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ABSTRACT

Moisture-damage is common in buildings, and it is associated with a variety of adverse health
effects, especially inflammatory responses in the lower airways. Exposure to microbial spores
or cells has been suspected to be one reason for the inflammation, but the inflammatory and
toxic potential of the microbes has not been well characterized.

In this study, a mouse model was devised to elucidate and compare the adverse effects
provoked by microbes isolated from the indoor air of a moisture-damaged building. The
animals were exposed intratracheally to the microbial spores or cells. The effects caused by
the bacterial species Streptomyces californicus and Mycobacterium terrae and the fungi
Aspergillus versicolor and Penicillium spinulosum were investigated. They are typical
microbes observed in moisture-damaged buildings, but P. spinulosum is also frequently
observed in all indoor air environments. Both the dose-response and time-course of the
inflammatory and toxic responses were investigated after a single dose of the microbe.
Biochemical parameters indicating inflammation and/or toxicity (tumor necrosis factor a,
TNFa, interleukin-6, IL-6, total protein, albumin, hemoglobin and lactate dehydrogenase)
were measured from bronchoalveolar lavage fluid (BALF), and a histopathological analysis
was performed from lungs, lymph nodes and spleen. In addition, inducible nitric oxide
synthase (iNOS) was determined from lavaged cells, and the cytokine concentrations were
measured in serum. Moreover, the effects of S. californicus were studied after repeated dosing
of the spores. In that experiment also lymphocyte subpopulations were investigated in the
lungs, lymph nodes and the spleen.

Both the biochemical parameters and histopathology revealed that all the microbes studied
provoked inflammation after a single dose, but the magnitude and its characteristic features
were different. The spores of S. californicus provoked a very intense acute inflammation
indicated by a strong and rapid IL-6 and TNFa production in the lungs, recruitment of
inflammatory cells into the airways, and expression of inducible nitric oxide synthase (iNOS)
in lavaged cells at 24 hours. An increase in TNFa and IL-6 concentrations in serum was also
detected. The cells of M. terrae induced a biphasic inflammatory response, which consisted of
an acute and a sustained phase. In the acute phase, TNFa and IL-6 were produced and
inflammatory cells were recruited into the lungs. In the later phase, TNFa production was
sustained up to 14 days, and inflammatory cell recruitment was even more intense, with iNOS
being expressed in lavaged cells. Reactive changes in lymph nodes were also observed. The
inflammatory response lasted until the end of the experiment (28 days), and at that time some
mycobacterial cells were still present in the lungs.

At comparable volumetric doses with the bacteria, the fungal species also induced a rapid
production of proinflammatory cytokines, and inflammatory cell recruitment into the airways,
but they were generally less potent than the bacteria. P. spinulosum induced only a mild
inflammatory response and transient TNFa and IL-6 production into BALF. The spores of
A. versicolor caused a slow TNFa response, and the inflammatory cell response was more



sustained than by P. spinulosum. In contrast to the bacteria, the studied fungal species did not
induce expression of iNOS.

Acute cytotoxicity in lungs indicated by LDH response was observed during S. californicus,
M. terrae and A. versicolor exposure. M. terrae exposure caused the strongest and most
sustained effect. However, none of the microbes were highly cytotoxic in the lungs, and the
effect was frequently associated with an acute inflammatory response. P. spinulosum
exposure showed no cytotoxic effect.

After repeated airway exposure to the spores of S. californicus, both the innate and adaptive
host defenses were activated in the lungs. The inflammatory cell response in the lungs was
more severe and appeared at a lower dose level than after a single dose. Spleen cell count was
decreased indicating a systemic immunotoxic effect, and the lymphocyte subpopulations were
altered in the lungs, lymph nodes and the spleen. Reactive changes were observed in lymph
node histopathology.

