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Alcohol consumption has been described as a risk factor for infection with Mycobacterium tuberculosis, but its
contribution to tuberculosis has been difficult to isolate from other adverse socioeconomic factors. Our objec-
tive was to evaluate the impact of alcohol consumption on pulmonary infection with M. tuberculosis in a murine
model. BALB/c mice were maintained on the Lieber-DeCarli liquid ethanol diet or a liquid control diet and in-
fected intratracheally with low-dose M. tuberculosis H37Rv. Lung organism burdens, lung and lung-associated
lymph node CD4�- and CD8�- lymphocyte numbers and rates of proliferation, and CD4�-lymphocyte cytokine
production levels were compared between the groups. The alcohol-consuming mice had significantly higher lung
organism burdens than the control mice, and the CD4�- and CD8�-lymphocyte responses to pulmonary infection
with M. tuberculosis were blunted in the alcohol group. Lymphocyte proliferation and production of gamma
interferon were decreased in the CD4� lymphocytes from the alcohol-consuming mice. Additionally, lung gran-
ulomas were significantly smaller in the alcohol-consuming mice. In conclusion, murine alcohol consumption
is associated with decreased control of pulmonary infection with M. tuberculosis, which is accompanied by alterations
in the region-specific CD4�- and CD8�-lymphocyte responses and defective lung granuloma formation.

For many years, the medical literature worldwide has sug-
gested an association between alcohol consumption and active
tuberculosis in humans (7, 10, 16, 19, 23, 24, 28, 44). Screening
alcohol-abusing subjects in an urban setting for tuberculous
infection revealed rates of active tuberculosis that were 28-fold
greater than those of age-matched residents and rates of pos-
itive tuberculin tests that were 1.5-fold greater than those of age-
matched residents of the same locale (19). In another setting,
heavy alcohol consumption conferred a twofold-heightened
risk for developing active tuberculosis (10). Additionally, a per-
son with active tuberculosis who routinely frequented a neigh-
borhood bar was found to have infected 41 persons who were
frequent clients of the bar, one-third of whom developed active
tuberculosis (24). Similar reports of increased prevalence of
tuberculosis in alcohol-consuming subjects exist outside of the
United States. In London, England, regular alcohol use in-
creased the risk of contracting tuberculosis more than twofold
(28), and alcohol abuse was found to be a risk factor in the
acquisition of multidrug-resistant tuberculosis in Russia (44).

However, the bulk of the evidence of an association between
alcohol consumption and tuberculosis is circumstantial, and
not all studies consistently demonstrate this association (34,
42). Among homeless persons in San Francisco, despite very
high rates of tuberculosis, alcohol abuse was not found to be a
significant risk factor (34). Regular consumers of alcohol fre-
quently have confounding lifestyle factors, such as other sub-
stance (i.e., illicit drugs or tobacco) abuse, low socioeconomic
status, homelessness, and lack of compliance with medical fol-
low-up and/or treatments. Thus, it has been very difficult to
evaluate the specific contribution of alcohol consumption to
increased rates of tuberculosis in human studies. Limited data
have been published regarding the adverse effects of alcohol on

rodent models of mycobacterial infections, exclusively with
nontuberculous mycobacterial strains (4, 25, 30, 31). In order
to evaluate the effect of alcohol consumption on infection with
M. tuberculosis, we used a murine model of chronic alcohol
administration. Alcohol worsened pulmonary infection with a
virulent strain of M. tuberculosis, which was accompanied by
alterations in the region-specific lymphocytes in the alcohol-
consuming animals. This demonstrates that alcohol can con-
tribute to failure to control infection with M. tuberculosis.

MATERIALS AND METHODS

Animals. Specific-pathogen-free BALB/c mice (Hilltop Labs, Scottdale, Pa.)
were used for these experiments. The animals were housed in the Louisiana State
University Health Sciences Center (LSUHSC) Pulmonary/Critical Care Medi-
cine Biocontainment Level-3 Laboratory, and experiments were performed in
the Biocontainment Level-3 Laboratory in accordance with the appropriate
safety precautions recommended by the Centers for Disease Control and Pre-
vention (36). All animal procedures were approved by the LSUHSC Institutional
Animal Care and Use Committee. The experiments were performed in duplicate,
and representative results are presented. All data represent groups of five mice
unless otherwise noted.

