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Abstract — Inflammation is an important manifestation of respiratory disease in domestic animals.
The respiratory system is mucosal in nature and has specific defense mechanisms used to control
invasion by microbes and environmental elements. Inflammation can be beneficial or detrimental
to the host. This article broadly discusses the primary mediators and mechanisms of inflammation
within the respiratory tract of domestic animals. The role of cells, chemokines, cytokines and
mediators in both acute and chronic inflammation are addressed. The pathogenesis of the initial
insult determines the type of inflammation that will be induced, whether it is acute, chronic or
allergic in origin. Maintenance of the microenvironment of cytokines and chemokines is critical for
pulmonary homeostasis. Uncontrolled inflammation in the respiratory tract can be life threatening
to the animal. The understanding of the mechanisms of inflammation, whether due to microbes or
through inappropriate immune activation such as those occurring with allergies, is required to
develop successful intervention strategies and control respiratory disease in animals.
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Diseases of the respiratory tractare com-  mation a frequent manifestation of respira-
mon in domestic animals [1, 6, 17, 31, 62,  tory disease. The lungs and upper airways
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are mucosal surfaces commonly exposed
to invading pathogens and environmental
challenges [74]. As a result, knowledge of
the underlying mechanisms of inflamma-
tion is important for developing interven-
tion strategies to reduce the impact and
damage inflammation causes the host. As
with most aspects of immunology, inflam-
mation can be beneficial or detrimental to
the host. It is critical that inflammation in
the respiratory tract is tightly controlled for
the health and well-being of the host. Thus,
understanding the causes of inflammation,
the mechanisms used to control inflamma-
tion by the host, and the mechanisms for
damage to the respiratory tract must be con-
sidered in order to understand health and
disease in the host.

The basic inflammatory response con-
sists of an initiating incident which can be
due to a wound, pathogen infection, or an
environmental stressor. Any of these initi-
ating factors can result in a sequence of
events that induces inflammation and acti-
vates the innate and adaptive immune sys-
tems. The primary goal of inflammation is
todefend the host againstinfection and repair
tissue damage. Non-immune types of inflam-
mation are the result of bacterial or viral
products, foreign bodies, or dead and necrotic
tissues. Immune inflammation is caused by
an inappropriate amplification of mecha-
nisms that also make up the non-immune
inflammatory response and thus, the immune
system is responsible for the lesions.

The classical features of inflammation
include rubor (redness), tumor (swelling),
calor (heat), and dolor (pain) as discussed
in most immunology textbooks. The char-
acteristic manifestations of inflammation
become more problematic in the respiratory
tract due to the critical nature of its role in
oxygen exchange. The three major conse-
quences of inflammation include: vasodila-
tion and reduced blood flow resulting in
engorged capillaries; increased capillary
permeability allowing fluid and cells to pass
into the tissues; and the influx and accumu-
lation of phagocytic and reactive immune

cells at the site. Phagocytes take up bacteria
and debris in the area, but also release
enzymes that damage the tissues, chemok-
ines that attract other cells of the immune
system, and cytokines which further increase
the inflammation present in the area. All of
these events diminish the ability of the lungs
to exchange gases, making them life threat-
ening to the host animal.

Inflammatory responses can be catego-
rized as acute and chronic in nature. Each
of the inflammatory responses includes a
number of mediators that are present in all
species of animals; however, they may vary
in their responsiveness and reactivity to the
various initiating factors. In addition to bac-
teria and viruses, the environment can pro-
duce inflammation in the respiratory tract
[34, 47, 65, 69, 101]. Because of the con-
stant exposure to potentially noxious com-
ponents of the outside air including micro-
bial pathogens, the pulmonary system has
developed an extensive defense network of
innate and adaptive immune mechanisms to
assistin controlling invaders. Inflammatory
responses are typically immediate in nature
and characterized by changes to the vascu-
lar system. In addition, mobile elements such
as neutrophils, eosinophils, macrophages
and lymphocytes, serum components and
various chemokines and cytokines play a
role in both causing and controlling inflam-
mation. Intercellular communication occurs
using various mediators and messengers
that include cytokines, interleukins, leuko-
trienes, prostaglandins, thromboxane, plate-
let-activating factor, acute phase proteins,
and the various cell adhesion molecules.

This review will divide inflammation in
the lungs into acute and chronic forms. The
sections will be further divided into describ-
ing the cells and mediators involved in each
type of inflammatory response and where
possible, potential control mechanisms either
inherent in the host or as therapeutic inter-
ventions that can be important in the control
of inflammation. The review will assess the
current knowledge of inflammation based on
recentand ongoing research and the literature.
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2. ACUTE INFLAMMATION

All inflammatory reactions go through
an acute phase. The severity, duration and
type of response can be variable depending
on the initiating factor, the responding
mediators and the species of animals. In all
species, initiating factors inducing inflam-
mation can be viral, bacterial, mycotic, par-
asitic orenvironmental in nature [1, 6,7, 31,
62, 65, 76, 84, 87, 101, 103, 108, 120, 140,
141]. The nature of the initiating cause will
determine the types of cells that respond
both acutely and chronically in the inflam-
matory response. Although all species may
share a commonality in their susceptibility
to the initiating cause, differences in species
due to the environment, housing, activity
and potentially genetic susceptibility can
play a role in the type and severity of acute
lung inflammation [32].

2.1. Initial cellular response

In the first stages of inflammation, neu-
trophils or eosinophils and mast cells make
up the predominant cell type. Inflammation
associated with mast cells and eosinophils
will be discussed later under allergic
responses. Neutrophils enter the lungs in
response to the various mediators of acute
inflammation [60, 64, 77, 117]. The neu-
trophils enter into the lung parenchyma pri-
marily from capillaries [49] by binding to
up-regulated P- and E-selectins and other
cellular adhesion molecules on the surfaces
of the vascular endothelial cells [5, 10].
Once neutrophils are present in the lung tis-
sues, the expression of receptors is further
increased allowing the various cells to
respond to chemokines, further enhancing
cell migration to the area of inflammation
[88]. A number of molecules and toxins
associated with the pathogens, such as
lipopolysaccharide (LPS), are also chemo-
tactic for neutrophils [11]. Within hours of
the onset of the vascular changes, the neu-
trophils that have migrated out of the blood
vessels begin phagocytizing pathogens

present in the lung parenchyma. Activated
neutrophils increase their level of Fc recep-
tor expression allowing the increased uptake
of antibody- and complement-coated path-
ogens [116]. Signals from the activated neu-
trophils also stimulate the respiratory burst
resulting in the production of reactive oxy-
gen and nitrogen intermediates that are
active in destroying pathogens [72, 112].
These reactive substances result in further
damage to the tissues when the activated
neutrophils release their granules into the
local tissues. Thus, the exudate present in
the lungs in conjunction with infection and
acute inflammation consists of dead cells
and microbes if present, accumulated fluid
and protein substances which can further
contribute to the pathology occurring in the
lungs.

Simultaneously, and important in the
attraction and activation of neutrophils are
activated phagocytic cells, especially mac-
rophages [60]. Proinflammatory cytokines
produced by activated monocytes/macro-
phages upregulate the adhesion molecules
necessary for neutrophil and monocyte
chemotaxis. The cytokines will also induce
the monocytic cells to differentiate into
macrophages in the tissues [21, 60]. These
mediators will be further discussed later in
the article. In addition to macrophages,
other cell types, such as fibroblasts and air-
way epithelial cells produce inflammatory
mediators and chemotactic factors for neu-
trophils as well as impacting their activation
in the respiratory tract [30, 77].

2.2. Pro-inflammatory cytokines

Cytokines induced in response to inflam-
mation are expressed rapidly and early fol-
lowing injury or infection. The proinflam-
matory cytokines are predominantly produced
by monocytes and macrophages, however,
other cell types, such as epithelial cells and
fibroblasts are also capable of producing
cytokines [30, 60, 77, 90]. Many of these
cytokines are important in the development
of inflammation within the respiratory tract.
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The primary cytokines responsible for acute
inflammation include tumor necrosis factor
o (TNF), interleukin (IL)-1 (ot and B), and
IL-6. Along with chemokines, these cytokines
often exhibit redundant effects that contrib-
ute to inflammation.

Production of TNF is an important man-
ifestation of inflammation and its presence
in the respiratory tract results in a wide
range of hemodynamic, metabolic and
pathological conditions. The most potent
inducer of TNF in all species of animals is
LPS from gram negative bacteria [28, 61].
Peak TNF levels are observed in broncho-
alveolar lavage fluid (BALF) at two hours
post experimental inoculation of rats with
LPS [70]. TNF is produced primarily from
monocytic/phagocytic cells, however, small
amounts are produced by other populations
of cells as when pulmonary alveolar mac-
rophages are depleted, production of TNF
still occurs [14, 51, 97]. Small amounts of
inflammation and TNF are important in
inducing dendritic cells (DC) and other anti-
gen presenting cells such as macrophages to
migrate to the draining lymph nodes, initi-
ating an adaptive immune response [147].
Low levels of TNF also activate macro-
phages to increase phagocytosis and kill
organisms. However, high levels of TNF
can be produced in association with a
number of virulent pathogens of the respi-
ratory tract including bacteria and viruses.
As the levels of TNF increase, severe dam-
age to lung parenchyma and systemic dis-
ease can occur resulting in death of the host
animal. Individual differences in sensitivity
to LPS occurs between species, with horses
being extremely sensitive to LPS, which
can lead to cardio-pulmonary shock and
death [97]. Much of the death associated
with bacterial infection, especially due to
gram negative organisms, can be attributed
to the severe inflammation and septic shock
associated with TNF production [38, 127].