In summary, the results show that the indicated microbes have a different potential to cause
inflammatory and toxic responses after airway exposure in mice, and suggest that microbes
present in a moisture-damaged building can induce inflammation in lungs and cause systemic
toxicity.
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A. versicolor  Aspergillus versicolor

ALL alveolar lining layer

AP alkaline phosphatase

Ay water activity

BAL bronchoalveolar lavage

BALF bronchoalveolar lavage fluid
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CDh clusters of differentiation
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g acceleration of gravity
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HRP horse radish peroxidase

IFN interferon

Ig immunoglobulin

IL interleukin

iINOS inducible nitric oxide synthase
kDa kiloDalton

LAM lipoarabinomannan

LDH lactate dehydrogenase

LPS lipopolysaccharide

M. terrae Mycobacterium terrae

MHC major histocompatibility complex
MVOC microbial volatile organic compound
NBT nitro blue tetrazolium

NK cell natural killer cell

NO nitric oxide

NOy nitrite

NO;5” nitrate

NOS nitric oxide synthase

OONO peroxynitrite

P. spinulosum  Penicillium spinulosum

PAF platelet activating factor

PBS phosphate buffered saline

PDE phosphodiesterase

PE phycoerythrin

PerCP peridinin chlorophyll protein
PMSF phenyl methyl sulfonyl fluoride

RAW264.7 mouse macrophage cell line
ROS reactive oxygen species



rpm

S. californicus
SCG
SE
SDS
SPF
spp.
TCR
Th cell
Tk cell
TMB
TNFa
TXA,

revolutions per minute
Streptomyces californicus
single cell gel

standard error

sodium dodecyl sulfate
specific pathogen free
species

T cell receptor

helper T cell (CD3'CD4")
killer T cell (CD3'CDS8")
tetramethylbenzidine
tumor necrosis factor alpha
thromboxane A,
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1 INTRODUCTION

Moisture-damage in buildings is common in different climates (e.g. Hunter et al., 1988; Dales
et al., 1991a; Nevalainen et al., 1998). In Finland, signs of current or previous moisture-
damage have been reported in up to 80% of houses (Nevalainen et al., 1998). Several
epidemiological studies have indicated that there is an association between the adverse health
effects experienced by the occupants and the presence of moisture-damage in buildings. In
particular symptoms and diseases in the upper or lower airways have been observed, but a

number of general symptoms have also been reported.

Excess moisture encourages microbial growth on building materials. Increased numbers of
microbes or their spores, and atypical microbial species have been frequently detected in the
indoor air of moisture-damaged buildings (e.g. Waegemacekers et al., 1989; Nevalainen et al.,
1991; Hyvirinen et al., 1993; Samson et al., 1994). It is possible that the microbes have a role
in inducing the adverse health effects observed among the occupants of such buildings.
However, there is little toxicological data concerning these microbes. In particular, more in
vivo data in experimental conditions during airway exposure are needed. The data from
animal studies permit the analysis of whole lung and organism responses to the microbial
exposures. In addition, the function of the complex immune system, composed of a network
of diverse cell types, can be more thoroughly investigated. In this thesis in vivo effects
induced by four microbes isolated from moisture-damaged buildings were evaluated to obtain

new information for the health risk assessment.
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2 REVIEW OF LITERATURE

2.1 Exposure in moisture-damaged buildings

The occupants of moisture-damaged buildings are exposed to different substances of
microbial or other origin. Several microbes (e.g. fungi and actinobacteria) produce spores that
can spread into indoor air. The occupants can also be exposed to microbial cells, hyphae or
their fragments, since particles other than spores can be released from fungal cultures
(Kildesg et al., 2000; Gorny et al., 2002). Microbes can produce toxic secondary metabolites
(e.g. mycotoxins) and they possess bioactive surface structures (e.g. bacterial endotoxins)
(Young et al., 1998; Peraica et al., 1999). Fungi and actinobacteria (previously known as
actinomycetes) can also emit volatile organic compounds (MVOC's) (Pieckova and Jesenska,
1999; Scholler et al., 2002). In addition to microbial exposure, increased moisture and
microbes may decompose building structures, and cause volatile emissions from the materials
(Pasanen et al., 1998; Wolkoff and Nielsen, 2001). Exposure to mite allergens may also
explain some of the adverse effects (Bornehag et al., 2001). Altogether, the relative
importance of different indoor air exposures in provoking adverse health effects is not known.
It has been especially difficult to obtain quantitative relationships between exposure and the
symptoms. Moreover, several other factors, such as insufficient ventilation, high temperature
and draft can influence the perception of indoor air quality and modify the effects caused by
biological and chemical contaminants in indoor air of moisture-damaged buildings (Husman,

1996).

