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1. ABSTRACT

Alcohol abuse is a major risk factor for the
development of many infectious diseases, particularly
pulmonary infections. Bacterial pneumonia and other lung
infections in alcohol-abusing patients are usually severe
and associated with a high morbidity and mortality. Normal
host defense mechanisms in the respiratory tract consist of
both innate and acquired immunity which operate
effectively in preventing the invasion of infectious
pathogens. Numerous in vivo and in vitro studies have
shown that alcohol is an immunosuppressive agent that
compromises the function of various components of the
immune defense system. In recent years, human
immunodeficiency virus infection has become epidemic,
especially in individuals who abuse alcohol and other
substances. Treatment of pulmonary infections in these
immunocompromised hosts has continued to be a major
challenge in our health care system. Immunotherapy to
improve or enhance pulmonary host defense function in
conjunction with aggressive antimicrobial regimens may
provide a new approach in the management of infections in
these patients.

2. INTRODUCTION

It has long been recognized that alcohol abusers
are susceptible to a wide range of infectious diseases,
particularly pulmonary infections. The respiratory tract
represents the largest epithelial surface area of the body and
is continuously exposed to a vast array of airborne particles
and invading organisms during normal respiration. Multiple

factors contribute to the development of pneumonia in
alcohol-abusing patients. These include the loss of
protective barriers, aspiration of oropharyngeal contents,
nutritional deficiencies, liver disease, and inhibition of
several components of the immune defense system. The
immune system of the alcohol-consuming patient may
become further compromised by human immunodeficiency
virus (HIV) infection. Individuals, especially young people,
who abuse alcohol and other substances are at significant
risk for HIV infection (1, 2). Studies have shown that as
many as 82% of HIV infected individuals consume alcohol,
with 41% classified as alcoholics (3). This article will
review recent advances in our understanding of the
complex host-pathogen interactions that occur in the
respiratory tract with an emphasis on how alcohol
consumption adversely affects normal host defense
mechanisms and predisposes the host to infections. New
immunomodulatory strategies for improving host defense
function in alcohol-abusing patients will also be discussed.

3. ALCOHOL, HOST DEFENSE, AND PULMONARY
INFECTION

3.1. Historical overview and clinical manifestations
As early as in 1785, Benjamin Rush, the first

Surgeon General of the United States, published “An
Inquiry Into the Effects of Ardent Spirits Upon the Human
Body and Mind” in which he noted that alcoholics were
vulnerable to yellow fever, tuberculosis, pneumonia, and
abscesses (4). Shortly after the turn of the last century, Sir
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William Osler remarked that alcohol abuse was “perhaps
the most  potent predisposing factor to lobar pneumonia”
(5). In 1923, Capps and Coleman reported their study on
the influence of alcohol on the prognosis of pneumonia in
Cook County Hospital (Illinois). They showed that the
mortality rate of pneumonia was more than twice as high in
alcoholics compared to nonalcoholics (6). Since then, the
effects of alcohol abuse on the incidence and severity of
pulmonary infections have drawn significant attention and
numerous studies have been carried out in a wide range of
medical settings and patient populations. A clinical study of
1722 alcoholic patients in Oslo during the years of 1925 to
1940 documented that the age-specific death rates caused
by pneumonia were more than three times greater in
alcoholics compared to those in the general population (7).
Similarly, another study of 1298 patients treated for lobar
pneumonia in Buffalo City Hospital (NY) from 1927 to
1935 showed that the mortality rate in alcoholics was
approximately twice that of nonalcoholic patients (8). In
1965, Nolan reported a prospective study of 900
consecutively hospitalized patients at Grace-New Haven
Community Hospital. One hundred twenty four (13.8
percent) patients were classified as alcoholics. Pneumonia
as the reason for admission was identified in 17% of the
alcoholic patients, while only 6.5% of nonalcoholic patients
were admitted because of pneumonia (9). In 1969,
Winterbauer and colleagues reported a study on the
predisposing illness and clinical patterns of recurrent
pneumonia (10). Among 158 patients treated for recurrent
pneumonia at the Johns Hopkins Hospital, 40% of them
were found to be associated with either acute or chronic
alcohol intoxication. In 1972, Schmidt and De Lint reported
an investigation of 6478 alcoholic patients treated at the
Toronto Clinic of the Addiction Research Foundation
during a 14 year period. The mortality rates of pneumonia
in alcoholic men and women in this series were 3-fold and
7-fold greater, respectively, in comparison to those in the
general population of Ontario (11). More recently,
Fernandez-Sola and colleagues performed a two-phase
study in middle-aged patients at the Hospital Clinic of
University of Barcelona (12). Risk factors for community-
acquired pneumonia were evaluated in a case-control study
of 50 patients and 50 controls. Prognostic factors and
clinical features were analyzed in a cohort study of the 50
patients with community-acquired pneumonia. Among the
risk factors studied, high alcohol intake was the only
independent risk factor for community-acquired
pneumonia. Compared with nonalcoholic patients,
alcoholic patients with pneumonia showed more severe
clinical symptoms, required longer intravenous treatment
and longer hospital stays, had more multilobar involvement
and pleural effusions as well as slower resolution of
pulmonary infiltrates. In addition, high alcohol intake was
the only prognostic factor for mortality in this group of
patients. Saitz et al studied a cohort of 23,198 pneumonia
patients hospitalized in 1992 in Massachusetts and 6
bordering states (13). Multivariate analyses adjusting for
comorbidity, pneumonia etiology, and demographics
showed that for pneumonia cases with an alcohol-related
diagnosis, risk-adjusted hospital charges were higher,
length of hospital stay was longer, and intensive care unit
use was more frequent. Marik reported a study on the

clinical and prognostic features of 148 patients with severe
community-acquired pneumonia presenting in septic shock
(14). The 28 day survival rate in this group of patients was
53%. Infection with Pseudomonas aeruginosa or
Acinetobacter species carried a very high mortality (82%).
The only clinical variables recorded in the database that
could identify patients with Pseudomonas or Acinetobacter
infection was a history of alcohol abuse. Musher et al
reported a prospective study analyzing predisposing factors
for pneumococcal pneumonia with and without bacteremia
(15). The results showed that although the mean number of
predisposing factors was greater among bacteremic patients
than nonbacteremic patients, only alcohol consumption was
significantly more common in patients with bacteremia.