A proinflammatory cytokine with many
activities similar to TNFis IL-1.IL-1 acand
B have interchangeable receptors that are
present on many types of cells [78]. Similar

to TNF, LPS and other bacterial cell wall
components are strong stimuli for IL-1 pro-
duction [121]. The activity of IL-1 is similar
to that observed with TNF, however IL-1 is
not as cytotoxic [90]. IL-1 actively induces
leukocytes to adhere to endothelial cells and
causes cartilage degradation [19, 90].

Following exposure to LPS, TNF and
IL-1p are released in the first 30-90 min
which in turn activates an inflammatory cas-
cade of mediators that include cytokines,
lipid mediators, acute phase proteins, and
reactive oxygen radicals, in addition to up-
regulating cell adhesion molecules [38].

Production of TNF and IL-1p results in
the production of IL-6 from a broad variety
of cell types including monocytes/macro-
phages, endothelial cells, fibroblasts and
smooth muscle cells [38]. IL-6 induces the
production of acute phase proteins and
reduces albumin and transferrin levels [33].
The release of IL-1 and TNF decreases in
response to IL-6 production and the influx
of inflammatory cells is reduced [2, 110].
An important function of IL-6 includes
directing the differentiation of B lymphocytes
to immunoglobulin-producing plasma cells
which is important in inducing an antigen-
specific humoral immune response [89,
123, 133].

Production of TNF, IL-1 o and B, and
IL-8 have been extensively studied in rela-
tion to respiratory diseases of most species
of domestic animals. In some species, such
as with the canine respiratory tract, baseline
values are currently being established [98].
With the emergence of new technologies,
elucidating the relationship between these
cytokines and inflammation provides infor-
mation on their pathogenesis of disease in
the lungs and assists in developing success-
ful intervention strategies. In cattle, studies
have assessed the role these proinflamma-
tory cytokines, induced by both bacterial and
viral pathogens, play in causing inflammation
following infection. Mannheimia haemo-
Iytica is a common cause of pneumonia in
cattle. Infection with M. haemolyticaresults
in the production of proinflammatory
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cytokines in the lungs followed by an influx
of neutrophils into the lung parenchyma
[135, 136]. This influx of neutrophils is crit-
ical to disease control associated with
M. haemolytica. Reduced numbers of neu-
trophils entering the respiratory tract, such
as observed with concurrent infection with
Bovine Herpes Virus-1 increases disease
severity significantly [83, 136]. M. haemo-
lytica induces the production of the proin-
flammatory cytokines through a number of
mediators including LPS, M. haemolytica
capsular polysaccharide and M. haemoly-
tica leukotoxin, which are released into the
intraalveolar exudates [137—-139]. Infection
with M. haemolytica results in the produc-
tion of IL-1 and TNF in lung tissues [86,
145]. Induction of pneumonia in foals by
Rhodococcus equi containing a plasmid
associated with virulence results in increased
TNF and IL-1pB production compared to a
strain that lacks the plasmid. The results of
this study suggest that proinflammatory
cytokines are important in organism patho-
genicity [56]. In contrast, pigs infected intrat-
racheally with Actinobacillus pleuropneu-
moniae, which also induces an acute
pneumonia, have increased levels of IL-1a.
and [, but do not have increased levels of
TNF [15].

Control of inflammation due to exces-
sive proinflammatory cytokine production
is critical in respiratory disease. Numerous
control strategies have been investigated
including the use of steroidal and non-ster-
oidal anti-inflammatory products with var-
ying success. Treatment of pneumonia and
the resulting inflammation are reviewed by
a number of authors according to species
and the reduction of inflammation through
the use of anti-inflammatory drugs, antibi-
otics or depletion of activated cells are com-
mon methodologies used [9, 18, 44,91, 92,
109, 119].

2.3. Chemokines

Chemokines are important mediators of
inflammation in the respiratory tract. Chem-

okines are small polypeptides that control
adhesion, chemotaxis, and activation of leu-
kocyte populations. While some chemok-
ines are constitutively expressed, others are
either up or downregulated in association
with inflammation. Those chemokines
active in inflammation are typically pro-
duced in response to infection by patho-
genic microbes or environmental stressors.
As aresult of chemokine activation, leuko-
cytes from the various tissue sites migrate
into the affected lung tissues. The type of
leukocyte attracted by the chemokines is
important in defining the type of immune
response that occurs. More than 50 chem-
okines and 15 receptors have been identi-
fied in mice and humans to date, with more
being identified on an ongoing basis [93].
The ability of a cell to respond to a specific
chemokine is based on the receptors on its
surface. Thus, depending on the type of
infection and the specific chemokines pro-
duced, different cells will respond. In addi-
tion to neutrophils and eosinophils, resting
and active lymphocytes of the different sub-
populations express chemokine receptors
on their surface. Chemokines are important
for the trafficking of the various inflamma-
tory cells to the lungs. Important chemok-
ines in acute respiratory inflammation
include CXCLS, also known as interleukin
(IL)-8, and CXCLI, 2 and 3, all which
attract and activate neutrophils [8]. The
CXC chemokines have been studied in
domestic animals [85]. In addition, there is
a great deal of interest in understanding the
activation of CXCLS8 due to its ability to
recruit and activate leukocytes, especially
neutrophils to areas of inflammation [1, 15,
16, 51, 86]. Exposure of porcine alveolar
macrophages to LPS induces rapid and pro-
longed production of this chemokine, how-
ever, low levels of the proinflammatory
cytokine, TNF, are also required [79]. A
number of bacteria have been shown to
induce CXCLS8 production in host species
including Mycoplasma hyopneumoniae,
M. haemolytica, A. pleuropneumoniae, and
swine influenza virus [1, 16, 126, 131, 132].
In addition, LPS is a potent inducer of
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CXCLS8 [63]. Other chemokines such as
CCL2, 3, 4 and 11 have similar functions
with monocytes, macrophages, or eosi-
nophils, but less is known about their role
in respiratory inflammation in domestic
animal species [23]. Research has been
performed to investigate the use of anti-
CXCL-8 antibodies as an intervention strat-
egy to block neutrophilic infiltration into
lung tissues. This study used pigs as a
model, but found that topical anti-CXCL-8
treatment after lung injury increased
CXCL-8 production and decreased lung
function, suggesting that CXCL-8 alone is
not the only chemoattractant for neutrophils
inducing lung damage [7].

2.4. Serum proteins

A number of serum proteins are actively
involved in acute inflammation reactions.
These systems include the complement,
coagulation and kinin systems as well as the
acute-phase proteins. Deposition of immu-
noglobulin immune complexes in the lungs
results in the activation of complement [60].
The complement system consists of approx-
imately 20 serum proteins. Vascular changes
occur due to the indirect effect of the ana-
phylatoxins (C3a, C4a, and C5a). The ana-
phylatoxins cause the separation of vascular
endothelial cells to increase cellular migra-
tion from blood to tissue, induce the degran-
ulation of mast cells and histamine release
resulting in escalation and enhancement of
inflammation through vasodilation and
smooth-muscle contraction. Activation of
complement is important for controlling
pathogens through opsonization and forma-
tion of the membrane attack complex. Com-
plement activation has been shown to be
required for control of bacterial infections
or the respiratory tract such as pneumococ-
cal pneumonia [71].

Activation of the complement system
occurs through the activation of the classic,
alternative or mannose-binding pathways,
each with a different mechanism of initia-
tion. However, activation of complement in

the respiratory system can result in severe
lung injury [41]. In addition to affecting the
vascular system, the anaphylatoxins of the
complement system induce leukocytes to
adhere to vessels, and extravasate through
the vessel wall and migrate to the site of
inflammation/infection [60]. It has been
shown that mice deficient in the C5a recep-
tor have a pronounced reduction in lung
injury following deposition of immune
complexes in the lungs [27]. Damage to the
blood vessels in the region by the chemical
mediators produced by the complement
system activates the coagulation system
resulting in thrombin acting on fibrinogen
to produce fibrin and fibrinopeptides which
form clots to prevent the spread of infection.
Formation of clots in the respiratory system
can be life threatening. Removal of the
formed clots is achieved by the fibrinolytic
system, resulting in the production of plas-
min, which break the fibrin strands [73].
Plasmin also activates the classical comple-
ment pathway. With the continued activa-
tion of complement, the level of inflamma-
tion escalates resulting in further tissue
damage. If this cycle is allowed to continue,
severe respiratory disease develops which
can result in the death of the host. As a
result, control of complement activation
systems is critical for the recovery of the
animal from clinical disease. Because of the
complement systems inherent ability to
cause tissue damage, many control mecha-
nisms are in place. However, while these
control mechanisms are successful much of
the time, occasionally the inflammatory
process and control of the complement cas-
cade is lost and death of the host animal can
occur.