Chronic alcohol diet. Mice consumed the nutritionally complete Lieber-
DeCarli liquid ethanol diet (LED) (Dyets catalog number 710260; Bethlehem,
Pa.), which supplies 36% of caloric intake as ethanol, or were fed an isocaloric
liquid control diet (LCD) (Dyets catalog number 710027). The animals were fed
the respective liquid diets for 5 of 7 days and given chow ad lib for 2 of 7 days.
Animals in the LED group were given water containing 20% (wt/vol) ethanol on
the two chow diet days. The weights of the mice were recorded weekly. Serum
alcohol concentrations (random morning sample) were measured. The mice
were fed the Lieber-DeCarli LED or the LCD for 2 weeks prior to intratracheal
inoculation with M. tuberculosis H37Rv, and the LED or LCD was continued on
the described schedule until the mice were sacrificed. All groups included five
mice unless otherwise specified.

M. tuberculosis H37Rv infection. M. tuberculosis H37Rv was obtained from the
American Type Culture Collection (Rockville, Md.; ATCC 27294) and was
grown in Middlebrook 7H11 broth at 37°C for 14 days. This culture was con-
centrated by centrifugation, gently sonicated at 95 W for 10 s in a cup horn
sonicator, and stored in 0.1-ml aliquots at �80°C. At the time of inoculation, an
aliquot was thawed, gently sonicated, and diluted in endotoxin-free phosphate-
buffered saline to a concentration of 102 organisms/ml. Mice were lightly anes-
thetized intramuscularly with ketamine (200 mg/kg of body weight) and xylazine
(10 mg/kg), the ventral surface of the neck was swabbed with isopropyl alcohol,
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and a midline skin incision was performed in a sterile fashion. The soft tissues of
the neck were gently retracted laterally to expose the trachea. Mycobacteria were
sonicated at 95 W for 10 s in a cup horn sonicator prior to injection to achieve
uniform single-organism dispersion. Direct intratracheal injection was per-
formed by injecting 100 �l of bacterial suspension (20 CFU) through a 30-gauge
needle followed by 0.3 ml of air. The incision was closed with a stainless-steel
surgical clip, and the animal was allowed to recover. At serial time points (days
7, 14, 21, 28, and 35) after injection, the animals were sacrificed and the lungs
were homogenized, serially diluted, and plated in quadruplicate on Middlebrook
7H10 agar plates. The plates were incubated at 37°C for 17 days. At the end of
the incubation period, the number of CFU present on plates containing between
20 and 200 CFU per quadrant was counted and multiplied by the appropriate
dilution ratio in order to determine the number of CFU in the initial tissue
homogenate. The M. tuberculosis organism burdens of the LED and LCD groups
were then compared.

Isolation of lung and LALN lymphocytes. In additional groups of animals, lung
and lung-associated lymph node (LALN) lymphocytes were isolated according to the
following methods (22). Lungs were removed from mice in both groups at serial
times after sacrifice (days 14, 21, 28, and 35), and the conducting airways were
removed. The lung tissue was minced and placed in RPMI 1640 containing colla-
genase (150 U/ml) and DNase (50 U/ml) for enzymatic digestion. Ten milliliters of
the enzymatic solution was used for every 600 mg of lung tissue, and the mixture was
incubated at 37°C for 90 min with constant stirring. After incubation, the mixture was
passed through a 70-�m-pore-size nylon mesh, placed briefly in NH4Cl lysis buffer,
and resuspended in indomethacin (1 �g/ml) and catalase (250 U/ml). The cells were
counted, their viability was checked, and then they were diluted to the desired
concentration. LALNs were isolated from hilar lymph nodes and mediastinal lymph
nodes dissected after sacrifice. Single-cell suspensions were prepared by gently dis-
rupting the tissue on a 70-�m-pore-size nylon filter. The cells were centrifuged prior
to resuspension in NH4Cl lysis buffer, to which Hanks balanced salt solution was
added. The cells were centrifuged again, counted with a hemacytometer, and resus-
pended at a concentration of 106 cells/ml. CD4� lymphocytes were isolated from
both lung cells and LALN cells by magnetic-bead selection (Dynal, Inc., Lake
Success, N.Y.) (1, 14, 29). CD4� lymphocytes isolated by the magnetic-bead tech-
nique were �95% pure for the LALN cell population and �90% pure for the lung
cell population as determined by flow cytometry (data not shown). Differential cell
counts were performed with cytospin monolayers of isolated lung and LALN cells,
and the total lymphocyte counts from each site were determined from the total cell
count and the percentage of lymphocytes. The total CD4�- and CD8�-lymphocyte
counts were calculated as described below and compared between the LED and
LCD groups. Additional groups of mice maintained on the LED and LCD diets
were studied for LALN and lung CD4�-lymphocyte numbers in the absence of
infection with M. tuberculosis.