In addition to community-acquired pneumonia,
alcohol abuse has also been shown to be a significant risk
factor for hospital-acquired pneumonia. In 2000, Everts and
colleagues reported a one-year prospective study of
consecutive patients hospitalized for general medical and
surgical diseases (16). Nosocomial pneumonia developed
in 126 patients representing 6.1 per 1000 admissions.
Fourteen patients (11%) died as a consequence of
pneumonia. Alcohol excess was identified as one of the
most powerful predictors of a fatal outcome by univariate
analysis.

Etiological studies have shown that bacterial
pneumonias of all types including Gram-positive and
Gram-negative, aerobic and anaerobic, as well as
mycobacterial infections are more common in alcoholics as
compared to nonalcoholics (17 - 19). In addition, alcohol
abusers are also susceptible to pulmonary infections caused
by “atypical pathogens”, fungi, and viruses (20). Clinical
features of pulmonary infections in alcoholic patients are
similar to those in the general population, except for a
younger age of occurrence, more severe symptoms, a
higher incidence of complications, more frequent
recurrence, greater likelihood of developing infection with
resistant pathogens, and poorer outcomes. Alcoholic
patients with cirrhosis or bone marrow suppression have
the poorest prognosis (17, 19).  Among all bacterial
pneumonias, Streptococcus pneumoniae has been reported
to be the most frequent pathogen in the general population
as well as in alcohol abusers (14, 17, 19, 21, 22). Alcoholic
patients with pneumococcal pneumonia are at an increased
risk to develop bacteremia and sepsis (15). Early studies
have shown that alcoholic patients with pneumococcal
pneumonia usually have prolonged fever, slow resolution
of infiltrates, and more secondary complications (23).
Hemophilus influenzae and Klebsiella pneumoniae are also
frequently documented pathogens causing pneumonias in
alcoholic patients (17, 19). In a report of 24 patients with
H. influenzae pneumonia, fifty percent of them were
alcoholics (24). Recently, a prospective study of 343
nonalcoholic and alcoholic patients with community-
acquired pneumonia showed that among 167
microorganisms isolated from 144 cases, H. influenzae was
found in 17 patients (21). K. pneumoniae has been
identified as a frequently carried organism in the
oropharyngeal cavities of chronic alcoholics (25).
Pulmonary infection caused by K. pneumoniae is usually
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life threatening and associated with a high frequency of
complications and death. Bacteremia has been observed in
as many as 50% of cases (17). Alcoholic patients with
Klebsiella pneumonia complicated by bacteremia
frequently develop septic shock and fulminant respiratory
failure. The mortality in these patients approaches 100%
(26). Alcoholic patients have been reported to have a high
incidence of pulmonary infections with Pseudomonas
aeruginosa and Acinetobacter species which frequently
result in death (14). Anaerobic lung infections with
Fusobacterium nucleatum, Bacteriodes melaninogenicus,
and Bacteriodes fragilis are frequently observed in
alcoholic patients (27). In fact, studies have shown that
about 30% of all anaerobic pulmonary infections occur in
excessive alcohol consumers (27, 28). Poor dentition is
common among alcohol abusers who harbor large numbers
of anaerobic bacteria in their oropharynx. Loss of
consciousness by alcohol intoxication results in aspiration
of bacteria-laden oropharyngeal secretions into the lower
respiratory tract. Clinical presentations of anaerobic lung
infection include simple pneumonitis, necrotizing
pneumonia, lung abscess, and empyema (27).

Mycobacterial infections of the lung are more
commonly observed among alcohol consumers. Numerous
studies from various nations have shown that the incidence
of pulmonary tuberculosis is significantly higher in alcohol
abusers than in the general population (17 - 19, 29, 30). In
1954, Jones and colleagues reported a study of tuberculosis
among homeless men in Minneapolis with an alcoholism
rate of 70% (31). Their data showed that active new cases
of pulmonary tuberculosis was 22 per 1000 homeless men,
in contrast to 0.4 cases per 1000 people in the general
population during the same period. The incidence of new
active cases is as much as 55 times higher among homeless
men. In 1991, Carpenter and Iluang reported that the case
rate of pulmonary tuberculosis was still 55 times greater
among alcoholics than that in the general population (32).
Multiple investigators have analyzed additional alcohol-
related social factors including occupation, living
conditions, marital status, race, and smoking habits in
relation to the development of tuberculosis in alcoholic
patients. Results from these studies have shown that
excessive alcohol consumption remains an independent risk
factor linked with tuberculosis regardless of the presence or
absence of other additional factors (33, 34). Literature
concerning the effects of alcohol abuse on the severity of
pulmonary tuberculosis in patients are inconsistent. Early
clinical observations reported that alcoholics with
pulmonary tuberculosis did not have more extensive
disease compared to nonalcoholics (35). In contrast, other
studies have shown that alcoholic patients have more
extensive pulmonary disease, require longer treatment,
have more complications from chemotherapy, and are more
likely to be non-compliant (36). In 1988, Barnes reported a
study on the short-term prognosis in patients with
pulmonary tuberculosis (37), in which they showed that
alcoholics had a greater extent of disease at the time of
initial diagnosis. Consistent with the severity of the disease,
alcoholics also had a higher risk of death during the initial
hospitalization. Recently, Borgdorff et al reported that
among tuberculosis patients in the Netherlands, addiction to

alcohol was listed as an independent risk factor for
mortality (38). Thomsen performed forensic autopsies on
441 alcoholics and 255 controls (39). Tuberculosis was
more frequently identified in alcoholics. Another study
which examined factors contributing to the death of
patients with active tuberculosis showed that the frequency
of alcohol abuse was significantly higher (p < 0.001)
among patients with tuberculosis as a primary or
underlying cause of death (40). In 2000, Taylor and
colleagues reported a prospective cohort study of 1493
tuberculosis patients who were followed from diagnosis to
completion of therapy at 10 public health programs and
area hospitals in the US (41). The results showed that
patients who used alcohol excessively were at increased
risk of hospitalization during treatment. A significant
problem for the effective treatment of tuberculosis in
alcoholic patients is the lack of patient compliance since a
large percentage of alcoholic patients do not complete their
recommended therapy (19, 42), which leads to a high rate
of relapse and the development of multiple drug-resistant
strains (17, 19, 30). The HIV epidemic, especially among
substance abusers and alcoholics, has played an important
role in the resurgence of tuberculosis in the US as well as in
other countries around the world during the last two
decades (29, 38, 41, 43).