Macrophages within the respiratory sys-
tem are important in metabolizing exoge-
nous arachidonic acid to its inflammatory
metabolites via the lipoxygenase and cycloox-
ygenase pathways resulting in the produc-
tion of prostaglandin, thromboxane, and leu-
kotrienes [20]. Arachidonic acid is derived
from membrane phopholipids from various
cell populations present early in the inflam-
matory process. Depending on the cell type
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affected, the different prostaglandins pro-
ducedresultin diverse physiological effects
including increased vascular permeability
and dilation, and attraction of neutrophils
and can even be beneficial [134]. Arachi-
donic acid is also metabolized by the
lipooxygenase pathway to yield the leuko-
trienes, of which there are four. Three of the
leukotrienes, LTC4, LTD4, and LTEA4,
make up the slow-reacting substances of
anaphylaxis (SRS-A) which induce smooth
muscle contraction [69]. It has been dem-
onstrated that arachidonic acids and pros-
taglandins play arole in lung injury induced
by LPS [4].

One important class of serum proteins
produced in response to tissue damage and
inflammation is the acute-phase proteins.
Production of acute phase proteins is a
dynamic process involving both systemic
and metabolic changes and provide non-
specific protection early following infec-
tion [122]. These proteins are typically pro-
duced in the liver and are present in the
serum. One common protein is the C-reac-
tive protein which binds to the C-polysac-
charide cell-wall component of bacteria and
fungi. The binding of C-reactive protein to
a pathogen results in activation of the com-
plement cascade which increases their uptake
by phagocytic cells. Other acute phase pro-
teins include haptoglobin, and serum amy-
loid A (SAA). Increased levels of a number
of these acute phase proteins have been
associated with respiratory diseases of
domestic animals [39, 66, 68, 113, 143,
144]. Anexcellent review of the application
of the acute phase proteins in veterinary
clinical chemistry is available [99]. The use
of acute phase proteins is more controver-
sial in human medicine, where it has been
demonstrated that measuring C reactive
protein is not sensitive enough to assess res-
piratory health [129]. Induction of acute
phase proteins in APP-induced pneumonia
was confirmed by demonstrating that effec-
tive antibiotic treatment reduces inflamma-
tion and lowers levels of acute phase pro-
teins [94].

3. CHRONIC INFLAMMATION

Chronic inflammation initially follows
the same pathway as an acute inflammatory
response. Chronic inflammation occurs if
the acute inflammatory response is inade-
quate to clear the tissue of invading microbes
or substances. Typically, infections are suc-
cessfully resolved through the elimination
of the causative organism. Examples of
pathogens that induce chronic inflamma-
tion in the respiratory tract include Myco-
plasma hyopneumoniae and porcine repro-
ductive and respiratory syndrome virus
(PRRSV) in pigs, respiratory syncytial
virus (RSV) in cattle and the various myco-
bacterium species in most animals [46, 107,
142]. Allergic responses also tend to induce
chronic inflammation in the respiratory
tract and this will be discussed in a separate
section below. The underlying purpose of
chronic inflammation is to clear necrotic
debris produced during the acute inflamma-
tory process, to provide defense against per-
sistent infections, and to heal and repair the
damage to the lung parenchyma. Destruc-
tion of the normal tissue architecture results
in scarring, which can be problematic in the
respiratory tract due to reduced area for
oxygen exchange.

3.1. Cells of chronic inflammation

The cells of chronic inflammation include
lymphocytes, macrophages and plasma cells
all of which are monocytic cells. Additional
macrophages begin arriving in the lungs
approximately 5—6 h after the inflammatory
process has begun. Upon arrival, the mac-
rophages become activated with increased
phagocytic capabilities and produce a
number of mediators and cytokines that fur-
ther contribute to the inflammatory response.
Monocytes are attracted by many of the
same chemotactic agents that attract neu-
trophils as well as the CCL chemokines
[55]. Chemokines and cytokines are pro-
duced by the mononuclear cells in response
to tissue breakdown products. The mono-
cytes adhere to the endothelial cells via
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selectins and integrins, similar to neu-
trophils and migrate through the vessel
walls. Once monocytes reach the area of
inflammation, they become activated and
begin phagocytizing bacteria and damaged
cells, including neutrophils and fibrin depos-
its and tissues. Collagenases and elastases
are released from the macrophages that
destroy connective tissue [22]. A plasmino-
gen activator is released, resulting in the
production of plasmin and the tissue matrix
relaxes [73]. Simultaneously, macrophages
secrete IL-1 which attracts and activates
fibroblast proliferation and collagen syn-
thesis [146]. The new tissue replaces the
damaged tissue and gradually remodelling
occurs until the tissues in the area of inflam-
mation return to normal.

Typically, inflammation is considered
beneficial to the host and necessary to elim-
inate and prevent the colonization of invad-
ing microbes, to activate the innate and
adaptive immune responses, as well as to
contribute to the healing process. If, how-
ever, the inflammatory process is not con-
trolled or fails to resolve the infection or
clear the noxious stimulus, protracted and
increased local cell injury and trauma
occurs. As the reaction continues, addi-
tional inflammatory cells are attracted and
activated resulting in the release of more
mediators. As this process continues, the
response becomes chronic in nature [106].
The ability of the respiratory tract to return
to normal depends on the cause, duration,
and how successful the inflammatory and
immune responses were in clearing the
lungs of the stimulus. If the inflammation
and resulting immune response are success-
ful in eliminating the pathogen, the inflam-
matory response resolves and the lung tis-
sue returns to normal. However, if the
offending microbe cannot be destroyed or
if the cause of the inflammation is an inap-
propriate response to stimulus, such as with
some allergic types of reactions, the inflam-
matory process persists.

Depending on the initiating cause, gran-
ulation and granulomas may be formed,

while in other cases, fibrosis, bronchial
smooth muscle hypertrophy and bronchoc-
onstriction occur [111]. These changes and
the resulting damage to lung parenchyma
become increasingly important as air exchange
space becomes compromised, emphysema
occurs, fluid and cells accumulate and oxy-
gen exchange is reduced.

3.2. Cytokines associated with chronic
inflammation

The same proinflammatory cytokines
associated with acute inflammatory disease
of the respiratory tract are active in chronic
infections. However, the levels of these
cytokines remain persistent and in excess in
production [45]. A number of respiratory
pathogens induce the long term production
of TNF and IL-1, which results in chronic
pneumonia. Mycoplasma hyopneumoniae,
acommon bacteria thatinfects pigs, induces
significant levels of the proinflammatory
cytokines, IL-1, IL-6 and TNF long term
[12, 13, 125, 126]. Increased levels of these
cytokines may play arole in the potentiation
of pneumonia produced in pigs infected
with both M. hyopneumoniae and PRRSV
[126]. Over time, the release of IL-1 and
TNF decreases in response to IL-6 produc-
tion and the influx of inflammatory cells is
reduced [2, 110]. An important function of
IL-6 is the induction of differentiation of
B lymphocytes to immunoglobulin-pro-
ducing plasma cells which allows the res-
piratory tract to begin clearing the microbes
from the lungs [89].

Resolution of chronic pneumonia will be
successful if the initiating cause is elimi-
nated or resolved. With some organisms,
such as with mycobacterial infections,
inflammation is controlled through the for-
mation of abscesses which isolate the
organism from spreading throughout the
body. However, with the formation of
abscesses, air space can be compromised
resulting in reduced ability for air exchange
and poor production. Additionally, chronic
respiratory tract can reduce production
parameters for food animals resulting in
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economic loss to the producers. This is
especially problematic to the swine industry
where chronic pneumonia due to combined
respiratory pathogens is common [124].
One of the most common causes of chronic
inflammation in the respiratory tract is
allergic reactions.