Dampness and visible mold growth in the buildings are frequently associated with increased
levels of fungal spores in indoor air (Hunter et al., 1988; Hyvirinen et al., 1993; Li and
Kendrick, 1995; Garrett et al., 1998; Dharmage et al., 1999; Hyvérinen et al., 2001a).
Especially, during repair of moisture-damage, the number of microbes is markedly increased
in indoor air (Rautiala et al., 1996). Both fungi (e.g. Stachybotrys, Penicillium and
Aspergillus) and bacteria (e.g. actinobacteria (e.g. Streptomyces), mycobacteria and
Pseudomonas) have been isolated from the indoor air and building materials of moisture-
damaged buildings (Hunter et al., 1988; Nevalainen et al., 1991; Hyvérinen et al., 1993;
Samson et al., 1994; Andersson et al., 1997; Hyvérinen et al., 2002; Rautiala et al.,
submitted). Even though the measured microbial concentrations are not necessarily high in

the indoor air, the atypical, potentially toxigenic, microbial species may cause adverse health



17

effects even at lower concentrations (Husman, 1996). The microbial species, which are
regarded as moisture-indicator microbes in the literature are listed in Table 1. Their

appearance is partly dependent on the water activity (ay) of a building material.

Table 1. Microbes regarded as moisture-indicator organisms (Modified from Samson et
al., 1994).

e Materials with a high water activity (ay > 0.90 - 0.95)
Aspergillus fumigatus
Actinobacteria
Exophiala
Fusarium
Gram-negative bacteria (e.g. Pseudomonas)
Phialophora
Stachybotrys
Trichoderma
Ulocladium
yeasts (Rhodotorula)

* Materials with a moderate water activity (0.85 < a,, <0.90)
Aspergillus versicolor

e Materials with a lower water activity (a,, < 0.85)
Aspergillus versicolor
Eurotium
Penicillia (e.g. Penicillium chrysogenum, P. aurantiogriseum)
Wallemia

Several species of these microbes can produce toxic compounds. One of the most thoroughly
investigated toxigenic fungus in indoor air is Stachybotrys chartarum, which can produce a
diverse spectrum of toxins (Jarvis et al., 1995; Fung et al., 1998). Aspergillus versicolor and
Fusarium species are other examples of toxin producing fungi (Samson et al., 1994).
Moreover, Gram-positive bacteria streptomycetes have the capability to produce several
different agents, including toxic substances (Arcamone, 1998; Paananen et al., 2000; Bolzan

and Bianchi, 2001; Watve et al., 2001).
2.2 Adverse health effects associated with moisture-damage in buildings
The association between adverse health effects and exposure in moisture-damaged buildings

has been shown in several epidemiological studies (Table 2). The epidemiological evidence is

strongest for respiratory adverse effects (cough, wheeze and asthma) (Bornehag et al., 2001).
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Moreover, a number of general symptoms have been reported. However, all adverse effects

have apparently not been identified yet.

Table 2. Symptoms and diseases associated with moisture-damages in buildings.

cough

wheeze

asthma

phlegm

dyspnoea

bronchitis

increased respiratory infections
pulmonary hemosiderosis
hypersensitivity pneumonitis
hoarseness

sore throat

nasal congestion

nasal discharge

rhinitis

Other symptoms and diseases

skin symptoms

eye irritation

difficulties in concentrating
fatigue

lethargy

nausea

lumbar backache

recurrent stomachache
aching joints

rheumatic diseases

* Respiratory tract symptoms and diseases

(Brunekreef, 1992; Koskinen et al., 1999a, 1999b)
(Platt et al., 1989)

(Waegemaekers et al., 1989)

(Brunekreef, 1992; Pirhonen et al., 1996)

(Platt et al., 1989)

(Dales et al., 1991b)

(Koskinen et al., 1995, 1997)