Pulmonary infections caused by Pneumocystis
carinii and other opportunistic pathogens in alcoholics have
come to attention recently because of a high rate of HIV
infection in this patient population (44). P. carinii
pneumonia is usually observed in patients with
compromised cell-mediated immunity and is one of the
most common pulmonary complications in HIV-infected
individuals (45, 46). Alcohol is immunosuppressive and
exerts adverse effects on cell-mediated immunity.
Experimental studies have shown that mice on a chronic
alcohol-containing diet have a significantly increased rate
(greater than 60% in the alcohol-fed group vs. none in
control group) of P. carinii infection in the lung following
an intrapulmonary challenge with this pathogen (47). In the
clinic,  P. carinii pneumonia has also been observed in
alcohol abusers even in the absence of HIV infection (21).

3.2. Normal host defense in the respiratory tract
Normal individuals are quite resistant to the

development of pulmonary infections. The respiratory tract
possesses a sophisticated defense system which is very
effective in protecting the host from invading pathogens.
The normal host defense system in the airways includes
both innate (nonspecific) and acquired (specific) immune
defenses. Innate defense primarily consists of the structural
defenses, the antimicrobial molecules generated in the
airways, and the phagocytic defenses provided by the
resident alveolar macrophages and the polymorphonuclear
leukocytes (PMNs) that are recruited into the lung in
response to pulmonary infection (48). Mechanical host
defenses represent the initial barriers to the invasion of the
lung by airborne particles and infectious agents (49). The
mucociliary blanket lining the surface of the airways
contains complex mucins, which trap microorganisms.
These particles are then cleared by ciliary movement that
propels the mucus up to the oropharynx. Coughing is an
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important component of mechanical defense, which
accounts for clearing large amounts of secretions from the
airways. Particles less than 5 micrometer in diameter can
bypass these defenses of the upper respiratory tract and
gain access to the alveolar space. This is particularly
relevant in the pathogenesis of pulmonary infection as most
bacteria and mycobacteria are within this size range. Cells
of the airways produce a variety of antimicrobial molecules
which either possess direct antimicrobial activity or
facilitate the elimination of infectious pathogens by
phagocytes. These include lysozyme, complement,
immunoglobulin A and G, fibronectin, lactoferrin,
transferrin, LPS-binding protein, defensins, cathelicidins,
and collectins (50 - 58).

Alveolar macrophages represent the first line of
phagocytic defense against infectious agents that reach the
gas-exchanging units of the lung (59). These cells have
potent phagocytic, microbicidal, and secretory functions
and play a pivotal role in initiating inflammatory and
immune responses in the lung (60, 61). Alveolar
macrophages are avidly phagocytic and responsible for the
clearance of small loads of pathogenic organisms, thereby
maintaining the sterility of the lung. Certain
microorganisms, such as Mycobacterium spp and
Legionella spp, are resistant to the microbicidal activities of
alveolar macrophages and are capable of replicating
intracellularly. The eradication of these pathogens requires
the involvement of other immune defense mechanisms such
as cell-mediated immunity. In the event that the invading
pathogens either are too virulent or represent too large an
inoculum to be contained by the macrophage alone,
alveolar macrophages are capable of generating numerous
mediators to orchestrate the recruitment of  PMNs from the
systemic circulation into the alveolar space. These recruited
PMNs provide auxiliary phagocytic defenses which are
critical for the effective eradication of offending pathogens
(59, 62, 63). Alveolar macrophage-derived substances
capable of eliciting PMN migration into the airways
include chemotactic peptides such as interleukin-8 (IL-8),
macrophage inflammatory protein-2 (MIP-2), and other
CXC chemokines (59, 64, 65), complement fragments
including C3a and C5a, and arachidonic acid metabolites
such as leukotriene B4.

Cytokines represent a large family of signal
peptides responsible for communication between alveolar
macrophages and other cellular components of the immune
system. They play a key role in the regulation of the
pulmonary host defense response including the initiation,
localization, reinforcement, and ultimate resolution of the
response (65, 66). Tumor necrosis factor-alpha (TNF-
alpha), initially named for its ability to trigger the necrosis
and involution of certain tumors, is now widely recognized
as an important early mediator of the host response to
infection. TNF is rapidly produced by alveolar
macrophages following either antigen-specific or
nonspecific stimulation and thus, has been designated as an
early-response or “alarm” cytokine. Several clinical studies
have shown that patients with pulmonary infections have
high TNF levels in their bronchoalveolar lavage (BAL)
fluid (67). Experimental studies have shown that

intrapulmonary challenges with either lipopolysaccharide
(LPS) or bacteria cause a rapid increase in TNF-alpha in
BAL fluid which is then followed by PMN influx into the
alveolar space (68 - 72). Neutralizing this TNF response by
using either an anti-TNF-alpha antibody or a replication-
deficient adenovirus encoding a soluble TNF-alpha
receptor suppresses PMN influx into the airways (73, 74).
However TNF-alpha is not directly chemotactic for PMNs;
rather, it is known to stimulate the production of
chemokines in the lung.