4. INFLAMMATION IN THE
PORCINE RESPIRATORY
DISEASE COMPLEX

An example of the importance of inflam-
mation in the respiratory tract is observed
in swine production. Respiratory disease
remains a significant problem for swine
producers throughout the world in spite of
intensive disease reduction strategies. Res-
piratory disease associated with multiple
pathogens characterized by slow growth,
decreased feed efficiency, anorexia, fever,
cough and dyspnea has been termed the por-
cine respiratory disease complex (PRDC).
The respiratory disease associated with
PRDC is the result of numerous pathogens.
However, at the [owa State University Vet-
erinary Diagnostic Laboratory, PRRSV
remains the most common pathogen iso-
lated from pigs with clinical disease com-
patible with PRDC. Other common patho-
gens include swine influenza virus (SIV),
Pasteurella multocida, M. hyopneumoniae,
and porcine circovirus type 2 (PCV2).
Other bacteria include Haemophilus para-
suis, Streptococcus suis, and Actinobacil-
lus pleuropneumoniae (APP). Together,
the interaction of these pathogens and the
inflammation they produce result in signif-
icant economic loss to the swine industry
throughout the world [124]. The combina-
tion of pathogens that cause acute inflam-
mation such as swine influenza virus (SIV),
combined with pathogens that persist in the
host makes controlling this complex disease
challenging. Infection with APP in pigs,
causes severe inflammation within the res-
piratory tract and in addition can cause sys-
temic disease due to septicemia [15]. Sim-

ilarly, SIV induces a significant inflammatory
response in the respiratory tract following
infection, which may play arole in the rapid
clearance of the virus from the host [131].
In contrast, infection with PRRSV, while
systemic in nature and capable of inducing
significant interstitial pneumonia, does not
appear to produce significant levels of
proinflammatory types of cytokines and
inflammation [130]. The lack of significant
inflammation associated with PRRSV may
be one reason the virus persists in the host
for long periods of time [131, 142]. These
examples demonstrate that in the swine,
while a certain level of inflammation within
the respiratory tract is necessary to clear the
pathogen from the host, some pathogens
can modulate the system to allow their sur-
vival in the host.

5. ALLERGIC REACTIONS
AS A CAUSE OF INFLAMMATION
IN THE LUNGS

Inappropriate inflammatory responses in
the respiratory tract are often associated
with allergic responses to antigens [36, 37,
50, 52, 81, 96]. In allergic reactions, neu-
trophils, macrophages, lymphocytes, mast
cells and eosinophils can all play important
roles in causing disease [29, 37, 53, 100].
Mast cells containing granules made up of
a mixture of chemical mediators, including
histamine, are located in the mucosal and
submucosal tissues near small blood vessels
and postcapillary venules [29]. In these
locations, they guard against invading path-
ogens. Mast cells are activated by the bind-
ing of surface receptors to IgE or IgG [35].
In order to prevent indiscriminate mast cell
degranulation, the bound IgE must be cross-
linked by multivalent antigens. Upon acti-
vation, the mast cells release their granules
and secrete lipid inflammatory mediators,
such as prostaglandin D, and leukotriene
C4, and cytokines, such as IL-1 and TNF
[32, 40, 67, 75]. Release of these mediators
initiates a local inflammatory response.
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Histamine released by the mast cells
increases blood flow and vascular permea-
bility that leads to fluid and blood protein
accumulation in the alveoli. As a result, the
gas exchange can be severely compromised.
Eosinophils are also actively involved in
allergic responses in the lungs. The activa-
tion and degranulation of eosinophils is
strictly regulated, since inappropriate acti-
vation, as with mast cells is harmful to the
host. Release of IL-4 by T lymphocytes
increases the number of eosinophils released
from the bone marrow into the circulation
[82]. Eotaxin 1 (CCL11), 2 (CCL24) and
3 (CCL26) are chemotactic for eosinophils
[104].

Epithelial cell-produced factors are linked
to the pathogenesis of allergic responses
such as asthma. In addition, factors pro-
duced by epithelial cells under pathological
conditions drive DC in the lungs to produce
a strong, often inappropriate T2 response
[3, 118]. Expression of CCL17 (thymus and
activation-regulated chemokine) and CCL22
(macrophage-derived chemokine) on the
surface of DC appears to selectively attract
Ty2 cells [118]. The interaction between
epithelial cells and DC is important for
inducing and controlling allergy-induced
inflammation in the respiratory tract. Addi-
tional studies are needed to investigate
these responses in multiple species of ani-
mals as well asin vivo. Many of the antigens
involved with allergic reactions are small
proteins that are typically inhaled. On con-
tact with the mucosa of the respiratory tract,
the soluble proteins diffuse into the tissues.
Depending on the host, the reaction that
results can be life threatening. Understand-
ing the impact the environment plays in res-
piratory health and disease of both produc-
tion and companion animals becomes
critical in assessing the roles that inflamma-
tion caused by allergic reactions to micro-
particles and antigens play in respiratory
disease [34, 48, 65].

In an allergic reaction, degranulation of
mast cells and Ty2 activation cause eosi-
nophils and neutrophils and other leuko-

cytes to accumulate and become activated
leading to severe inflammation of the air-
ways. Chronic inflammation of the airways
is often characterized by the continued pres-
ence of increased numbers of T2 type lym-
phocytes, eosinophils, neutrophils, and other
leukocytes [40]. The respiratory tract has a
predominantly Ty2-type of microenviron-
ment to reduce inflammation and maintain
homeostasis; however, the relationship
between Tyl- and Ty2-types of responses
is not well characterized and is not a static
condition [95]. The increased numbers of
leukocytes and inflammatory cells, includ-
ing fibroblasts result in remodelling and
narrowing of the airways and increased
mucin production. The action of other
Ty2-type cytokines including IL-9; result
in mucus production by goblet cells [67].
Many of the changes in the lung paren-
chyma are due to the involvement of eosi-
nophils. Chronic inflammation due to these
types of immune responses occurs in cats in
the form of feline bronchopulmonary dis-
ease, horses with heaves and cattle with
hypersensitivity pneumonitis [50]. These
disorders are all characterized by alveolitis,
vasculitis and fluid exudates in the alveolar
spaces. The alveolar septa become thick-
ened and the lesions are infiltrated with
inflammatory cells, most of which are eosi-
nophils and lymphocytes. With long term
exposure to hay dust, horses may develop
chronic obstructive pulmonary disease
(COPD) [43]. In addition to hay dust, fungal
extracts often appear to be involved in the
development of this chronic respiratory dis-
ease. Affected animals have large numbers
of neutrophils, eosinophils and lymphocytes
in the small bronchioles. The cytokines, IL-4
and IL-13, are required for differentiation
into T2 lymphocytes and for isotype switch-
ing by B cells to IgE antibody production
[40]. Proliferation of granulocyte progni-
tors, primarily eosinophils in the bone mar-
row are promoted by the Ty2 cytokine,
IL-5. Interestingly, despite years of previ-
ous antigenic stimulation, there was no
polarization of lymphocytes to a T2-type
of response in horses with COPD during
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clinical remission [40]. Typically, neu-
trophils are recruited to the lungs of horses
with COPD and further add to the inflam-
matory process [24, 57, 128]. There is evi-
dence that T2 cytokines are involved in
the modulation of the inflammation from a
neutrophilic to an eosinophil-induced type
of inflammation [24, 57]. Functional 1L-4
receptors are present on human neutrophils
and their activation leads to protein synthe-
sis and inhibition of apoptosis [58]. In addi-
tion, IL-4 stimulates neutrophil phagocytic
activities and bactericidal capabilities [24].
Interestingly, although the respiratory reac-
tion of COPD horses is triggered by dustand
the environment, eosinophils are not always
predominant in the respiratory tract, but
often a neutrophilia is present. As a result,
this type of reaction differs from the allergic
reactions and asthma associated with humans.
Little is known about the inducers of aller-
gic reactions in the respiratory tract of
domestic animals, including predisposing
factors and even disease manifestations.

6. REGULATION OF
INFLAMMATION IN THE LUNGS

Because inflammation can quickly become
life threatening in the lungs, protective
measures are in place for protection and
control. In addition to inducing inflamma-
tion, cytokines produced by lymphocytes
play an active role in the respiratory tract by
downregulating the production of the inflam-
matory cytokines and immune response.
Cytokines such as IL-10 and TGF-§} are
important in modulating the inflammatory
and immune responses in the lung [54, 102,
114, 115]. As a result, while inflammation
is induced to activate the immune system
and control pathogens, modulation occurs
through the induction of other cytokines.
Research has demonstrated that the respi-
ratory tract maintains an environment that
tends to decrease inflammation [105]. The
production of a wide range of inflammatory
cytokines from monocytes and pulmonary

macrophages are inhibited by IL-10 [80].
Deficiencies in IL-10 in the respiratory tract
are associated with increased tissue injury
and inflammation [105]. The importance of
cytokines such as IL-10 is demonstrated by
the factthat IL-101levels are decreased in the
bronchoalveolar lavage fluid of patients
with asthma and acute respiratory distress
syndrome [25, 26, 59]. The regulation of
proinflammatory cytokine production by
macrophages in the lungs is under investi-
gation and research has shown that there are
differences in cytokine production and reg-
ulation between monocytes and macro-
phages [90]. These differences are demon-
strated by IL-4 suppressing IL-1-B and TNF
production in LPS stimulated monocytes,
but not in LPS stimulated pulmonary alve-
olar macrophages [42]. Thus, the cytokines
produced by phagocytic cells are influenced
by their phenotype, the initiating stimulant,
location, and possibly animal species.