(Etzel et al., 1998; Dearborn et al., 1999)

(Park et al., 1994; Lee et al., 2000)

(Koskinen et al., 1995, 1999a; Pirhonen et al., 1996)
(Platt et al., 1989)

(Platt et al,. 1989)

(Platt et al,. 1989)

(Pirhonen et al., 1996)

(Johanning et al., 1996)

(Hodgson et al., 1998; Johanning et al., 1996)
(Koskinen et al., 1999b)

(Koskinen et al., 1999b, Johanning et al., 1996)
(Hodgson et al., 1998)

(Koskinen et al., 1999b)

(Pirhonen et al., 1996)

(Pirhonen et al., 1996)

(Platt et al., 1989)

(Roponen et al., 2001)

2.3 Potential mechanisms and other effects

The mechanisms behind most of the observed adverse health effects associated with exposure
in moisture-damaged buildings remain unknown, with both immunological and non-

immunological mechanisms being suspected (Damgard Nielsen et al., 1995).
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Immunostimulation and allergy

Exposure to microbes and their toxic substances may trigger innate immune responses i.e.
increased production of inflammatory mediators, such as cytokines, and reactive oxygen and
nitrogen radicals in mammalian cells in vitro (Ruotsalainen et al., 1995; Hirvonen et al.,
1997a, 1997b, 1997c; Huttunen et al., in press). These responses are important elements in the
normal host defense, but sustained or excess release of inflammatory mediators and toxic
radicals may provoke adverse health effects. For example, increased phagocytic clearance by
inflammatory cells recruited to the site of exposure is an important component of host
defense, but inflammatory cells can provoke immunopathological effects also to the host via

their products (Stockley, 1995).

One of the best known immunological mechanism for an adverse health effect caused by
fungal exposure is immunoglobulin E (IgE) -mediated immediate allergy (Gell and Coombs
classification Type I). The most prevalent indoor air fungal species causing IgE-mediated
allergy include Aspergillus, Cladosporium, and Penicillium (Ledford, 1994), though many
other fungi have also been associated with allergy (Kurup et al., 2000). This mechanism has
been linked to the occurrence of rhinitis and asthma (Samson et al., 1994). The prevalence
estimates of IgE-mediated mold allergy vary considerably (5% - 50%) in different populations
(Husman, 1996). In the general population, the prevalence of fungal allergy has been
estimated to be 6%, whereas among atopic individuals it can be as high as 20% to 30%
(Kurup et al., 2000). IgE-mediated allergy can explain only part of the observed symptoms
and diseases. Taskinen and co-workers (1997, 1999, 2001) have shown that fungal allergy, as
assessed by IgE measurements or skin tests was rare, although the symptoms and diseases
were increased in moisture-damaged environments. Some fungi, especially Stachybotrys
chartarum can trigger histamine release from human leukocytes by non-IgE-mediated
mechanisms (Larsen et al., 1996). Thus, the fungal exposure may cause histamine-mediated

symptoms also in non-sensitized population.

Another immunological reaction caused by microbial exposure is the immune complex-
mediated (Type III) mechanism. This has been associated with extrinsic allergic alveolitis (i.e.
hypersensitivity pneumonitis) and humidifier fever (Samson et al., 1994; Husman, 1996). The
cell-mediated (Type IV) mechanism has also been reported to be provoked by fungal

exposure (Samson et al., 1994; Tomee and van der Werf, 2001). The diagnosed cases of these
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two latter types of allergies have been reported only occasionally to be connected with
exposure in moisture-damaged buildings, but possibly this is partly due to underdiagnosis

(Husman, 1996).