 Interleukin-8 (IL-8), a representative of the CXC
chemokine family, is a potent chemoattractant and activator
of PMNs in humans (75). Alveolar macrophages and other
types of pulmonary cells are able to produce a large amount
of IL-8 in response to infection and other pro-inflammatory
stimuli (76, 77). Patients with pneumonia and other types
of airway infections have increased IL-8 levels in their
BAL fluid (78). The concentration gradient of
chemoattractants across the alveolar-capillary membrane is
a key factor that signals PMN migration from the blood
into the alveolar space. Elimination of these CXC
chemokines in the airways diminishes pulmonary PMN
recruitment during lung infection and inflammation (79). In
addition to mediating PMN recruitment, CXC chemokines
also upregulate PMN functional activities including
expression of surface receptors, phagocytosis, generation of
reactive oxygen species, and delaying apoptosis (80, 81).   

Interleukin-12 (IL-12) is another proinflammatory
cytokine that plays an important role in pulmonary host
defenses. IL-12 promotes Th1-type immune responses and
enhances cell-mediated immunity against airway infections
caused by viruses, mycobacteria, fungi, and parasites (82 - 86).
In addition to enhancing acquired immunity, IL-12 also
promotes innate immunity in the lung against bacterial
infections in experimental animals (87, 88). Patients with IL-
12 deficiency develop recurrent pneumococcal pneumonia
with sepsis and other infections (89).

Granulocyte colony-stimulating factor (G-CSF) is
a lineage-specific hematopoietic growth factor that
selectively stimulates the proliferation and maturation of
myeloid progenitor cells to PMNs (90, 91). Mononuclear
phagocytes, including alveolar macrophages, are known to
produce G-CSF when stimulated by cytokines or infectious
pathogens (92). Alveolar macrophages obtained from
patients with pneumonia spontaneously produce G-CSF ex
vivo (92). G-CSF production in the lung increases during
pulmonary infection (72). In addition, plasma levels of G-
CSF are elevated  in the presence of either a local (i.e.
pulmonary) or systemic infection (72, 93 - 95). It is known
that this cytokine plays a critical role in maintaining the
normal blood level of PMNs and is responsible for
increasing the number of circulating PMNs during
infection. G-CSF also enhances the functional activities of
PMNs including adhesion molecule expression,
chemotaxis, oxygen metabolism, phagocytosis, and
intracellular bacterial killing (69, 70, 96 -101).

Interferon-gamma (IFN-gamma) produced by T
lymphocytes was initially identified as a soluble factor with
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antiviral and antitumor activities. It is now recognized that
this peptide exerts profound effects on various aspects of
host defense against pathogens including bacteria, fungi,
and intracellular and extracellular parasites (102). IFN-
gamma is a potent enhancer of cytokine production by
alveolar macrophages. IFN-gamma itself does not induce
TNF synthesis by alveolar macrophages, but augments
LPS-induced TNF production by alveolar macrophages
(103). Intratracheal administration of recombinant IFN-
gamma to rats 24 hours prior to an aerosol challenge with
P. aeruginosa enhances pulmonary production of TNF,
PMN recruitment, and the bactericidal activity in the lung
(66). Similar protective effects of IFN-gamma have been
observed in animal models of Legionella pneumophila and
P. carinii pneumonia (104, 105). IFN-gamma has been
shown to play an important role in modulating CXC
chemokine responses by macrophages and other types of
leukocytes (106, 107). IFN-gamma also stimulates the
respiratory burst of PMNs, release of lysosomal enzymes
(108, 109), and actively modulates antigen presentation,
cell differentiation, and cytotoxicity of immune effector
cells. 

Interleukin-10 (IL-10) is a potent anti-
inflammatory cytokine. IL-10 downregulates the
production of a variety of proinflammatory cytokines and
chemokines including TNF-alpha, interleukin-1-beta (IL-
1beta), IFN-gamma, IL-12, MIP-2, and macrophage
inflammatory protein-1alpha (MIP-1alpha) (65, 86, 110-
112). In addition, IL-10 suppresses the functional activities
of PMNs (113). This cytokine is thought to play an
important role in mediating the resolution of the
inflammatory response to infection.

   An important feature of pulmonary host defense
is the selective compartmentalization of certain cytokines
and chemokines generated within the airways (48, 60, 68).
Experimental studies in animals have shown that
intratracheal challenges with LPS or bacteria induce a rapid
increase of TNF-alpha and MIP-2 in the airways without an
increase of these factors in the systemic circulation (68, 71,
72, 114). Similarly, intravenous administration of LPS
elicits a serum TNF-alpha and MIP-2 response, but TNF-
alpha and MIP-2 are not detectable in BAL fluid. Similar
observations have been reported in humans. Human
volunteers challenged with intravenous LPS develop a
marked increase in circulating cytokines including TNF-
alpha, IL-1, IL-6, and IL-8. No increase in these cytokines
is observed in the BAL fluid of these volunteers (115).
Patients with unilateral pneumonia have a
compartmentalized inflammatory response within the
infected lung with localized production of TNF-alpha, IL-1,
IL-6, and IL-8 (67, 78). We speculate that this selective
increase in proinflammatory cytokines is essential for
localizing the inflammatory reaction within the infected
compartment. Interestingly, not all cytokines are
compartmentalized. Intrapulmonary challenge with LPS or
bacteria causes increases in G-CSF and cytokine-induced
neutrophil chemoattractant (CINC) in both the BAL fluid
and systemic circulation in animal models (71, 72, 114,
116, 117). Whether a cytokine is compartmentalized or not
most likely depends on its physiologic function. The

increase in serum G-CSF is pivotal for the effective
recruitment of PMNs from the bone marrow to reinforce
the host defense response to infection. CINC has been
shown to activate PMNs and enhance PMN response to
other chemokines (118). The decompartmentalization of
these cytokines during infection is likely to be an important
mechanism by which they are able to reach the target organ
or tissue and exert their functions.