7. CONCLUSIONS

In summary, inflammation in the respi-
ratory tract plays a significantrole in the dis-
eases of domestic production and compan-
ion animals. Inflammation can be acute or
chronic depending on the initiating factor
and the response induced by the host. A
number of proteins and cascades have the
potential to be activated depending on the
cause of the inflammation, the ability of the
host torespond and the type of response that
occurs. Understanding the pathogenesis of
the initial insult provides valuable informa-
tion on the type of response that will occur,
whether it is a chronic inflammatory
response and pneumonia due to a pathogen
such as Mycobacterium sp., or an allergic
response as observed with equine COPD
and heaves. Other initiating factors such
as gram negative bacteria and viral infec-
tions, alone or combined, can result in
acute inflammation of varying severities.
Due to the importance of maintaining pul-
monary homeostasis, regulating cytokines
and immune responses are critical. Much of
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these processes are currently being eluci-
dated, however, it appears that cytokines
such as IL-10 and TGF-B, with anti-inflam-
matory capabilities are critical in control-
ling inflammation in the respiratory tract.
More information is needed on the various
inflammatory processes of the respiratory
system of domestic animals due to the
importance of respiratory disease in veter-
inary medicine.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

Ackermann M.R., Brogden K.A., Response
of the ruminant respiratory tract to Mannhe-
imia (Pasteurella) haemolytica, Microbes
Infect. 2 (2000) 1079-1088.

Aderka D., Le J.M., Vilcek J., IL-6 inhibits
lipopolysaccharide-induced tumor necrosis
factor production in cultured human mono-
cytes, U937 cells, and in mice, J. Immunol.
143 (1989) 3517-3523.

Akbari O., Umetsu D.T., Role of regulatory
dendritic cells in allergy and asthma, Curr.
Allergy Asthma Rep. 5 (2005) 56-61.

Alba-Loureiro T.C., Martins E.F., Miyasaka
C.K., Lopes L.R., Landgraf R.G., Jancar S.,
Curi R., Sannomiya P., Evidence that arachi-
donic acid derived from neutrophils and pros-
taglandin E2 are associated with the induc-
tion of acute lung inflammation by
lipopolysaccharide of Escherichia coli,
Inflamm. Res. 53 (2004) 658-663.

Alon R., Chen S., Puri K.D., Finger E.B.,
Springer T.A., The kinetics of L-selectin
tethers and the mechanics of selectin-medi-
ated rolling, J. Cell Biol. 138 (1997) 1169-
1180.

Ames T.R., Dairy calf pneumonia, the dis-
ease and its impact, Vet. Clin. North Am.
Food Anim. Pract. 13 (1997) 379-391.

Ankermann T., Wiemann T., Reisner A.,
Orlowska-Volk M., Kohler H., Krause M.F.,
Topical interleukin-8 antibody attracts leu-
kocytes in a piglet lavage model, Intensive
Care Med. 31 (2005) 272-280.

Aoki K., Ishida Y., Kikuta N., Kawai H.,
Kuroiwa M., Sato H., Role of CXC chemok-
ines in the enhancement of LPS-induced neu-
trophil accumulation in the lung of mice by
dexamethasone, Biochem. Biophys. Res.
Commun. 294 (2002) 1101-1108.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Apley M.D., Fajt V.R., Feedlot therapeutics,
Vet. Clin. North Am. Food Anim. Pract. 14
(1998) 291-313.

Arfors K.E., Lundberg C., Lindbom L.,
Lundberg K., Beatty P.G., Harlan J.M., A
monoclonal antibody to the membrane glyco-
protein complex CD18 inhibits polymorpho-
nuclear leukocyte accumulation and plasma
leakage in vivo, Blood 69 (1987) 338-340.

ArndtP.G., Young S.K., Worthen G.S., Reg-
ulation of lipopolysaccharide-induced lung
inflammation by plasminogen activator
inhibitor-1 through a JNK-Mediated path-
way, J. Immunol. 175 (2005) 4049-4059.

Asai T., Okada M., Ono M., Irisawa T., Mori
Y., Yokomizo Y., Sato S., Increased levels of
tumor necrosis factor and interleukin 1 in
bronchoalveolar lavage fluids from pigs
infected with Mycoplasma hyopneumoniae,
Vet. Immunol. Immunopathol. 38 (1993)
253-260.

Asai T., Okada M., Ono M., Mori Y.,
Yokomizo Y., Sato S., Detection of inter-
leukin-6 and prostaglandin E2 in bronchoal-
veolar lavage fluids of pigs experimentally
infected with Mycoplasma hyopneumoniae,
Vet. Immunol. Immunopathol. 44 (1994) 97—
102.

Baarsch M.J., Wannemuehler M.J., Molitor
T.W., Murtaugh M.P., Detection of tumor
necrosis factor alpha from porcine alveolar
macrophages using an 1929 fibroblast bio-
assay, J. Immunol. Methods 140 (1991) 15-22.

Baarsch M.J., Scamurra R.W., Burger K.,
Foss D.L., Maheswaran S.K., Murtaugh
M.P., Inflammatory cytokine expression in
swine experimentally infected with Actino-
bacillus pleuropneumoniae, Infect. Immun.
63 (1995) 3587-3594.

Baarsch M.J., Foss D.L., Murtaugh M.P.,
Pathophysiologic correlates of acute porcine
pleuropneumonia, Am. J. Vet. Res. 61 (2000)
684-690.

Bart M., Guscetti F., Zurbriggen A., Pospis-
chil A., Schiller L., Feline infectious pneumo-
nia: a short literature review and a retrospec-
tive immunohistological study on the
involvement of Chlamydia spp. and distem-
per virus, Vet. J. 159 (2000) 220-230.

Bednarek D., Szuster-Ciesielska A., Zdzisinska
B., Kondracki M., Paduch R., Kandefer-
Szerszen M., The effect of steroidal and non-
steroidal anti-inflammatory drugs on the cel-
lular immunity of calves with experimen-
tally-induced local lung inflammation, Vet.
Immunol. Immunopathol. 71 (1999) 1-15.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Lung inflammatory responses

Benton H.P., Tyler J.A., Inhibition of carti-
lage proteoglycan synthesis by interleukin I,
Biochem. Biophys. Res. Commun. 154
(1988) 421-428.

Bertram T.A., Overby L.H., Brody A.R.,
Eling T.E., Comparison of arachidonic acid
metabolism by pulmonary intravascular and
alveolar macrophages exposed to particulate
and soluble stimuli, Lab. Invest. 61 (1989)
457-466.

Bhatia M., Moochhala S., Role of inflamma-
tory mediators in the pathophysiology of
acute respiratory distress syndrome, J.
Pathol. 202 (2004) 145-156.

Bienkowski R.S., Gotkin M.G., Control of
collagen deposition in mammalian lung,
Proc. Soc. Exp. Biol. Med. 209 (1995) 118—
140.

Bisset L.R., Schmid-Grendelmeier P.,
Chemokines and their receptors in the patho-
genesis of allergic asthma: progress and per-
spective, Curr. Opin. Pulm. Med. 11 (2005)
35-42.

Bober L.A., Waters T.A., Pugliese-Sivo
C.C.,SullivanL.M., Narula S.K., Grace M.J.,
IL-4 induces neutrophilic maturation of HL-
60 cells and activation of human peripheral
blood neutrophils, Clin. Exp. Immunol. 99
(1995) 129-136.

Bonfield T.L., Panuska J.R., Konstan M.W .,
Hilliard K.A., Hilliard J.B., Ghnaim H.,
Berger M., Inflammatory cytokines in cystic
fibrosis lungs, Am. J. Respir. Crit. Care Med.
152 (1995) 2111-2118.

Borish L., Aarons A., Rumbyrt J., Cvietusa
P., Negri J., Wenzel S., Interleukin-10 regu-
lation in normal subjects and patients with
asthma, J. Allergy Clin. Immunol. 97 (1996)
1288-1296.

Bozic C.R., Lu B., Hopken U.E., Gerard C.,
Gerard N.P., Neurogenic amplification of
immune complex inflammation, Science 273
(1996) 1722-1725.

Brigham K.L., Meyrick B., Endotoxin and
lung injury, Am. Rev. Respir. Dis. 133 (1986)
913-927.

Brightling C.E., Bradding P., The re-emer-
gence of the mast cell as a pivotal cell in
asthma pathogenesis, Curr. Allergy Asthma
Rep. 5 (2005) 130-135.

Burns A.R., Simon S.I., Kukielka G.L.,
Rowen J.L., Lu H., Mendoza L.H., Brown
E.S., Entman M.L., Smith C.W., Chemotac-
tic factors stimulate CD18-dependent canine
neutrophil adherence and motility on lung

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

481

fibroblasts, J. Immunol. 156 (1996) 3389—
3401.

Calvert C.A., Rawlings C.A., Pulmonary
manifestations of heartworm disease, Vet.
Clin. North Am. Small Anim. Pract. 15
(1985) 991-1009.

Careau E., Sirois J., Bissonnette E.Y., Char-
acterization of lung hyperresponsiveness,
inflammation, and alveolar macrophage
mediator production in allergy resistant and
susceptible rats, Am. J. Respir. Cell Mol.
Biol. 26 (2002) 579-586.

Castell J.V., Gomez-Lechon M.J., David M.,
Andus T., Geiger T., Trullenque R., FabraR.,
Heinrich P.C., Interleukin-6 is the major reg-
ulator of acute phase protein synthesis in
adult human hepatocytes, FEBS Lett. 242
(1989) 237-239.