Immunosuppression and infections

In addition to immunostimulation or hyperreactivity, exposure to indoor air microbes or their
products has been suspected to cause immunosuppression. The increased frequency of
infections among occupants in moisture-damaged buildings suggests that host defense
mechanisms have been impaired. Possible mechanisms include toxic effects on ciliated cells
in the airways and subsequently impaired particle clearance (Pieckova and Jesenska, 1996,
1998), and toxic effects on other cells of the immune system (e.g. lymphocytes and alveolar
macrophages). Several microbial products, such as trichothecene mycotoxins and products of
actinobacteria have immunosuppressive potential (Pestka and Bondy, 1990; Ochiai et al.,
1993; Wallemacq and Reding, 1993; Sorenson, 1999). The increased microbial burden and
abnormal microbial composition in the buildings (e.g. opportunistic pathogens) may cause
infections in individuals with an impaired host defense or poor health. Individuals at increased
risk include immunocompromised patients, and patients suffering from respiratory diseases
like chronic obstructive pulmonary disease. For example, Aspergillus species, especially
A. fumigatus may cause pulmonary aspergillosis with different degrees of severity (Tomee
and van der Werf, 2001). The most harmless manifestation of pulmonary aspergillosis, is
"non-pathogenic saprophytic colonization" which is common even in healthy individuals.
This type of microbial colonization should not cause tissue damage, and the healthy host will
recover without treatment. In aspergilloma, the mycetoma (fungus ball) grows as a saprophyte
in a preformed and poorly drained lung space. Hypersensitivity-induced aspergillosis includes
Aspergillus asthma, allergic bronchopulmonary aspergillosis, and extrinsic allergic alveolitis.
The most severe manifestation of aspergillosis is invasive aspergillosis, which is a generalized

fungal infection.

Autoimmunity

Exposure to microbes in moisture-damaged buildings may also cause autoimmune reactions

and diseases. An increased incidence of rheumatic diseases and aching joints have been

reported in the occupants of moisture-damaged buildings (e.g. Platt et al., 1989; Roponen et
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al., 2001). Microbes can induce autoimmunity, i.e. a direct immune response against host.
Activation and subsequent clonal expansion of autoreactive lymphocytes (the cells that
recognize and react against self-molecules) is a critical step in the pathogenesis of
autoimmune disease (Wucherpfennig, 2001). Microbes can activate autoreactive T and B

lymphocytes via several mechanisms (Table 3).

Table 3. Mechanisms which may lead to autoimmunity after microbial exposure (modified from
Wucherpfennig, 2001).

*  Mechanisms based on microbial products or structures

- Molecular mimicry. Sufficient homology between microbial immunogenic peptides and self-
peptides that leads to activation of autoreactive lymphocytes.

- Microbial superantigens. Microbial molecules that induce uncontrolled stimulation and an
inappropriate T cell response. Subpopulation of these cells may be autoreactive.

e Inflammation associated mechanisms

- Enhanced processing and presentation of autoantigens. During inflammatory process antigen
processing and presentation are enhanced by antigen presenting cells recruited to the site of
inflammation leading to activation of autoreactive lymphocytes.

- Bystander activation. Inflammation may increase the proliferation of previously activated
autoreactive lymphocytes.

One possibility is that the cells do not recognize self-molecules, but instead persistent
microbes or microbial antigens (structures/molecules) that have been carried along migrating
phagocytes to the synovial tissues in the joints during long-term exposure. This has been
suggested to be another mechanism, in addition to recognition of self molecules, contributing
to the development of reactive arthritis (Wucherpfennig, 2001). DNA and RNA of
Chlamydia, which is an intracellular bacterium, have been frequently detected from the
synovial membrane or fluid during reactive arthritis. Very little is known about the possible
role of microbial contaminants and mechanisms of autoimmune reactions in moisture-

damaged environments.

Cytotoxicity

Microbial toxins can cause cytotoxicity which may be mediated via either apoptotic or
necrotic mechanisms (Paananen et al., 2000; Yang et al., 2000; Etzel, 2002). However, other
effects may occur at lower exposure levels not sufficient to induce cell death. For example,
the mitochondrial toxin valinomycin produced by Streptomyces griseus reduced the natural

killer (NK) cell-mediated cytotoxicity and cytokine production at a lower concentration than
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that causing apoptotic cell death (Andersson et al., 1998; Paananen et al., 2000). Cytotoxic
effects may also be directed against other cells, including leukocytes (e.g. alveolar
macrophages, lymphocytes) and epithelial cells, and disturb both innate and adaptive host cell

responsces.