PMNs represent the largest population of
intravascular phagocytes and are essential to host defense
against many bacterial and other microbial infections (59,
119). Under normal conditions, the alveolar space contains
only a few PMNs (120). A large number of PMNs is
maintained in the lung vasculature, especially the capillary
bed. The marginated pool of PMNs in the pulmonary
vasculature constitutes approximately 40 % of the body’s
total PMNs (66). In response to the appropriate signals,
these marginated PMNs are recruited into alveolar spaces
to reinforce the phagocytic defenses of the airways. Animal
studies have shown that an intrapulmonary challenge with
either bacteria or LPS elicits a rapid recruitment of PMNs
into the lung. By 3 to 4 hours after the challenge, they
constitute 60% to 80% of the total cells recovered by BAL
(68 - 70, 121, 122). In the process of recruitment PMNs
become activated by exposure to a variety of
proinflammatory cytokines and mediators contained within
the infected compartment, including G-CSF, TNF-alpha,
IL-8, MIP-2, and CINC. In addition to the ingestion and
killing of invading pathogens, recruited PMNs also
participate in the regulation of the local host defense
response by producing a number of cytokines including
TNF-alpha, IL-1beta, IL-6, and MIP-2 (123). Recent
studies have shown that PMNs also trap and scavenge
chemokines in the surrounding environment which may
play an important role in signaling the resolution of the
inflammatory response in the lung (124, 125).

Acquired (or specific) immune defense in the
lung consists of both humoral and cellular immune
components. Specific immunity is the mainstay of host
defense against pathogens that are able to evade the innate
immune defense system. Mounting a specific immune
response in the lung involves a complex interplay between
antigen presenting cells or accessory cells (such as alveolar
macrophages and dendritic cells) and lymphocytes (T and
B lymphocytes) (61, 126). Antigen presenting cells are
responsible for capturing and processing antigen, and then
presenting the processed antigen together with class II
major histocompatibility complex (MHC) molecules on
their surface membrane to CD4+ T lymphocytes. The
activated CD4+ T lymphocytes subsequently develop to
specific helper T (TH) cells to produce various types of
cytokines. These cytokines play a pivotal role in mediating
the proliferation and activation of immune effector cells
including B lymphocytes and cytotoxic T lymphocytes
(CTL). The pattern of cytokines produced by the TH cells
determines whether the humoral or cell-mediated branches
of the immune system are activated. In the lung, dendritic
cells residing in the interstitium are potent antigen
presenting cells. Alveolar macrophages are relatively
weaker at presenting antigens compared to dendritic cells.
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Table 1. Components of normal host defense in the respiratory tract
 Innate immune defense
 Mechanical defenses • Filtration by structures in upper airways

• Sneezing and coughing
• Mucociliary clearance

 Antimicrobial factors • Lysozyme
• Complement
• Fibronectin
• Lactoferrin
• Transferrin
• LPS-binding protein
• Defensins (alpha and beta) Cathelicidin
• Collectins (surfactant-associated protein-A and D)

Phagocytic defenses • Alveolar macrophages
• Neutrophils

Cytokines and
Chemokines

• Tumor necrosis factor-alpha
• Interferon-gamma
• Interleukin-8
• Interleukin-10
• Interleukin-12
• Macrophage inflammatory protein-2
• Granulocyte colony-stimulating factor

Acquired immune defenses
Antigen presenting cells
or accessory cells

• Dendritic cells
• Alveolar macrophages

Cellular immunity • CD4+ T lymphocytes (helper T lymphocytes)
• CD8+ T lymphocytes (cytotoxic T lymphocytes)
• Natural killer lymphocytes

Humoral immunity • B lymphocytes
• Plasma cells
• Immunoglobulins

It has been proposed that alveolar macrophages may play a
role in “antigen transfer” in which alveolar macrophages
initially take up antigen and then transfer the processed
peptides to dendritic cells for efficient presentation (61). In
certain circumstances, such as HIV infection, alveolar
macrophages have also been shown to have an enhanced
activity in stimulating T-cell proliferation (127). In general,
antigens in the alveolar space may either directly diffuse into
regional lymphoid tissues or be captured by antigen presenting
cells which then migrate to regional lymph nodes. Within these
regional lymphoid tissues, the primary immune response is
initiated and a large number of immune effector cells including
CTLs and antibody producing B cells are produced. The
generated effector B and T cells traffic back to the lung
through the systemic circulation and eventually reside in the
interstitium and alveolar space by means of their homing
mechanisms. Mounting an initial specific immune response to
a new antigen takes place over a period of days to weeks.
Memory B and T cells are also created during this process.
These memory cells can rapidly (hours to days) organize a
response when the host is exposed again to the same antigen
(61). In normal hosts, the predominant lymphocytes residing in
the lung are memory cells (128). Normal pulmonary host
defense mechanisms are summarized in table 1.