Analysis of CD4�-and CD8�-lymphocyte proliferation. LALN lymphocytes
(in single-cell suspensions prepared as described above) were stained for CD4 or
CD8 surface marker expression with either anti-CD4 monoclonal antibody
(MAb; clone RM4-5) or anti-CD8 MAb (clone 53-6.7) conjugated with peridinin
chlorophyll a protein (PerCP) (BD Pharmingen, San Diego, Calif.). A total of
106 cells were incubated with 1 �g of anti-CD4 or anti-CD8 MAb for 20 min at
4°C, and then the cells were washed and pelleted (200 � g for 5 min). The cells
were fixed and permeabilized by incubation with paraformaldehyde (1%) and
saponin (0.1%). After incubation and washing, the cells were incubated with a
fluorescein isothiocyanate-conjugated anti-human Ki67 antibody (clone B56; BD
Pharmingen), an intracellular nuclear proliferation marker expressed exclusively
by cells in all but the resting phase of the cell cycle (15, 32). The anti-Ki67
antibody cross-reacts with murine Ki67. Appropriate isotype MAbs were used as
controls for each step of the staining process. After the final washing, the cells
were analyzed with a FACSCalibur flow cytometer. The lymphocyte population
was determined based on light scatter characteristics (forward versus 90° scatter).
CD4� or CD8� lymphocytes were identified by log signal fluorescence, and the
percentage of each subset was multiplied by the total lymphocyte count from
each site to determine the absolute number of CD4� and CD8� lymphocytes for
the LALNs and lungs. Additionally, the percentage and absolute number of each
lymphocyte subset that expressed Ki67 were determined.

CD4�-lymphocyte cytokine production. Cytokine elicitation was performed in
vitro with M. tuberculosis-infected peritoneal macrophages (PMs) (21, 29). PMs
were elicited from naive BALB/c mice with concanavalin A (100 �g, type IV;
Sigma, St. Louis, Mo.) injected intraperitoneally 96 h prior to peritoneal lavage
with Dulbecco’s modified Eagle medium (DMEM) at 4°C. The harvested cells
were washed, counted (with a differential count), and checked for viability, and
the red blood cells were lysed. PMs were then placed in complete DMEM-10–
10% fetal bovine serum, adjusted to a concentration of 2 � 106 cells/ml, plated
in 96-well plates at 2 � 105 cells/well, and allowed to adhere for 2 h at 37°C. The

cells were then washed three times to remove nonadherent cells. Next, M.
tuberculosis H37Rv was added to the macrophage monolayer at a concentration
of 106 CFU/well (multiplicity of infection, 5:1) and incubated for 18 to 24 h at
37°C. After incubation, extracellular bacteria were removed three times by as-
piration with DMEM, complete DMEM-10 was replaced, and the infected PMs
were maintained in culture for an additional 24 h. Aliquots of isolated CD4�

lymphocytes from LALNs and lungs from both the LED and LCD groups of
animals were suspended in DMEM-10 at 37°C, and 105 cells were added to each
well of PMs and incubated at 37°C for 48 h. Cells from the LED mice were
incubated with 25 mM ethanol added to the wells in an incubator which main-
tained a 25 mM ambient concentration of ethanol. Control experiments were
performed with uninfected PMs incubated with lymphocytes from LCD or LED
mice as well as with infected PMs incubated in the absence of lymphocytes (with
and without in vitro ethanol). After the incubation, the supernatants were har-
vested, spun, saved at �80°C, and subsequently assayed for gamma interferon
(IFN-�), interleukin-4 (IL-4), and IL-2 by enzyme-linked immunosorbent assay
(R&D Systems, Minneapolis, Minn.). The lower limits of detection for these
assays were 2 pg/ml for IFN-�, 2 pg/ml for IL-4, and 3 pg/ml for IL-2. Cytokine
levels were then compared between the LED and LCD groups.