Neurotoxicity

The symptoms like fatigue and difficulties in concentrating (e.g. Koskinen et al., 1999b,
Johanning et al., 1996) point to effects on the central nervous system. The products of
Fusarium (fumonisin B, deoxynivalenol), Aspergillus (ochratoxin A) and Penicillium
(ochratoxin A, verrucosidin) species have been shown to possess neurotoxic potential (Rotter
et al., 1996; Belmadani et al., 1999; Kwon et al., 2000; Nunez et al., 2000). Also compounds
that enhance neurite (axon and dendrite) outgrowth from neuronal cells have been isolated

from fungal cultures (Nozawa et al., 1997).

Irritation

Microbial products such as microbial volatile organic compounds (MVOC's) may cause
irritation via neurogenic mechanisms. When chemosensitive receptors are activated in the
airways and alveoli, the subsequent local release of neuropeptides (e.g. substance P and
neurokinin A) may provoke neurogenic inflammation (Damgérd Nielsen et al., 1995). Some
of the neuropeptides can also affect innate immune responses. Substance P increases
phagocytosis and enhances neutrophil accumulation and reactivity by facilitating the actions

of other inflammatory mediators (Mathison et al., 1993; Damgérd Nielsen et al., 1995).

Genotoxicity

Some microbial toxins are genotoxic and carcinogenic. Inhalation exposure to a mycotoxin
produced by Aspergillus flavus, aflatoxin, has been associated with lung or colon cancer
(Olsen et al., 1988; Sorenson, 1999). Naturally occurring aflatoxins are human carcinogens,
and several other toxins and secondary metabolites including adriamycin, daunomycin (i.e.
daunorubicin) and streptozotocin (produced by streptomycetes), sterigmatocystin and
ochratoxin A (A4spergillus and Penicillium), and fumonisins B, and fusarin C (Fusarium)

have been considered risk factor for cancer (IARC, 1987; 1993). However, no
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epidemiological or experimental data have been published concerning exposure in moisture-

damaged buildings and risk of cancer.

Reproductive toxicity

Adverse effects during pregnancy are also possible. An association between occupational
exposure to mycotoxins and late-term abortions has been proposed (Kristensen et al., 1997),
and mycotoxins have been reported to cause reproductive toxicity in animals (Korpinen,
1974). Oral exposure to Stachybotrys chartarum during the early phase of pregnancy
provoked reproductive toxicity in mice (Korpinen, 1974). Very little is currently known about

these forms of toxicity in moisture-damaged indoor environments.

2.4 Host defense with special reference in lungs

2.4.1 Physiological defenses in lungs

The lungs possess a variety of structural, mechanical, chemical and cellular strategies to
guarantee proper function and form of the airways for effective gas exchange (Whitsett,
2002). A major part of larger particles (> 5 um) is removed by filtration from the inhaled air
in the upper airways (Zhang et al., 2000). Most of the microbes or spores in the indoor air of
moisture-damaged buildings are at the size-range which allow them to deposit also to the
alveolar level (Hyvirinen et al., 2001b). Even the relatively large spores of Stachybotrys
chartarum (aerodynamic diameter approximately 4 - 5 um) can penetrate the alveoli
(Sorenson, 1987). The physiological defense mechanisms in the lungs include the coughing
reflex and the ability to evoke bronchoconstriction (Sant'Ambrogio and Widdicombe, 2001).
Several cell types are important for proper host defense responses in the lungs. The epithelial
cell types include ciliated, non-ciliated bronchiolar (Clara cells), mucus producing (goblet
cells), neuroepithelial cells, and type II and type I alveolar epithelial cells (Whitsett, 2002). In

addition, phagocytic cells are normally found in the lungs.