3.3 Effects of alcohol on pulmonary host defense
Alcohol exerts a wide range of effects on the

immune defense system of the lung. Impairment of

neutrophil function is one of the most well-characterized
immune defects caused by alcohol. An early study conducted
by Pickrell in 1938 demonstrated that rabbits intoxicated with
alcohol failed to mount an acute leukocyte response to
pneumococcal infection in the lung (129). Since then studies
on experimental animals and human subjects have repeatedly
shown that alcohol intoxication blocks PMN delivery to tissue
sites of infection and inflammation (130-132). In 1964, Green
et al reported that pulmonary clearance of bacteria was
suppressed by alcohol intoxication (133). Two decades later,
Astry and colleagues reported their studies on the relationship
between the alcohol-induced defects of PMN recruitment and
pulmonary clearance of bacteria (134). Animals with or
without acute alcohol intoxication were challenged by aerosol
inhalation of either Gram-positive (Staphylococcus aureus) or
Gram-negative (Proteus mirabilis) bacteria. Alcohol
intoxication caused a dose-dependent inhibition of PMN
recruitment into the lung following the bacterial challenge. In
association with this impaired PMN influx in the alveolar
space, pulmonary clearance of both the Gram- positive and -
negative bacteria was suppressed by alcohol in a dose-
dependent manner. At a high dose (1.0% body weight) of
alcohol administration, pulmonary antibacterial defense against
the Gram-negative bacteria was completely ablated, allowing
for the proliferation of  P. mirabilis in the lung. Similar
observations have been reported in various experimental
models with intrapulmonary challenges of different
pathogens (70, 71, 121, 122).
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The recruitment of PMNs from the peripheral
circulation into tissue sites of infection and inflammation is
a complex phenomenon requiring PMN margination,
adhesion, and transendothelial migration. This multistep
process involves an intricate interplay of various adhesion
molecules on the surface of both PMNs and the
endothelium of the microvasculature. As mentioned
previously, the presence of chemoattractant concentration
gradient is pivotal in guiding PMN migration to the
infected focus (75). Alcohol has been shown to inhibit
several important steps in this process. Normally, the
expression of beta2-integrin adhesion molecules
CD11b/CD18 on PMNs is rapidly up-regulated upon
activation. This adhesion molecule complex mediates the
firm attachment of PMNs to endothelial cells and their
subsequent transendothelial migration. In vitro alcohol
inhibits formylmethionylleucyl-phenylalanine (fMLP)- and
PHA-stimulated up-regulation of CD18 expression on
PMNs (135) and suppresses fMLP-stimulated PMN
“hyperadherence” to endothelial monolayers (136). In vivo
alcohol intoxication suppresses systemic LPS-induced up-
regulation of CD11b/c and CD18 expression on circulating
PMNs (97). Alcohol administration has been shown to
cause a dose-dependent fall in granulocyte adherence
which correlates with the observed inhibition of PMN
tissue delivery (131, 137).

In addition to impairing PMN adherence and
margination, alcohol also inhibits the PMN response to
chemoattractants. Experimental studies have shown that
administration of alcohol to rats results in a significant
decrease in PMN chemotaxis to LPS-activated normal rat
serum (138). Clinical studies have reported that PMNs from
chronic alcohol abusers exhibit a decreased chemotactic
response (139, 140). In patients with alcoholic cirrhosis, LPS
absorbed from the portal system may gain access to the
systemic circulation due to either the development of a shunt
between the two systems or impaired Kupffer cell function.
This “spill-over” of LPS into the systemic circulation may
induce a chronic inflammatory reaction in the host.
Chemoattractants such as CXC chemokines (IL-8) and
complement fragments (C5a) are elevated in the peripheral
circulation of patients with alcoholic liver disease (18, 130,
141). It has been postulated that the blunted response of PMNs
to chemoattractants is related to the chronic in vivo activation
of PMNs in these hosts.

In contrast to the events that occur in chronic
alcoholic patients, acute alcohol intoxication has been shown
to produce a profound suppression of the CXC chemokine
(MIP-2 and CINC) response in the lung during pulmonary
infection and inflammation (70, 71). This inhibition of the
CXC chemokine response by pulmonary cells occurs at the
level of both gene expression and protein production. The
failure to generate a sufficient chemokine response in the
alveolar space following appropriate stimulation diminishes
the chemotactic gradient across the alveolar-capillary
membrane which is necessary for PMN recruitment into the
lung during pulmonary infection and inflammation.

The release of PMNs from the bone marrow in
response to bacterial infection is an important mechanism

to recruit additional phagocytic cells against invading
pathogens. It has been reported that neither acute nor
chronic drinking in a controlled environment affects PMN
release from the bone marrow in response to appropriate
stimulation (130). G-CSF is a lineage specific
hematopoietic growth factor which stimulates both bone
marrow myeloid progenitor cell proliferation to PMNs and
the release of PMNs from bone marrow to the peripheral
circulation (90, 91, 142). Certain CXC chemokines
including IL-8 and MIP-2 have also been shown to promote
bone marrow granulopoiesis and the release of
granulocytes (143, 144). During pulmonary and systemic
infections, the blood concentration of G-CSF and CXC
chemokines increase markedly. Acute alcohol intoxication
suppresses both the G-CSF and chemokine responses in
experimental animals challenged with either pulmonary or
systemic bacterial pathogens (71, 93, 145). At the present
time, the effects of this alcohol-induced suppression of G-
CSF and chemokine production on the bone marrow
granulopoietic response and PMN release during bacterial
infection remain to be further defined. However, a
significant number of hospitalized alcohol-abusing patients
with infections present with granulocytopenia at admission,
which is a predictor of increased mortality (146, 147).
Studies of bone marrow from alcohol-abusing patients
show a significant reduction in the number of  mature
granulocytes with vacuolization of myeloid progenitor
cells. Incubation of bone marrow cells with alcohol at
concentrations commonly observed in intoxicated patients
has been reported to suppress granulocyte colony formation
(148, 149). In addition, in vitro studies have shown that
alcohol at a concentration greater than 100 mg% inhibits
granulocyte-macrophage colony-stimulating activity
produced by T lymphocytes (149).

Alcohol is also known to exert various effects on
the functional activity of PMNs. In addition to the
inhibition of adhesion molecule expression and adherence
of PMNs as mentioned previously, early observations
reported that in vitro alcohol at concentrations of 6.4g/L
and higher inhibited human PMN phagocytosis and
intracellular killing of S. aureus (150). A recent study
demonstrated that alcohol at clinically relevant levels
inhibited fMLP-stimulated superoxide production by
human PMNs in a dose-dependent manner. Degranulation
(elastase release) and bactericidal activity (killing of S.
aureus) of human PMNs were also inhibited by alcohol at
concentrations between 0.2% to 0.3% (151)  In vivo
intoxication of animals with acute alcohol (blood alcohol
concentration of 50-100 mM) results in a significant
inhibition of PMN phagocytic activity (70, 121). In a series
of clinical observations, it was determined that PMNs from
alcohol intoxicated patients contained 31% less elastase
activity than those from normal individuals and produced
25-27% less superoxide than controls in response to
inflammatory stimuli (152).