Lung histopathology. After sacrifice (on days 21, 28, and 35), the lungs from
two mice from each diet group were excised and gently inflated with 10%
formalin after tracheal cannulation. The tracheas were then ligated to maintain
the inflated state, and the lungs were immersed in formalin. The lungs were then
embedded in paraffin, sagittal sections were prepared, and the sections were
stained with hematoxylin and eosin and Fite stains (the latter for demonstration
of acid-fast bacilli). The sections were examined by light microscopy under a
magnification of �100, and granulomas were evaluated. The granulomas iden-
tified in the sections from each mouse were assessed with a Leica DMRXA
microscope, and the granuloma area (in square micrometers) was determined
with Slidebook software (Spectra Services, Inc., Webster, N.Y.). The mean gran-
uloma area for each mouse for each time point was determined, and the values
were compared between the groups.

Statistical analysis. Differences between the LED and LCD groups were
analyzed by t testing for each time point studied. A difference with a P value of
�0.05 was considered significant (8).

RESULTS

The experiments were performed in duplicate with consis-
tent results. Data from representative experiments are pre-
sented.

Chronic alcohol diet. The animals on the LED consumed
�8 ml of liquid diet per day and gained weight throughout the
course of the experiments, though more slowly than the mice
on the LCD (Fig. 1). Serum alcohol levels (from random morn-
ing samples) for representative animals (n � 15) on the LED
for 4 to 6 weeks were measured at the LSUHSC Alcohol
Research Center Core Laboratory with an AM1 alcohol ana-
lyzer (Analox Instruments, Lunenburg, Mass.), with a median
concentration of 39 mg/dl (range, 19 to 130 mg/dl).

FIG. 1. Weights of mice in the groups consuming the LED and the
LCD over 9 weeks.
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Impact of chronic alcohol consumption on infection with M.
tuberculosis H37Rv. After infection with M. tuberculosis, mice
in the LED groups had a higher lung organism burden than the
LCD mice did at days 28 and 35 after M. tuberculosis inocula-
tion (Fig. 2), indicating that alcohol consumption led to failure
to control the infection at those time points.

Effect of alcohol consumption on region-specific CD4�- and
CD8�-lymphocyte responses to M. tuberculosis. At the serial
time points at which the lungs were cultured for M. tuberculosis
burden, lung and LALN cells were harvested and lymphocytes
were isolated as described above. No samples were collected
on day 7 because previous work revealed no differences from
uninfected mice and because insufficient numbers of CD4�

and CD8� T cells are retrieved at this time (especially from the
LALNs). Total, CD4�, and CD8� lymphocytes were counted
for each tissue site for each animal. As shown in Fig. 3A
through D, there were no differences between the LED and
LCD animals with respect to the CD4�- or CD8�-lymphocyte
counts in the LALNs, but there were significantly fewer CD4�

and CD8� lymphocytes present in the lungs of the LED ani-
mals at days 21 and 28 (and day 14 for the CD8� subset). The
LCD group’s CD4� counts compare favorably with the results
of a previous study in which infected mice were maintained on
a chow diet (29). Figure 3E and F show numbers of LALN and
lung CD4� lymphocytes from the LED and LCD groups in the
absence of infection with M. tuberculosis at days 14 and 28.
There are no differences in cell numbers between the two diet
groups at either time point for either the LALN or lung CD4�

lymphocytes. The numbers of total lung and LALN lympho-
cytes were also not different between the two diet groups of
uninfected mice at these times (data not shown).

As only the surface markers CD4 and CD8 were utilized to
identify CD4� or CD8� lymphocytes, the contribution of other
CD4� or CD8� cell types cannot be excluded with certainty.
However, in naive BALB/c mice (n � 4), �99% of CD4� or
CD8� lung or LALN cells in the lymphocyte gate stained
positively for CD3 (the pan-T cell marker), with less than 1%
being CD3� CD4� or CD3� CD8� (data not shown).

