B by CD8 T cells is tied to 

proliferation, beginning after 4–6 rounds of division following activation in the dLN 

(Lawrence and Braciale, 2004, Jenkins et al., 2008). Further, our own work, as well as that 

of others, has documented that IAV-specific CD8 T cells must interact with pulmonary DCs 

within the lungs following activation in order to avoid apoptosis and continue to proliferate 

and develop a robust T cell response (McGill and Legge, 2009, McGill et al., 2008). 

Therefore, regulation/signals in the dLN and/or lungs could be contributing the EtOH-

induced lesion within IAV-specific CD8 T cell response. In order to determine whether the 

EtOH-induced decrease in IFNγ+ IAV-specific CD8 T cells begins in the dLN and correlates 

with a reduction in division of activated IAV-specific CD8 T cells, we adoptively 

transferred CFSE-labeled, naïve, CD90.1+ CL-4 cells from water- or EtOH-consuming 

donors into matched CD90.2+ congenically disparate water- or EtOH-consuming BALB/c 

hosts. Twenty-four hours later we infected mice, and on day 4 p.i. mice were treated with 

monensin intraperitoneally in order to block release of intracellular materials. Compared to 

CL-4 T cells in the water controls, the donor EtOH CL-4 T cells in the dLN of chronic 

EtOH-consuming hosts exhibit reduced proliferation in response to IAV infection (Fig. 6A), 

even though they were adoptively transferred at equal numbers to that of water T cells in 

order to correct for the reduced numbers present in EtOH-exposed mice (Fig. 1). This 

overall reduced proliferation appears to not be due to a defect in the initial triggering of the 

naive T cells, as the percent of the initial population that has divided is equal (Fig. 6A-

middle panel), but is instead due to reduced overall proliferation of EtOH-exposed CL-4 T 

cells compared to CL-4s from water-drinking mice measured by proliferation index (Fig. 

6A-right panel). Further, this reduced proliferation is not due to an increased death of 

dividing cells, as measured by Annexin V positivity, in the EtOH-consuming mice (data not 

shown).

Given the link between proliferation and the ability to make cytokines (Lawrence and 

Braciale, 2004, Jenkins et al., 2008), we next determined whether this decreased division 

number within the IAV-specific CD8 T cells in EtOH-consuming mice correlated with a 

reduction in the number of cytokine+ IAV-specific CD8 T cells that develop in the dLN. 

Consistent with the reduced division of IAV-specific CD8 T cells, we observed a significant 

decrease in the number of IFNγ+ IAV-specific CD8 T cells within the dLN of EtOH-

consuming mice compared to water controls (Fig. 6B). Although trending toward a 

reduction, there was no statistically significant reduction in the frequency of dividing, IFNγ 

CD8 T cells in EtOH-consuming mice (data not shown). Further, we detected few TNFα– or 

IL-2- producing, IAV-specific CD8 T cells among the dividing T cells of either group (data 

not shown), suggesting that these cytokines may be upregulated in IAV-specific CD8 T cells 

later during infection or within the lung. Together these data suggest that the EtOH-induced 

defect in the number, and potentially IFNγ effector ability, of IAV-specific T cells likely 

begins in dLN.
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Given the correlation between division of CD8 T cells and upregulation of granzymes 

(Jenkins et al., 2008), we also assessed granzyme B production by IAV-specific CD8 T cells 

within dLN on day 4 p.i.. Similar to pulmonary CD8 T cells analyzed for granzyme B 

expression ex vivo (Fig. 4), our results show there is no significant difference in the MFI of 

granzyme B based upon cell division number between water- and EtOH-consuming mice 

(Fig. 6C). Together, these results demonstrate the defect in the CD8 T cell response of mice 

chronically consuming EtOH is apparent as early as day 4 p.i. within dLN following IAV 

infection, suggesting EtOH-induced intrinsic defects in the CD8 T cells and/or defects in 

CD8 T cell priming during chronic EtOH exposure.