Alveolar macrophages are the resident
phagocytic cells that respond to infectious challenges in the
terminal airways. The release of TNF from activated
alveolar macrophages serves as a key step in triggering the
inflammatory response in the lung (48, 66, 153). Acute
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alcohol intoxication suppresses the pulmonary TNF
response to bacterial challenges and is associated with an
inhibition of PMN recruitment into the alveolar space and
clearance of bacteria from the airways (68, 122, 153, 154).
Recent studies show that alcohol-induced inhibition of TNF
production by alveolar macrophages primarily occurs at a
post-transcriptional level. In alveolar macrophages
recovered from rhesus macaques incubated with alcohol
(100 mM) 30 min before LPS stimulation, alcohol
suppressed LPS-induced TNF protein production by 84%
and 70% at 2 and 8 hrs, respectively, without affecting the
up-regulation of TNF mRNA expression by these
macrophages. (155). Exposure of monocytes/macrophages
to alcohol results in a significant increase in cell-associated
TNF in these cells following LPS stimulation (156, 157).
These observations suggest that alcohol impairs
mechanisms involved in the release of TNF from these
cells.

IL-10 is an anti-inflammatory cytokine that
down-regulates pro-inflammatory cytokine expression as
well as other aspects of the immune response (158, 159).
Alcohol enhances human monocyte production of IL-10
and this has been postulated to be one mechanism
underlying the immunosuppressive effects of alcohol (160,
161). At the present time, it remains to be determined
whether alcohol exerts the same effects on alveolar
macrophage production of IL-10 and, thereby, modulates
the pulmonary host defense response.

In vivo and in vitro studies have shown that
alcohol suppresses the mobilization, adherence,
phagocytosis, superoxide production, and microbicidal
activity of alveolar macrophages (162 -166). These alcohol-
induced defects of alveolar macrophage function diminish
the capacity of these cells to contain invading pathogens
within the alveolar space. This may be of particular
importance in tuberculosis where greater than 90% of
inhaled mycobacteria are normally ingested and destroyed
by alveolar macrophages (167). The initial interaction of
alveolar macrophages with this pathogen is critical for
eliminating the infection. Tubercle bacilli not killed by
alveolar macrophages survive and proliferate intracelluarly.
In vitro studies have shown that intracellular growth of
mycobacteria in human macrophages is enhanced by
exposure to alcohol in the culture system (168, 169).

 In addition to compromising the cellular
components of the innate immunity in the lung, alcohol
also impairs the mechanical defenses in the airways.
Studies have shown that alcohol causes depression of
ciliary function and reduction of surfactant production in
the alveoli (170, 171).

A number of studies have shown that alcohol
consumption suppresses acquired immune defenses
including both cell-mediated immunity and the humoral
immune response. In the process of mounting a cell-
mediated immune defense response, a complex interaction
occurs among accessory cells, helper T cells, and cytotoxic
lymphocytes. Alcohol-abusing patients have a poor ability
in developing delayed hypersensitivity skin test reactions to

a variety of antigens (172, 173). In vitro treatment of
human monocytes with alcohol suppresses the capacity of
these accessory cells to present antigen to antigen-specific
T cells. Impairment of antigen presentation has also been
observed in animals fed an alcohol-containing diet (174).
Chronic alcohol abusers, especially those with liver
disease, frequently develop lymphopenia (18, 175).
Incubation of normal lymphocytes with alcohol results in
inhibition of blast transformation in response to mitogen
stimulation (148, 176, 177). Lymphocyte proliferative
responses to specific antibodies against T-cell receptors are
blunted in hosts intoxicated with alcohol (178). Chronic
alcohol feeding has also been shown to result in atrophy of
the thymus and spleen in experimental animals. (175).
Analysis of lymphocyte subsets in lymphoid tissues have
shown that the absolute numbers of CD4+ T lymphocytes
decrease significantly in animals on a chronic alcohol diet
(44). In addition, T lymphocytes isolated from alcoholic
hosts have a diminished capacity to produce IFN-gamma,
an important cytokine that stimulates cell-mediated
immunity (179). Pulmonary recruitment of both CD4+ and
CD8+ T lymphocytes in response to P. carinii infection in
the lung has been shown to be suppressed by alcohol
consumption (44, 180).

Alcohol-induced disturbances of humoral
immunity include an increased production of
immunoglobulins in the circulation of alcohol-abusing
patients, especially those with alcoholic liver disease (175).
This increased immunoglobulin level appears not to be
protective. In contrast, chronic alcohol consumption has
been reported to impair development of specific antibodies
in response to challenges with new antigens in
experimental animals (181). Since the development of
specific antibodies is important in protecting the host
against infections caused by certain bacterial pathogens
such as S. pneumoniae (182), alcohol-induced defects of
specific antibody responses may adversely affect the
eradication of invading pathogens from the airways in
patients with pneumonia. Alcohol-induced defects of
pulmonary host defense are summarized in table 2.

3.4. Immunomodulation of pulmonary infections in
alcoholic hosts

Antibiotic therapy is currently the mainstay for
the treatment of pulmonary infections in both alcoholic and
nonalcoholic patients. However, antibiotic therapy is
becoming more problematic due to the emergence of drug-
resistant microbes. Because of this, immunomodulation has
been considered as adjuvant therapy in managing
pulmonary infections in alcoholics (183).