CD4�- and CD8�-lymphocyte proliferation. The results of
the analysis of the Ki67� population of the CD4� and CD8�

LALN and lung lymphocytes are shown in Fig. 4. On day 14,
the number of mice in each group (LCD, n � 3; LED, n � 4)
is due to low numbers of LALN lymphocytes at that time point.
There were fewer CD4� Ki67� LALN lymphocytes in the
LED group than in the LCD group, but there were no differ-
ences in Ki67 expression in the CD8� LALN lymphocytes

FIG. 2. Lung burden of M. tuberculosis H37Rv in mice in the LED
and LCD groups at serial time points after inoculation with M. tuber-
culosis. There are significantly more organisms recovered from the
lungs of the LED mice than from the LCD mice at day 28 (*, P 	 0.05)
and a trend toward a greater burden at day 35 (�, P � 0.06). Error
bars indicate standard errors of the means.

FIG. 3. (A and B) Numbers of LALN CD4� (A) and CD8� (B) lymphocytes recovered at serial time points after M. tuberculosis infection in
the LED and LCD groups. There are no differences between the groups at any time point for LALN CD4� or CD8� lymphocytes. (C and D)
Numbers of lung CD4� (C) and CD8� (D) lymphocytes recovered at serial time points after M. tuberculosis infection in the LED and LCD groups.
There are significantly fewer lung CD4� lymphocytes in the LED group than in the LCD group at days 21 and 28 and fewer lung CD8� lymphocytes
at days 14, 21, and 28 (*, P 	 0.05). (E and F) Numbers of LALN (E) and lung (F) CD4� lymphocytes in mice consuming the LED and LCD diets,
but not infected with M. tuberculosis, at days 14 and 28. There were no differences between the groups at either site at either time point. Error
bars indicate standard errors of the means.
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between the LED and LCD groups (with the exception of the
day 35 time point). Similar profiles are present with respect to
lymphocytes from the lungs (using four mice for the day 14
analyses), with fewer CD4� Ki67� lung lymphocytes in the
LED group (at days 21 and 28), but no differences in the CD8�

Ki67� lung lymphocytes between the two groups.
CD4�-lymphocyte cytokine production. CD4� lymphocytes

isolated from LALNs and lungs from both the LED and LCD
groups were assayed for cytokine production after stimulation
with M. tuberculosis-infected PMs as described above. Figure 5
shows IFN-� production from LALN and lung CD4� lympho-
cytes for the LED and LCD groups. At the day 21 time point,
there was significantly less IFN-� elicited from the LALN and
lung CD4� lymphocytes from the LED group than from the
LCD group. All control wells had 	42 pg of IFN-�/ml at all
time points (data not shown). In a repeat experiment in which
lung lymphocytes from the LED mice were incubated with
M. tuberculosis-infected macrophages either in an ethanol (25
mM) incubator or a conventional incubator, there were no
significant differences in elicited production of IFN-� between
the two sets of LED group lymphocytes at any time point. The
peak IFN-� value from the LED group lymphocytes main-
tained under ethanol incubation was 5,562 
 1,048 pg/ml, and
that from the LED group lymphocytes incubated without eth-
anol was 7,278 
 1,511 pg/ml (P, not significant), both levels
being below the peak IFN-� value for the LCD group. Thus,

while ethanol incubation results in minor decrements in elicit-
ed IFN-�, the differences in IFN-� between the LED and LCD
groups (Fig. 5) are not likely the result of in vitro ethanol effects.

IL-4 concentrations were 	9 pg/ml at all time points for
both LALNs and lungs. IL-2 concentrations are shown in Ta-
ble 1. There was significantly less IL-2 detected in the CD4�

lymphocytes isolated from both the LALNs and the lungs in
the alcohol-consuming (LED) group than in those from the
LCD group at 21 days.

Lung histopathology. Lung sections stained with hematoxy-
lin and eosin and Fite stains were examined at a magnification
of �100. Fite staining revealed abundant acid-fast bacilli with-
in the granulomas of mice from both groups without obvious
differences between the groups. Hematoxylin-and-eosin-stained
sections from the mice in the LCD group revealed progres-
sively larger granulomas from day 21 to day 35. The granulo-
mas from mice from the LED group had smaller areas than
those from the LCD mice at each of the three time points
(Table 2 and Fig. 6). The areas of the granulomas from the
LED group were 29, 36, and 25% of those from the LCD group
for days 21, 28, and 35, respectively.