Discussion

Previous work has demonstrated that mice chronically consuming EtOH exhibit enhanced 

morbidity, mortality, viral titers and pulmonary pathology following IAV challenge 

(Meyerholz et al., 2008). This increase in overall IAV-induced disease in EtOH-consuming 

mice is accompanied by a severe defect in the total number of IAV-specific CD8 T cells, as 

well as their ability to produce IFNγ. In this report we demonstrate that the lesion in the 

IAV-specific CD8 T cell response of mice chronically consuming EtOH is more severe than 

previously appreciated. In addition to the defects in effector functionality previously 

observed, we detected a significant reduction in the total number of TRAIL+ and FasL+ 

IAV-specific CD8 T cells on day 8 p.i. (Fig. 3). However, this defect in TRAIL and FasL 

cells appears not to be intrinsic to IAV-specific CD8 T cells of mice chronically consuming 

EtOH, as the per cell expression of these effector molecules is equivalent, but rather due to 

the documented reduction in the total CD8 T cell numbers within the lungs of EtOH-

exposed mice (Meyerholz et al., 2008). In contrast to FasL and TRAIL, we observed a 

significant reduction in the ability of EtOH CD8 T cells to degranulate when stimulated ex 

vivo with IAV peptides (Fig. 4). This reduction in degranulation correlates with the defect in 

the ability of IAV-specific CD8 T cells from the lungs of EtOH-consuming mice to kill 

IAV-pulsed targets in vitro (Fig. 5) and likely contributes to the increased viral titers 

observed in IAV-infected chronic EtOH-consuming mice (Langlois et al., 2010, Meyerholz 

et al., 2008). Further, this result may not be unique to IAV infection, but rather a more 

global defect due to EtOH consumption as CD8 T cells from EtOH mice challenged with 

Listeria monocytogenes are defective in their ability to degranulate following ex vivo 

Listeria peptide stimulation (Prajwal Gurung and Robert Cook, unpublished data).

Surprisingly, however, our findings suggest the defect in cytokine production is limited to 

IFNγ, as IAV-specific CD8 T cells in EtOH-consuming mice have no defect in total TNFα 

or IL-2 production (Fig. 2A & 2B). Further, the small fraction of polyfunctional IAV-

specific CD8 T cells present within the lungs during IAV infection remains unaltered in 

mice chronically consuming EtOH (Fig. 2C & 2D). The mechanism controlling the selective 

loss of one effector cytokine by IAV-specific CD8 T cells (i.e. loss of IFNγ but not TNFα 

and/or IL-2) in chronic EtOH-consuming mice remains unknown. However, it is likely that 

other defects within mice chronically consuming EtOH (such as IL-2 expression by CD4 T 

cells and defects within APCs) contribute to inappropriate and/or insufficient priming of 

IAV-specific CD8 T cells within dLN. Changes in antigen presenting cell populations have 

been well documented to occur during EtOH exposure (Fan et al., 2011, Ness et al., 2008, 
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Parlet and Schlueter, 2013, Edsen-Moore et al., 2008, Legge and Waldschmidt, 2014, 

Gurung et al., 2009, Buttari et al., 2008, Happel and Nelson, 2005, Joshi and Guidot, 2007, 

Szabo and Mandrekar, 2009, Zhang et al., 2002, Eken et al., 2011, Joshi et al., 2005, Lau et 

al., 2007, Mehta and Guidot, 2012, Rendon et al., 2012, Siggins et al., 2009, Szabo and 

Mandrekar, 2008). While dendritic cell functionality during IAV challenge of mice 

chronically consuming EtOH has not been completely investigated, the migration of dermal 

DCs, cutaneous DCs and Langerhans cells is delayed following FITC sensitization (Ness et 

al., 2008, Parlet and Schlueter, 2013). Following IAV infection, DCs from mice consuming 