Charavaryamath C., Janardhan K.S., Townsend
H.G., Willson P., Singh B., Multiple expo-
sures to swine barn air induce lung inflam-
mation and airway hyperresponsiveness,
Respir. Res. 6 (2005) 50.

Chi D.S., Fitzgerald S.M., Krishnaswamy G.,
Mast cell histamine and cytokine assays,
Methods Mol. Biol. 315 (2005) 203-216.

Chung K.F., Becker A.B., Lazarus S.C.,
Frick O.L., Nadel J.A., Gold W.M., Antigen-
induced airway hyperresponsiveness and
pulmonary inflammation in allergic dogs, J.
Appl. Physiol. 58 (1985) 1347-1353.

Clercx C., Peeters D., Snaps F., Hansen P.,
McEntee K., Detilleux J., Henroteaux M.,
Day M.J., Eosinophilic bronchopneumopa-
thy in dogs, J. Vet. Intern. Med. 14 (2000)
282-291.

Cohen J., The immunopathogenesis of sep-
sis, Nature 420 (2002) 885-891.

Cohen N.D., Chaffin M.K., Vandenplas
M.L., Edwards R.F., Nevill M., Moore J.N.,
Martens R.J., Study of serum amyloid A con-
centrations as a means of achieving early
diagnosis of Rhodococcus equi pneumonia,
Equine Vet. J. 37 (2005) 212-216.

Cordeau M.E., Joubert P., Dewachi O.,
Hamid Q., Lavoie J.P., IL-4, IL-5 and IFN-
gamma mRNA expression in pulmonary
lymphocytes in equine heaves, Vet. Immu-
nol. Immunopathol. 97 (2004) 87-96.

Czermak B.J., Lentsch A.B., Bless N.M.,
Schmal H., Friedl H.P., Ward P.A., Role of
complement in in vitro and in vivo lung
inflammatory reactions, J. Leukoc. Biol. 64
(1998) 40-48.

De Waal Malefyt R., Abrams J., Bennett B.,
Figdor C.G., de Vries J.E., Interleukin 10



482

(44]

[45]

[46]

[47]

[50]

[51]

(52]

(53]

[54]

E.L. Thacker

(IL-10) inhibits cytokine synthesis by human
monocytes: an autoregulatory role of IL-10
produced by monocytes, J. Exp. Med. 174
(1991) 1209-1220.

Derksen F.J., Slocombe R.F., Brown C.M.,
Rook J., Robinson N.E., Chronic restrictive
pulmonary disease in a horse, J. Am. Vet.
Med. Assoc. 180 (1982) 887-889.

Dinarello C.A., Anti-cytokine therapeutics
and infections, Vaccine 21 (2003) S24-S34.

Dinarello C.A., Cannon J.G., Wolff S.M.,
Bernheim H.A., Beutler B., Cerami A., Figari
1.S., Palladino M.A., O'Connor J.V., Tumor
necrosis factor (cachetin) is an endogenous
pyrogen and induces production of inter-
leukin 1, J. Exp. Med. 163 (1986) 1433—
1450.

Domachowske J.B., Bonville C.A., Rosenberg
H.F., Animal models for studying respiratory
syncytial virus infection and its long term
effects on lung function, Pediatr. Infect. Dis.
J. 23 (2004) S228-S234.

Donaldson K., Mills N., Macnee W., Robinson
S., Newby D., Role of inflammation in car-
diopulmonary health effects of PM, Toxicol.
Appl. Pharmacol. 207 (2005) 483-438.

Done S.H., Environmental factors affecting
the severity of pneumonia in pigs, Vet. Rec.
128 (1991) 582-586.

Downey G.P., Worthen G.S., Henson P.M.,
Hyde D.M., Neutrophil sequestration and
migration in localized pulmonary inflamma-
tion. Capillary localization and migration
across the interalveolar septum, Am. Rev.
Respir. Dis. 147 (1993) 168-176.

Dye J.A., Feline bronchopulmonary disease,
Vet. Clin. North Am. Small Anim. Pract. 22
(1992) 1187-1201.

Elder A., Johnston C., Gelein R., Finkelstein
J., Wang Z., Notter R., Oberdorster G., Lung
inflammation induced by endotoxin is
enhanced in rats depleted of alveolar macro-
phages with aerosolized clodronate, Exp.
Lung Res. 31 (2005) 527-546.

Epstein M.M., Do mouse models of allergic
asthma mimic clinical disease? Int. Arch.
Allergy Immunol. 133 (2004) 84-100.

Fairbairn S.M., Page C.P., Lees P., Cunning-
ham F.M., Early neutrophil but not eosi-
nophil or platelet recruitment to the lungs of
allergic horses following antigen exposure,
Clin. Exp. Allergy 23 (1993) 821-828.

Fiorentino D.F., Zlotnik A., Vieira P.,
Mosmann T.R., Howard M., Moore K.W.,
O’Garra A., IL-10 acts on the antigen-pre-
senting cell to inhibit cytokine production by

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Thl cells, J. Immunol. 146 (1991) 3444—
3451.

Gangur V., Birmingham N.P., Thanesvo-
rakul S., Chemokines in health and disease,
Vet. Immunol. Immunopathol. 86 (2002)
127-136.

Giguere S., Wilkie B.N., Prescott J.F., Mod-
ulation of cytokine response of pneumonic
foals by virulent Rhodococcus equi, Infect.
Immun. 67 (1999) 5041-5047.

Gilleece M.H., Scarffe J.H., Ghosh A.,
Heyworth C.M., Bonnem E., Testa N., Stern
P., Dexter T.M., Recombinant human inter-
leukin 4 (IL-4) given as daily subcutaneous
injections — a phase I dose toxicity trial, Br.
J. Cancer 66 (1992) 204-210.

Girard D., Paquin R., Beaulieu A.D.,
Responsiveness of human neutrophils to
interleukin-4: induction of cytoskeletal rear-
rangements, de novo protein synthesis and
delay of apoptosis, Biochem. J. 325 (1997)
147-153.

Gudmundsson G., Bosch A., Davidson B.L.,
Berg D.J., Hunninghake G.W., Interleukin-
10 modulates the severity of hypersensitivity
pneumonitis in mice, Am. J. Respir. Cell
Mol. Biol. 19 (1998) 812-818.

Guo R.F., Ward P.A., Mediators and regula-
tion of neutrophil accumulation in inflamma-
tory responses in lung: insights from the IgG
immune complex model, Free Radic. Biol.
Med. 33 (2002) 303-310.

Halloy D.J., Kirschvink N.A., Mainil J.,
Gustin P.G., Synergistic action of E. coli
endotoxin and Pasteurella multocida type A
for the induction of bronchopneumonia in
pigs, Vet. J. 169 (2005) 417-426.

Happel K.I., Bagby G.J., Nelson S., Host
defense and bacterial pneumonia, Semin.
Respir. Crit. Care Med. 25 (2004) 43-52.

Harada A., Sekido N., Akahoshi T., Wada T.,
Mukaida N., Matsushima K., Essential
involvement of interleukin-8 (IL-8) in acute
inflammation, J. Leukoc. Biol. 56 (1994)
559-564.

Harmon B.G., Avian heterophils in inflam-
mation and disease resistance, Poult. Sci. 77
(1998) 972-977.

Hillman P., Gebremedhin K., Warner R.,
Ventilation system to minimize airborne bac-
teria, dust, humidity, and ammonia in calf
nurseries, J. Dairy Sci. 75 (1992) 1305-1312.

Hulten C., Johansson E., Fossum C.,
Wallgren P., Interleukin 6, serum amyloid A
and haptoglobin as markers of treatment effi-
cacy in pigs experimentally infected with



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Lung inflammatory responses

Actinobacillus  pleuropneumoniae, Vet.

Microbiol. 95 (2003) 75-89.

Hultner L., Kolsch S., Stassen M., Kaspers
U., Kremer J.P., Mailhammer R., Moeller J.,
Broszeit H., Schmitt E., In activated mast
cells, IL-1 up-regulates the production of
several Th2-related cytokines including
IL-9, J. Immunol. 164 (2000) 5556-5563.

Humblet M.F., Coghe J., Lekeux P., Godeau
J.M., Acute phase proteins assessment for an
early selection of treatments in growing
calves suffering from bronchopneumonia
under field conditions, Res. Vet. Sci. 77
(2004) 41-47.

Ishii H., Hayashi S., Hogg J.C., Fujii T., Goto
Y., Sakamoto N., Mukae H., Vincent R., van
Eeden S.F., Alveolar macrophage-epithelial
cell interaction following exposure to atmos-
pheric particles induces the release of medi-
ators involved in monocyte mobilization and
recruitment, Respir. Res. 6 (2005) 87.

Jansson A.H., Eriksson C., Wang X., Lung
inflammatory responses and hyperinflation
induced by an intratracheal exposure to
lipopolysaccharide in rats, Lung 182 (2004)
163-171.