DISCUSSION

We have shown that chronic alcohol consumption worsens
pulmonary infection with M. tuberculosis in a murine model. In

FIG. 4. (A and B) Numbers of Ki67� CD4� (A) and CD8� (B) LALN lymphocytes recovered at serial time points after M. tuberculosis
infection in the LED and LCD groups. There are significantly fewer Ki67� CD4� lymphocytes in the LED group than in the LCD group at days
28 and 35 (*, P 	 0.05; results for four mice at day 14) and a trend to fewer Ki67� lymphocytes in the LED group at the day 21 time point (�,
P � 0.057) (A). There are no differences in the numbers of Ki67� CD8� LALN lymphocytes between the groups except at the day 35 time point,
when there are fewer Ki67� CD8� lymphocytes in the LED group than in the LCD group (*, P 	 0.05; results for three mice at day 14 and four
mice at day 35). (C and D) Numbers of lung Ki67� CD4� (C) or CD8� (D) lymphocytes recovered at serial time points after M. tuberculosis
infection in the LED and LCD groups. (C) There are significantly fewer Ki67� CD4� lung lymphocytes in the LED group than in the LCD group
at day 21 (*, P 	 0.05) and trends to fewer Ki67� cells at days 14 and 28 (�, P 	 0.08; results for four mice at day 14). (D) There are no differences
in the numbers of Ki67� CD8� lung lymphocytes between the groups except at the day 14 time point, when there are fewer Ki67� CD8� lymphocytes
in the LED group than in the LCD group (*, P 	 0.05; results for four mice at day 14). Error bars indicate standard errors of the means.
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this model, alcohol consumption results in lower lymphocyte
IL-2 production, diminished CD4�-lymphocyte proliferation
in the regional lymph nodes, and fewer CD4� lymphocytes in
the lungs of the infected mice. Lung CD8�-lymphocyte num-
bers are also reduced in the alcohol-consuming mice. Addi-
tionally, IFN-� production elicited by LALN and lung CD4�

lymphocytes is lower in the LED group than in the LCD group.
Lung histopathology added confirmatory information, in that
the granulomas of the alcohol-consuming mice are significantly
smaller than those of the control mice, being approximately
one-third of the area of the granulomas from the control
group. These results suggest that the lower number of CD4�

lymphocytes in the lungs and the defective granuloma forma-
tion combined with lower IFN-� production (on a per-cell
basis) contribute to the lack of control of M. tuberculosis
growth in the lungs of the alcohol-consuming mice.

The importance of CD4� lymphocytes in protection against
tuberculosis and in maintenance of latency is evident in human
and murine studies. Human immunodeficiency virus-infected
individuals with resultant CD4�-lymphocyte depletion have
rates of tuberculosis progression, reactivation, and reinfection
that are markedly higher than those of persons uninfected with
HIV (2, 41). CD4� lymphocytes are normally prominently
featured in granulomas and play key roles in maintaining gran-
uloma structure and preventing unrestricted growth and dis-
semination of infecting mycobacteria (20, 37, 38). Control of
the infection may take place by local interaction of CD4�

lymphocytes with, and activation of, macrophages for myco-
bactericidal activity by IFN-� produced by the CD4� lympho-
cytes. The production of reactive nitrogen intermediates is
required for mycobacterial growth restriction by macrophages,

and these substances are IFN-� dependent (12, 17). Mice ren-
dered CD4� lymphocyte deficient are unable to contain an
acute challenge or latent infection with M. tuberculosis despite
compensatory IFN-� production by CD8� lymphocytes as well
as persistent production of reactive nitrogen intermediates (11,
38). This finding implies that the timing of the CD4�-lympho-
cyte responses to infection is critical and/or that the CD4�

lymphocyte performs other (non-IFN-�-related) key roles in
the setting of murine tuberculosis. Possible roles include alter-
nate mechanisms of macrophage activation for mycobacteri-
cidal function, maintenance of the local CD8� lymphocyte
population, and mononuclear cell recruitment and retention
for proper granuloma structure and function (37).