EtOH are severely inhibited in migrating from the lungs to the dLN (Legge and 

Waldschmidt, 2014). If DCs are not able to migrate efficiently to the lung-draining lymph 

nodes following IAV challenge, an appropriate CD8 T cell response will not be primed to 

clear the infection (Meyerholz et al., 2008). In addition to their required presence in the dLN 

for T cell activation, the maturation and activation state of DC is known to have a profound 

connection to T cell tolerance/activation/effector function fate decisions. In this regard, DCs 

from alcoholic humans have decreased CD86 expression and a reduced ability to prime T 

cells following LPS stimulation compared to DCs from healthy individuals (Buttari et al., 

2008). Data from our group also suggests DCs from the lungs of mice chronically 

consuming EtOH are defective in their ability to upregulate the costimulatory molecules 

CD40 and CD80 (Legge and Waldschmidt, 2014). Overall, these data suggest DCs from 

mice chronically consuming EtOH may not be able to appropriately activate IAV-specific 

CD8 T cells, even if they make it to dLN, consistent with our finding of hindered 

proliferation of IAV-specific CD8 T cells within dLN of chronic EtOH-exposed mice (Fig 

6). In the future it will be important to determine the contribution of these chronic EtOH-

induced DC defects to the overall defects observed in the activation of naïve, IAV-specific 

CD8 T cells and their subsequent effector functions.

In addition to these extrinsic effects that may contribute to altered T cell functions in chronic 

EtOH-consuming mice, another possible explanation for the changes observed may be due 

to T cell intrinsic effects, such as signaling changes within CD8 T cells. It has been 

demonstrated that chronic EtOH exposure reduces TCR signaling in primary human CD4 T 

cells (Ghare et al., 2011). Reduced TCR signaling would affect signaling upstream of PKCθ 

and calcium flux. This would correlate with data from our laboratory demonstrating reduced 

IFNγ production by CD8 T cells stimulated with IAV peptides while these same cells 

produced IFNγ appropriately when stimulated with PMA/ionomycin [data not shown and 

(Meyerholz et al., 2008)].

In summary, our findings detail a large, multifactorial lesion within the IAV-specific CD8 T 

cells likely contributes significantly to the increased severity of disease and viral titers 

observed during chronic EtOH exposure. This defect includes a reduction of the total 

number of IAV-specific CD8 T cells, but also a significant decrease in IFNγ production of 

IAV-specific CD8 T cells, but not TNFα, IL-2 or polyfunctional (IFNγ/TNFα and IFNγ/

TNFα/IL-2 producers) cytokine producers during IAV challenge. This EtOH-induced defect 

in IFNγ is apparent early in the dLN and is accompanied by a significant reduction in 

proliferation following IAV infection. Finally, our findings importantly suggest the EtOH 

induced lesion in CD8 T cell effector immunity is not limited to IFNγ, as we observed a 

significant reduction in the ability of CD8 T cells from EtOH-consuming mice to 

Hemann et al. Page 10

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



degranulate and kill IAV targets compared to water controls. Perhaps targeting these early 

defects in proliferation and/or cytotoxicity of CD8 T cells in the development of IAV 

vaccination strategies and during IAV infections could aid in limiting the increased 

incidence and severity of respiratory disease in alcoholics.
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Figure 1. Chronic EtOH consumption leads to a significant reduction the number and IFNγ 
effector ability of IAV-specific CD8 T cells following IAV infection
C57Bl/6 EtOH- and water-consuming mice were challenged with a sublethal dose of IAV. 

A) On day 8 p.i. lungs were harvested and PA224 and NP366 tetramer positive CD3ε+/

CD8α+ T cells were identified by flow cytometry. B) On day 8 p.i. lungs were harvested and 

stimulated with PA224 and NP366 for 6 h. Following stimulation, CD8α+ T cells producing 

IFNγ were identified by flow cytometry. Data are representative of two independent 

experiments. n=7–8 mice/group. * indicates p<0.05, ** indicates p<0.01, *** indicates 

p<0.001
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Figure 2. Chronic EtOH consumption does not alter the numbers or frequency of IL-2 and 
TNFα single-producing or polyfunctional CD8 T cells (IFNγ/TNFα and IFNγ/TNFα/IL-2)
C57Bl/6 EtOH- and water-consuming mice were challenged with a sublethal dose of IAV. 