Kerr A.R., Paterson G.K., Riboldi-Tunni-
cliffe A., Mitchell T.J., Innate immune
defense against pneumococcal pneumonia
requires pulmonary complement component
C3, Infect. Immun. 73 (2005) 4245-4252.

Korhonen R., Lahti A., Kankaanranta H.,
Moilanen E., Nitric oxide production and sig-
nalling in inflammation, Curr. Drug Targets
Inflamm. Allergy 4 (2005) 471-479.

Kucharewicz I., Kowal K., Buczko W.,
Bodzenta-Lukaszyk A., The plasmin system
in airway remodelling, Thromb. Res. 112
(2003) 1-7.

Kyd JM., Foxwell A.R., Cripps A.W.,
Mucosal immunity in the lung and upper air-
way, Vaccine 19 (2001) 2527-2533.

Lappalainen U., Whitsett J.A., Wert S.E.,
Tichelaar J.W., Bry K., Interleukin-1beta
causes pulmonary inflammation, emphy-
sema, and airway remodelling in the adult
murine lung, Am. J. Respir. Cell. Mol. Biol.
32 (2005) 311-318.

Larsen L.E., Bovine respiratory syncytial
virus (BRSV): areview, Acta Vet. Scand. 41
(2000) 1-24.

Lazarus S.C., Role of inflammation and
inflammatory mediators in airways disease,
Am. J. Med. 81 (1986) 2-7.

Lederer J.A., Czuprynski C.J., Production
and Purification of bovine monocyte-derived

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

483

Interleukin 1, Vet. Immunol. Immunopathol.
23 (1989) 201-211.

Lin G., Pearson A.E., Scamurra R.W., Zhou
Y., Baarsch M.J., Weiss D.J., Murtaugh
M.P., Regulation of interleukin-8 expression
in porcine alveolar macrophages by bacterial
lipopolysaccharide, J. Biol. Chem. 269
(1994) 77-85.

Lo C.J., Fu M., Cryer H.G., Interleukin 10
inhibits alveolar macrophage production of
inflammatory mediators involved in adult
respiratory distress syndrome, J. Surg. Res.
79 (1998) 179-184.

Lowell F.C., Observations on heaves. An
asthma-like syndrome in the horse. 1964,
Allergy Proc. 11 (1990) 149-150; discussion
147-148.

Luccioli S., Brody D.T., Hasan S., Keane-
Myers A., Prussin C., Metcalfe D.D., IgE(+),
Kit(-), I-A/I-E(-) myeloid cells are the initial
source of Il-4 after antigen challenge in a
mouse model of allergic pulmonary inflam-
mation, J. Allergy Clin. Immunol. 110 (2002)
117-124.

McGuire R.L., Babiuk L.A., Evidence for
defective neutrophil function in lungs of
calves exposed to infectious bovine rhinotra-
cheitis virus, Vet. Immunol. Immunopathol.
5(1984) 259-271.

Mejias A., Chavez-Bueno S., Ramilo O.,
Respiratory syncytial virus pneumonia:
mechanisms of inflammation and prolonged
airway hyperresponsiveness, Curr. Opin.
Infect. Dis. 18 (2005) 199-204.

Modi W.S., Yoshimura T., Isolation of novel
GRO genes and a phylogenetic analysis of
the CXC chemokine subfamily in mammals,
Mol. Biol. Evol. 16 (1999) 180-193.

Morsey M.A., Van-Kessel A.G., Mori Y.,
Popowych Y., Godson D., Campos M.,
Babiuk L.A., Cytokine profiles following
interaction between bovine alveolar macro-
phages and Pasteurella  haemolytica,
Microb. Pathog. 26 (1999) 325-331.

Mosier D.A., Bacterial pneumonia, Vet.
Clin. North Am. Food Anim. Pract. 13 (1997)
483-493.

Mulligan M.S., Varani J., Dame M.K., Lane
C.L., Smith C.W., Anderson D.C., Ward
P.A., Role of endothelial-leukocyte adhesion
molecule 1 (ELAM-1) in neutrophil-medi-
ated lung injury in rats, J. Clin. Invest. 88
(1991) 1396-1406.

Muraguchi A., Hirano T., Tang B., Matsuda
T.,Horii Y., Nakajima K., Kishimoto T., The
essential role of B cell stimulatory factor 2



484 E.L. Thacker

(BSE-2/IL-6) for the terminal differentiation
of B cells, J. Exp. Med. 167 (1988) 332-344.

[90] Murtaugh M.P., Baarsch M.J., Zhou Y.,
Scamurra R.W., Lin G., Inflammatory
cytokines in animal health and disease, Vet.
Immunol. Immunopathol. 54 (1996) 45-55.

[91] Myers M.J., Baarsch M.J., Murtaugh M.P.,
Effects of pentoxifylline on inflammatory
cytokine expression and acute pleuropneu-
monia in swine, Immunobiology 205 (2002)
17-34.

[92] Myers M.J., Farrell D.E., Snider T.G. 3rd,
Post L.O., Inflammatory cytokines, pleurop-
neumonia infection and the effect of dexam-
ethasone, Pathobiology 71 (2004) 35—42.

[93] Nelson P.J., Krensky A.M., Chemokines,
lymphocytes and viruses: what goes around,
comes around, Curr. Opin. Immunol. 10
(1998) 265-270.

[94] Nerland E.M., LeBlanc J.M., Fedwick J.P.,
Morck D.W., Merrill J.K., Dick P., Paradis
M.A., Buret A.G., Effects of oral administra-
tion of tilmicosin on pulmonary inflamma-
tion in piglets experimentally infected with
Actinobacillus pleuropneumoniae, Am. J.
Vet. Res. 66 (2005) 100-107.

[95] Ngoc P.L., Gold D.R., Tzianabos A.O.,
Weiss S.T., Celedon J.C., Cytokines, allergy,
and asthma, Curr. Opin. Allergy Clin. Immu-
nol. 5 (2005) 161-166.

[96] Padrid P., Feline asthma. Diagnosis and treat-
ment, Vet. Clin. North Am. Small Anim.
Pract. 30 (2000) 1279-1293.

[97] Parbhakar O.P., Duke T., Townsend H.G.,
Singh B., Depletion of pulmonary intravas-
cular macrophages partially inhibits lipopol-
ysaccharide-induced lung inflammation in
horses, Vet. Res. 36 (2005) 557-569.

[98] Peeters D., Peters I.R., Farnir F., Clercx C.,
Day M.J., Real-time RT-PCR quantification
of mRNA encoding cytokines and chemok-
ines in histologically normal canine nasal,
bronchial and pulmonary tissue, Vet. Immu-
nol. Immunopathol. 104 (2005) 195-204.

[99] Petersen H.H., Nielsen J.P., Heegaard P.M.,
Application of acute phase protein measure-
ments in veterinary clinical chemistry, Vet.
Res. 35 (2004) 163-187.

[100] Peters-Golden M., The alveolar macrophage:
the forgotten cell in asthma, Am. J. Respir.
Cell Mol. Biol. 31 (2004) 3-7.

[101] Phillippo M., Arthur J.R., Price J., Halliday
G.J., The effects of selenium, housing and
management on the incidence of pneumonia
in housed calves, Vet. Rec. 121 (1987) 509-
512.

[102] Pittet J.F., Griffiths M.J., Geiser T.,
Kaminski N., Dalton S.L., Huang X., Brown
L.A., Gotwals P.J., Koteliansky V.E.,
Matthay M.A., Sheppard D., TGF-beta is a
critical mediator of acute lung injury, J. Clin.
Invest. 107 (2001) 1537-1544.

[103] Powell D.G., Equine infectious respiratory
disease, Vet. Rec. 96 (1975) 30-34.

[104] Ravensberg A.J., Ricciardolo F.L., van
Schadewijk A., Rabe K.F., Sterk P.J., Hiem-
stra P.S., Mauad T., Eotaxin-2 and eotaxin-3
expression is associated with persistent eosi-
nophilic bronchial inflammation in patients
with asthma after allergen challenge, J.
Allergy Clin. Immunol. 115 (2005) 779-785.

[105] Raychaudhuri B., Fisher C.J., Farver C.F.,
Malur A., Drazba J., Kavuru M.S., Thomas-
sen ML.J., Interleukin 10 (IL-10)-mediated
inhibition of inflammatory cytokine produc-
tion by human alveolar macrophages,
Cytokine 12 (2000) 1348-1355.

[106]Reid L.M., The pathology of pulmonary
inflammation, in: Bray M.A., Anderson
W.H. (Eds.), Mediators of Pulmonary
Inflammation, Marcel Dekker, New York,
1991, pp. 1-33.

[107] Ross R., Mycoplasmal diseases, in: Leman
A.D., Straw B., Mengeling W.L. (Eds.), Dis-
eases of Swine, lowa State University Press,
Ames, IA, 1992, pp. 537-551.

[108] Roudebush P., Mycotic pneumonias, Vet.
Clin. North Am. Small Anim. Pract. 15
(1985) 949-969.

[109] Rozanski E.A., Rondeau M.P., Respiratory
pharmacotherapy in emergency and critical
care medicine, Vet. Clin. North Am. Small
Anim. Pract. 32 (2002) 1073-1086.