Traditional models hold that effector lymphocytes expand
from naive T cells in the regional lymph tissue after encoun-
tering antigen presented by the antigen-presenting cells (18).
IL-2, produced by activated lymphocytes, facilitates effector
lymphocyte expansion. The effector lymphocytes then traffic to
the site of the ongoing infection and/or inflammation. We have
shown that the alcohol-consuming animals have lower levels of
IL-2 production elicited by the LALN lymphocytes and de-
pressed CD4�-lymphocyte proliferation in the regional lymph
nodes (by Ki67 expression) but that no differences in prolifer-
ation are discernible for CD8� lymphocytes. Interestingly, we
also demonstrated this same pattern in the lungs of the in-
fected mice. Thus, in our model, defective proliferation pref-
erentially affects CD4� lymphocytes.

We detected low-level expression of Ki67 among the CD4�

lung lymphocytes, which is suppressed in the LED group. No

FIG. 5. (A and B) IFN-� production elicited from LALN (A) and
lung (B) CD4� lymphocytes by 48 h of in vitro incubation with M.
tuberculosis-infected PMs. For both the LALN and lung lymphocytes,
there is significantly less IFN-� produced at the day 21 time point by
lymphocytes from the LED group than from the LCD group (*, P 	
0.05). Error bars indicate standard errors of the means.

TABLE 1. IL-2 levels in supernatants of LALN and lung CD4�

lymphocytes after stimulation with M. tuberculosis-infected PMs

Lymphocyte
source

Day
postinfection

IL-2 levela (pg/ml)
(mean 
 SEM)

LCD group LED group

LALNsb 14 13.6 
 0.3 11.8 
 0
21 26.3 
 2.0 20.4 
 1.5*
28 16.9 
 1.5 17.5 
 1.6
35 18.2 
 2.1 19.7 
 1.3

Lungsc 14 14.6 
 1.1 17.5 
 2.5
21 62.9 
 13.9 26.2 
 2.1*
28 27.1 
 2.4 31.2 
 2.9
35 38.3 
 5.6 29.5 
 2.5

a *,Significantly different from value for LCD mice at a P of 	0.05.
b LALN lymphocytes were pooled for day 14 because of low numbers of cells

(for LCD, n � 2, for LED, n � 1). For all other times, n � 5 per group.
c n � 4 mice per group for day 14 time point (all other times, n � 5).

TABLE 2. Mouse granuloma size after infection
with M. tuberculosis

Day
Granuloma area (�m2 � 104) LED/LCD

(%)b
LCDa LEDa

21 21.1 
 4.9 6.2 
 0.9 29
28 30.5 
 0 11.1 
 5.1 36
35 39.9 
 3.1 9.9 
 5.3 25

a Values are means 
 standard errors of the means (n � 1 for LCD group on
day 28).

b LED/LCD, granuloma area for LED mice divided by granuloma area for
LCD mice.
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group differences were found for the CD8� lung lymphocytes.
Possible explanations for this finding of Ki67� T cells in the
lung include that the Ki67� lymphocytes are recent arrivals
from the regional lymph tissue via the circulation or that low-

level proliferation occurs in the lungs of mice with tuberculosis.
However, others refute this latter possibility (40). Lymphocyte-
trafficking studies would be required to differentiate these pos-
sibilities. We did detect lower levels of IL-2, a cytokine inte-

FIG. 6. Representative lung sections from mice in the LCD and LED groups stained with hematoxylin and eosin. All magnifications, �100. (A)
Day 21 LCD mouse; (B) day 21 LED mouse; (C) day 28 LCD mouse; (D) day 28 LED mouse; (E) day 35 LCD mouse; (F) day 35 LED mouse.
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grally involved in lymphocyte proliferation, at day 21 in the
LED mice. This finding is likely related to the lower numbers
of CD4� lymphocytes found in the lungs of our LED mice.
Alcohol has been reported to have variable effects on IL-2, but
in some models, alcohol or its metabolites play a role in the
suppression of this cytokine and in diminished lymphocyte
proliferation (9, 13, 39). In our model, the depression of IL-2
levels occurs at day 21, correlating with the time point at which
there are significantly fewer CD4� lymphocytes in the lungs of
the LED mice.

The number of lung CD8� lymphocytes in the infected LED
mice was also diminished compared to that in the mice in the
LCD group. As for the CD4� subset, the numbers of CD8� T
cells in the LALNs from the LED and LCD group mice were
not different, suggesting that the effect of alcohol was not simply
global depression of lymphocyte numbers. No alcohol-induced
alterations in CD8�-lymphocyte proliferation were present in
either the LALNs or the lungs, suggesting that other mecha-
nisms are responsible for the reduced numbers of lung CD8�

T cells in the LED group. Decreased recruitment of the lym-
phocytes to the lungs or increased CD8�-cell death in the lungs
may explain the difference and provide avenues for future study.