As previously reviewed, alcohol-induced
inhibition of the pulmonary innate immune response,
especially the failure to effectively recruit PMNs into the
terminal airways is a major risk factor for bacterial
pneumonia. Strategies have been developed to augment
pulmonary phagocytic defenses either by increasing the
number and function of circulating PMNs or enhancing
chemotactic signals for PMN migration and activation in
the lung. In experimental animals, administration of
exogenous G-CSF has been shown  to stimulate PMN
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Table 2. Alcohol-induced defects of pulmonary host defense
Defects of innate immune defense
Impairment of mechanical defenses • Poor dental hygiene with increased bacterial colonization

• Depressed consciousness/increased aspiration
• Diminished respiratory excursion
• Suppressed ciliary function

Reduced antimicrobial factors • Reduced production of surfactant-associated proteins
• Impaired complement synthesis

Impairment of phagocytic defenses • Suppressed alveolar macrophage function (phagocytosis, bactericidal
activity, respiratory burst, migration, production of proinflammatory
cytokines and chemokines)

• Suppressed neutrophil function (neutropenia, neutrophil mobilization from
the bone marrow, adhesion molecule

• expression, trans-endothelial migration, phagocytosis, oxygen metabolism,
bacterial killing activity)

Defects of acquired immune defenses
Impairment of accessory cell function • Suppressed antigen trapping and processing
Impairment of cell-mediated immunity • Diminished T lymphocyte

• mitogenesis
• Impaired primary
• sensitization
• Suppressed lymphocyte
• recruitment

Impairment of humoral immunity • Disordered immunoglobulin production

release from the bone marrow and augment PMN
recruitment into the lung in response to infectious stimuli
(48, 60). In rats, subcutaneous injections of G-CSF (50
microgram/kg) twice daily for two days results in a 7-fold
increase in circulating PMNs and 5-fold increase in PMNs
influx into the alveolar space following an intratracheal
LPS challenge (70). This G-CSF-enhanced recruitment of
PMNs into the lung is not solely the result of an increased
number of circulating PMNs. Studies suggest that the
sensitivity of these PMNs to chemotactic signals can also
be up-regulated by G-CSF treatment (124). The effects of
G-CSF on the antibacterial defenses of the lung have been
studied in ethanol-intoxicated rats infected with K.
pneumoniae (154). In these studies, G-CSF augmented the
pulmonary recruitment of PMNs in infected control rats
and significantly attenuated the adverse effects of ethanol
on PMN delivery into the infected lung. G-CSF also
enhanced the pulmonary clearance of bacteria in both
control and ethanol-treated rats and improved the survival
of these animals. Both in vivo and in vitro G-CSF
attenuates the adverse effects of alcohol on many PMN
functions, including the expression of adhesion molecules
and phagocytosis (69, 70, 184).

A recently completed phase III, multi-center
clinical trial of 756 patients with community-acquired
pneumonia has shown that subcutaneous administration of
G-CSF (300 microgram/day) to patients for up to 10 days
results in a 3-fold increase in blood PMN counts in the
peripheral circulation (185). This G-CSF treatment is well-
tolerated by patients. Patients treated with G-CSF exhibited
a faster resolution of their X-ray abnormalities and
developed fewer complications including the adult
respiratory distress syndrome and disseminated
intravascular coagulation. These data suggest that G-CSF
may be an effective therapeutic agent in combination with

antibiotics  for the treatment of pulmonary infections in a
variety of clinical entities including patients
immunocompromised by alcohol.

IFN-gamma enhances host defense against a wide
range of infectious pathogens including virus, bacteria, fungi,
and parasites (102). In vitro studies demonstrate that over 3
dozen different pathogens become susceptible to macrophages
once stimulated by IFN-gamma (186). Treatment of
experimental infections with IFN-gamma in conjunction with
antibiotics has been shown to be synergistic or additive against
certain pathogens (S. aureus, P.carinii, and C. neoformans)
that cause pulmonary infections in immunocompromised
hosts. Intrapulmonary administration of IFN-gamma via either
instillation or aerosol inhalation results in activation of alveolar
macrophages and augmentation of pulmonary microbicidal
activities (66, 104, 105, 187). Administration of a recombinant
adenoviral vector encoding the murine IFN-gamma
complementary DNA to rat lung results in prolonged
expression of biologically active IFN-gamma in the lung and
significantly enhanced pulmonary TNF production, PMN
recruitment, and bacterial clearance in both normal and
alcohol-intoxicated animals following bacterial challenge (188,
189). Our recent studies (unpublished data) have shown that
pretreatment with intrapulmonary IFN-gamma markedly
enhances CXC chemokine MIP-2 and CINC response in the
lung in rats challenged with intratracheal LPS. This IFN-
gamma treatment also attenuates acute alcohol-induced
suppression of the MIP-2 and CINC responses in the lung
following intrapulmonary LPS challenge.

At the present time, clinical trials of IFN-gamma
therapy in alcohol-abusing patients with infections have not
yet been undertaken. Previous studies have shown that
IFN-gamma administered either locally or systemically for
the treatment of pulmonary and other infections is well-
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tolerated by patients (102, 183, 190). In patients with
disseminated atypical mycobacterial infection
(Mycobacteria avium complex), IFN-gamma treatment in
combination with antimycobacterial chemotherapy results
in clinical improvement. The treated patients have rapid
responses in clearing of infected foci and blood cultures,
abatement of fever, and improvement in subjective well-
being (190). This effect of IFN-gamma treatment has also
been observed in AIDS patients with M. avium complex
infections (191, 192). Aerosol-administration of IFN-
gamma to patients with persistent M. avium complex
infection has been shown to improve negative conversion
of acid-fast bacilli in sputum (193). A recent clinical study
of patients with multidrug resistant tuberculosis has
reported that aerosol-administration of 500 microgram IFN-
gamma three times a week for 1 month results in negative
conversion of mycobacteria in sputum in all patients (194).
In addition, objective decreases in the size of cavitary
lesions in the lung have been observed in all patients at the
conclusion of therapy.

4. PERSPECTIVE

Alcohol abuse is a well-known risk factor for the
development of many infectious diseases especially
pulmonary infections. Bacterial pneumonia and other lung
infections are more common and severe in alcoholics. The
normal host defense system operates quite effectively to
maintain the sterility of the lung. Alcohol compromises the
function of various components of the immune defense
system. Treatment of pulmonary infections in these
immunocompromised hosts is often problematic.
Immunotherapy to improve or enhance pulmonary host
defense function in conjunction with aggressive
antimicrobial regimens may provide a new approach in the
management of infections in these patients.
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