On day 8 p.i., the lungs were harvested and stimulated with PA224 and NP366 for 6 h. 

Following stimulation, the frequency and numbers of CD8α+ T cells producing A) TNFα, 

and B) IL-2, C) TNFα+/IFNγ+, or D) IL-2+/TNFα+/IFNγ+ were enumerated via flow 

cytometry. Data are representative of two independent experiments. n=7–8 mice/group.
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Figure 3. Chronic EtOH consumption leads to a significant reduction in the total number of 
IAV-specific CD8 T cells in the lung following IAV infection, but does not alter the frequency or 
MFI of IAV-specific CD8 T cells expressing FasL or TRAIL
C57Bl/6 EtOH- and water-consuming mice were challenged with a sublethal dose of IAV. 

On day 8 p.i., the lungs of mice were harvested and PA224 and NP366 tetramer+/CD3ε+/

CD8α+ cells were examined for FasL and TRAIL expression via flow cytometry. The A) 

percent, B) MFI, and C) number of FasL+ and TRAIL+ IAV-specific CD8 T cells were 

quantified. Data are representative of two independent experiments. n=7–9 mice/group. * 

indicates p<0.05
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Figure 4. Chronic EtOH consumption does not alter granzyme B expression by IAV-specific 
CD8 T cell, but EtOH exposure reduces the ability of IAV-specific CD8 T cells to degranulate
C57Bl/6 EtOH- and water-consuming mice were challenged with a sublethal dose of IAV. 

On day 8 p.i., the lungs of mice were harvested and PA224 and NP366 tetramer+/CD3ε+/

CD8α+ cells were examined for granzyme B expression via flow cytometry. The A) percent, 

B) MFI, and C) number of granzymeB+ IAV-specific CD8 T cells were quantified. D & E) 

On day 8 p.i., the lungs were harvested and stimulated with PA224 and NP366 peptides in the 

presence of anti-CD107a mAb for 6 h. The D) frequency and E) numbers of CD3ε+/CD8α+ 

cells positive for CD107a were identified by flow cytometry. Data are representative of two 

independent experiments. n=7–9 mice/group. ** indicates p<0.01, *** indicates p<0.001
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Figure 5. IAV-specific CD8 T cells from chronic ETOH mice are defective in their ability to kill 
IAV peptide-pulsed targets
C57Bl/6 EtOH- and water-consuming mice were challenged with a sublethal dose of IAV. 

On day 8 p.i., the lungs of mice were harvested, homogenized, and CD8α+ cells were 

isolated by MACS. The effector T cells were then co-cultured with a 1:1 mixture of 

CFSEhi/IAV peptide-pulsed and CFSElo/OVA peptide-pulsed targets at either a 10:1 or 25:1 

E:T ratio for 8 h. The percent of specific killing was determined by flow cytometry 

following incubation. n=5 mice/group. ** indicates p<0.01, *** indicates p<0.001
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Figure 6. Chronic EtOH consumption leads to an early defect in proliferation and IFNγ 
production in lung-draining lymph nodes during IAV infection
5×106 EtOH- or water-exposed, CFSE-labeled, donor CL-4 CD90.1+ cells were adoptively 

transferred i.v. to EtOH- and water-consuming CD90.2+ BALB/c hosts, respectively. Mice 

were challenged with a sublethal dose of IAV 24 h later. On day 4 p.i. mice were 

administered 500 μg monensin i.p.. Six h following treatment, dLN were harvested and 

stained for analysis by flow cytometry. A) Percent divided and proliferation index was 

determined within the CL-4 Thy1.1+ population. B) The number of IFNγ+, divided CL-4 

Thy1.1 cell population was determined. C) The MFI of granzyme B expression in dividing 
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CL-4 T cells was determined. Data are representative of two independent experiments. n=6–

9 mice/group. * indicates p<0.05
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