CD8� T cells play a role (albeit a lesser one than that of
CD4� lymphocytes) in the control of mycobacterial growth, as
mice lacking functional CD8� lymphocytes have higher organ-
ism burdens (by �1 log) than those with intact CD8� T cells
(33, 35). Evidence is emerging that the CD8�-lymphocyte sub-
set plays a greater role in the maintenance of the latent phase
of tuberculosis than in the acute phase of the infection (during
which CD4� lymphocytes play the primary role) (45). Further
work is necessary to dissect the alcohol-induced alterations in
CD8� lymphocytes.

Previously investigators have examined the effects of alcohol
consumption in experimental models of nontuberculous myco-
bacterial infection (3–6, 30, 31). Most describe a worse infec-
tion burden in animals given alcohol, but presently no unifying
concept explains the deleterious effects of alcohol on myco-
bacterial growth. Our work points to defective effector CD4�

lymphocytes in the alcohol-consuming mice, but other host
defense components may also be adversely affected by alcohol
and may contribute to the failure to control mycobacterial
growth. We have not excluded effects on components of the
innate immune system (i.e., antigen-presenting cells, neutro-
phils, or natural killer cells), but we do demonstrate aberran-
cies in the effector CD4�-lymphocyte subset.

Our alcohol-consuming mice gained less weight than the
control mice over the course of the experiments, and it is
difficult to exclude with certainty a nutritional effect on the loss
of control of mycobacterial growth in this model. Original
reports of the use of the LED in rodents also describe lesser
weight gain in the alcohol-consuming animals than in the con-
trols (26). Alcohol-consuming rodents ingest less food while on
the liquid diet but do not have nutritional deficiencies despite
altered consumption (27). The caloric intake of our mice on
the LED and LCD diets was 8 to 9 kcal/day, on the lower end
of the normal range for adult BALB/c mice (43). Our data, in
which there were no differences in the LALN and lung CD4�-
lymphocyte numbers between the LED and LCD mice not
infected with M. tuberculosis, provide evidence that dietary
nutritional effects alone are unlikely to account for differences

in the cell numbers. Additionally, in our infected mice, which
had fewer CD4� lung lymphocytes in the LED group, there
were no differences between the two diet groups in the num-
bers of CD4� LALN lymphocytes, again suggesting that nutri-
tional differences are unlikely to account for the alterations in
lymphocyte numbers.

Our model utilizes the pulmonary route for low-dose infec-
tion with virulent M. tuberculosis in mice consuming alcohol
chronically. Our finding of fewer CD4� lymphocytes in the
lungs of alcohol-consuming, M. tuberculosis-infected mice is
likely causally linked to the inability of these mice to contain
the mycobacterial challenge. The alcohol-induced inability to
increase the CD4�-lymphocyte population in response to pul-
monary infections, as demonstrated here for tuberculosis, is at
least partially due to diminished IL-2 production and lympho-
cyte proliferation in the regional lymph nodes. Additionally,
granuloma formation is abnormal in the alcohol-consuming
mice. In the work presented here we have not excluded alter-
ations in the recruitment of CD4� lymphocytes to the lungs or
their persistence in the lungs (i.e., by accelerated apoptosis or
necrosis), but ongoing experiments with this model will exam-
ine those processes. In addition to depressed CD4�-lympho-
cyte expansion in the lymph nodes and fewer CD4� lympho-
cytes in the lungs of the alcohol-consuming mice, there is a
diminished capability of the CD4� lung lymphocytes to secrete
IFN-� (on a per-cell basis) when stimulated with M. tubercu-
losis-infected macrophages. This work suggests that chronic
alcohol consumption adversely affects multiple facets of the
effector CD4�-lymphocyte population, thereby compromising
the containment of a challenge by M. tuberculosis. These find-
ings provide initial insight into how alcohol may adversely
affect the host’s ability to control tuberculous infection and
provide a preliminary understanding of the increased preva-
lence of tuberculosis among alcohol-consuming subjects.
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