2.4.2 Innate host defense

When microbial contaminants enter the lungs, they will first encounter the innate host

defense. Epithelial cells are an effective physical barrier which can also produce mucus, and
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transport the adhered contaminants to the pharynx via cilia movement (Zhang et al., 2000;
Knowles and Boucher, 2002). The transported mucus and contaminants are either swallowed
into the gastrointestinal tract or expectorated. In addition to the mechanical clearance,
respiratory secretions in the airways have antimicrobial effects (Ganz, 2002). These secretions
are produced by several cell types, including epithelial cells, especially goblet cells,
submucosal glands, and resident as well as recruited phagocytes. Moreover, transudation and
transport of proteins from circulation into the airways can occur. Important secretory cells in
the distal airways include alveolar epithelial cells, such as Clara cells and type II epithelial
cells. The broad antimicrobial effects of respiratory secretions are mainly attributable to
cationic polypeptide components, such as the cell-membrane degrading enzyme lysozyme, the
iron-chelating protein lactoferrin, secretory leucoprotease inhibitor, neutrophil and epithelial
defensins which permeabilize cell-membranes, and cathelicidins which have a diverse range

of antimicrobial activity (Ganz, 2002; Ramanathan et al., 2002).

Agents that reach the alveolar level and which become deposited into the alveoli come into
contact with the alveolar lining layer (ALL) (McCormack and Whitsett, 2002). ALL is a thin
aqueous film containing pulmonary surfactant. Its components, including pulmonary
collectins, also participate in the innate host defense (LeVine and Whitsett, 2001; McCormack
and Whitsett, 2002). The primary components of antimicrobial defense in alveolar region for
naive host are resident alveolar macrophages and the protein components present also in
respiratory secretions. Alveolar macrophages are phagocytic cells that decontaminate the
alveolar walls. They are activated by innate immune receptors such as CD14 and Toll-like
receptors (TLRs), which detect lipopolysaccharide (LPS) molecule on the surface of Gram-
negative bacteria. Phagocytosis is triggered by several different kinds of receptors (e.g.
mannose receptor, macrophage scavenger receptor) (Greenberg and Grinstein, 2002).
Endocytic pattern-recognition receptors are located on the surface of the phagocytes, and they
can identify microbial structures and promote phagocytosis (Medzhitov and Janeway, 2000).
If a microbe has been encountered previously, the phagocytosis can also be triggered by Fc-
receptors after the microbe has been opsonized by specific antibodies. Phagocytized microbes
are destroyed in phagolysosomes by the action of lethal radicals and hydrolytic enzymes
(Greenberg and Grinstein, 2002). Innate pattern-recognition receptors have been functionally
divided into two more classes in addition to endocytic receptors: secreted and signaling
receptors (Medzhitov and Janeway, 2000). Secreted pattern-recognition receptors, such as

mannan-binding lectin are opsonins that bind to the microbial structures and flag the
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microorganism to the phagocytes and the complement system for recognition. Signaling
pattern-recognition receptors activate signal-transduction pathways after recognition of
microbial structures leading to the induction of inflammatory cytokine production. The Toll-
like receptor family is an example of signaling pattern-recognition receptors. Inflammatory
mediators, such as cytokines produced by activated alveolar macrophages, may provoke early
induced non-adaptive inflammatory responses, e.g. recruit neutrophils into the airways or

induce production of acute-phase proteins in the liver (Janeway and Trawers, 1997).

The complement system, a cascade of serum proteins, can attack invading microorganisms.
The complement system activated by antibody-independent alternative (initiation by C3b
protein) or lectin-mediated pathway is one of the innate host defense mechanisms in the lungs
(Medzhitov and Janeway, 2000). Moreover, during the activation of the complement cascade,
inflammatory mediators, such as C5a, C4a, and C3a, are released (Delves and Roitt, 2000a).
These mediators can recruit and activate neutrophils, and also trigger the release of histamine

from mast cells.

Since the innate immunity responds more rapidly than the adaptive immunity, it is crucial also
for the antimicrobial immunity in the lungs (Medzhitov and Janeway, 2000). Even though the
diversity of the recognition patterns in the innate receptors is nowhere near the repertoire of
antigen specific receptors in the adaptive host defense, innate receptors still effectively
recognize common and conserved structural patterns in microbes. Moreover, properly
functioning innate responses are also important in initiating and directing the responses of the
adaptive host defense. Innate host defense responses do not adapt during the exposure. The

response neither intensifies during the later exposure nor does it possess memory.

2.4.3 Adaptive host defense

Lymphocytes, fundamentally divided into T and B cells, ar