[110] Schindler R., Mancilla J., Endres S.,
Ghorbani R., Clark S.C., Dinarello C.A.,
Correlations and interactions in the produc-
tion of interleukin-6 (IL-6), IL-1, and tumor
necrosis factor (TNF) in human blood mono-
nuclear cells: IL-6 suppresses IL-1 and TNF,
Blood 75 (1990) 40-47.

[111] Schluger N.W., The pathogenesis of tubercu-
losis: the first one hundred (and twenty-three)
years, Am. J. Respir. Cell Mol. Biol. 32
(2005) 251-256.

[112] Segal A.W., How neutrophils kill microbes,
Annu. Rev. Immunol. 23 (2005) 197-223.

[113] Segales J., Pineiro C., Lampreave F., Nofrarias
M., Mateu E., Calsamiglia M., Andres M.,
Morales J., Pineiro M., Domingo M., Hap-
toglobin and pig-major acute protein are
increased in pigs with postweaning multisys-
temic wasting syndrome (PMWS), Vet. Res.
35 (2004) 275-282.



Lung inflammatory responses 485

[114] Sher A., Fiorentino D., Caspar P., Pearce E.,
Mosmann T., Production of IL-10 by CD4+
T lymphocytes correlates with down-regula-
tion of Thl cytokine synthesis in helminth
infection, J. Immunol. 147 (1991) 2713-
2716.

[115] Shull M.M., Ormsby I, Kier A.B.,
Pawlowski S., Diebold R.J., Yin M., Allen
R., Sidman C., Proetzel G., Calvin D, et al.,
Targeted disruption of the mouse transform-
ing growth factor-beta 1 gene results in multi-
focal inflammatory disease, Nature 359
(1992) 693-699.

[116] Simms H.H., D'Amico R., Regulation of
intracellular polymorphonuclear leukocyte
Fc receptors by lipopolysaccharide, Cell.
Immunol. 157 (1994) 525-541.

[117] Soethout E.C., Muller K.E., Rutten V.P.,
Neutrophil migration in the lung, general and
bovine-specific aspects, Vet. Immunol.
Immunopathol. 87 (2002) 277-285.

[118] Soumelis V., Reche P.A., Kanzler H., Yuan
W., Edward G., Homey B., Gilliet M., Ho S.,
Antonenko S., Lauerma A., Smith K.,
Gorman D., Zurawski S., Abrams J., Menon
S., McClanahan T., de Waal-Malefyt Rd R.,
Bazan F., Kastelein R.A., Liu Y.J., Human
epithelial cells trigger dendritic cell mediated
allergic inflammation by producing TSLP,
Nat. Immunol. 3 (2002) 673—-680.

[119] Stone M.S., Pook H., Lung infections and
infestations. Therapeutic considerations,
Probl. Vet. Med. 4 (1992) 279-290.

[120] Straw B.E., Performance measured in pigs
with pneumonia and housed in different envi-
ronments, J. Am. Vet. Med. Assoc. 198
(1991) 627-630.

[121] Stylianou E., SaklatvalaJ., Interleukin-1, Int.
J. Biochem. Cell Biol. 30 (1998) 1075-1079.

[122] Suffredini A.F., Fantuzzi G., Badolato R.,
Oppenheim J.J., O’ Grady N.P., New insights
into the biology of the acute phase response,
J. Clin. Immunol. 19 (1999) 203-214.

[123] Takatsuki F., Okano A., Suzuki C., Chieda
R., Takahara Y., Hirano T., Kishimoto T.,
Hamuro J., Akiyama Y., Human recom-
binant IL-6/B cell stimulatory factor 2 aug-
ments murine antigen-specific antibody
responses in vitro and in vivo, J. Immunol.
141 (1988) 3072-3077.

[124] Thacker E.L., Immunology of the porcine
respiratory disease complex, Vet. Clin. North
Am. Food Anim. Pract. 17 (2001) 551-565.

[125] Thacker E.L., Thacker B.J., Kuhn M.,
Hawkins P.A., Waters W.R., Mucosal and
systemic characteristics of protective activity

of a Mycoplasma hyopneumoniae bacterin,
Am. J. Vet. Res. 61 (2000) 1384-1389.

[126] Thanawongnuwech R., Thacker B., Halbur
P., Thacker E.L., Increased production of
proinflammatory cytokines following infec-
tion with porcine reproductive and respira-
tory syndrome virus and Mycoplasma hyo-
pneumoniae, Clin. Diagn. Lab. Immunol. 11
(2004) 901-908.

[127] Tracey K.J., Beutler B., Lowry S.F.,
Merryweather J., Wolpe S., Milsark IL.W.,
Hariri R.J., Fahey T.J.1., Zentella A., Albert
J.D., Shires G.T., Cerami A., Shock and tis-
sue injury induced by recombinant human
cachectin, Science 234 (1986) 470-474.

[128] Tremblay G.M., Ferland C., Lapointe J.M.,
Vrins A., Lavoie J.P., Cormier Y., Effect of
stabling on bronchoalveolar cells obtained
from normal and COPD horses, Equine Vet.
J. 25 (1993) 194-197.

[129] Vander Meer V., Neven A K., van den Broek
P.J., Assendelft W.J., Diagnostic value of C
reactive protein in infections of the lower res-
piratory tract: systematic review, BMJ 331
(2005) 26.

[130] Van Reeth K., Labarque G., Nauwynck H.,
Pensaert M., Differential production of
proinflammatory cytokines in the pig lung
during different respiratory virus infections:
correlations with pathogenicity, Res. Vet.
Sci. 67 (1999) 47-52.

[131] Van Reeth K., Nauwynck H., Proinflamma-
tory cytokines and viral respiratory disease in
pigs, Vet. Res. 31 (2000) 187-213.

[132] Van Reeth K., Van Gucht S., Pensaert M.,
Correlations between lung proinflammatory
cytokine levels, virus replication, and disease
after swine influenza virus challenge of vac-
cination-immune pigs, Viral Immunol. 15
(2002) 583-594.

[133] Van Snick J., Vink A., Uyttenhove C.,
Houssiau F., Coulie P., B and T cell
responses induced by interleukin-6, Curr.
Top. Microbiol. Immunol. 141 (1988) 181—
184.

[134] Vancheri C., Mastruzzo C., Sortino M.A.,
Crimi N., The lung as a privileged site for the
beneficial actions of PGE2, Trends Immunol.
25 (2004) 40-46.

[135] Vestweber J.G., Klemm R.D., Leipold HW.,
Johnson D.E., Bailie W.E., Clinical and path-
ologic studies of experimentally induced
Pasteurella  haemolytica pneumonia in
calves, Am. J. Vet. Res. 51 (1990) 1792-
1798.



486 E.L. Thacker

[136] Walker R.D., Hopkins F.M., Schultz T.W.,
McCracken M.D., Moore R.N., Changes in
leukocyte populations in pulmonary lavage
fluids of calves after inhalation of Pas-
teurella haemolytica, Am. J. Vet. Res. 46
(1985) 2429-2433.

[137] Whiteley L.O., Maheswaran S.K., Weiss
D.J., Ames T.R., Immunohistochemical
localization of Pasteurella haemolytica Al-
derived endotoxin, leukotoxin, and capsular
polysaccharide in experimental bovine Pas-
teurella pneumonia, Vet. Pathol. 27 (1990)
150-161.

[138] Whiteley L.O., Maheswaran S.K., Weiss
D.J., Ames T.R., Alterations in pulmonary
morphology and peripheral coagulation pro-
files caused by intratracheal inoculation of
live and ultraviolet light-killed Pasteurella
haemolytica Al in calves, Vet. Pathol. 28
(1991) 275-285.

[139] Whiteley L.O., Maheswaran S.K., Weiss
D.J., Ames T.R., Morphological and mor-
phometrical analysis of the acute response of
the bovine alveolar wall to Pasteurella
haemolytica Al-derived endotoxin and leu-
cotoxin, J. Comp. Pathol. 104 (1991) 23-32.

[140] Wilkins P.A., Lower airway diseases of the
adult horse, Vet. Clin. North Am. Equine
Pract. 19 (2003) 101-121.

[141] Wilkins P.A., Lower respiratory problems of
the neonate, Vet. Clin. North Am. Equine
Pract. 19 (2003) 19-33.

[142] Wills R.W., Doster A.R., Galeota J.A., Sur
J.H., Osorio F.A., Duration of infection and
proportion of pigs persistently infected with
porcine reproductive and respiratory syn-
drome virus, J. Clin. Microbiol. 41 (2003)
58-62.

[143] Yamamoto S., Shida T., Honda M., Ashida
Y., Rikihisa Y., Odakura M., Hayashi S.,
Nomura M., Isayama Y., Serum C-reactive
protein and immune responses in dogs inoc-
ulated with Bordetella bronchiseptica
(phase I cells), Vet. Res. Commun. 18 (1994)
347-357.

[144] Yamamoto S., Shida T., Okimura T., Otabe
K., Honda M., Ashida Y., Furukawa E.,
Sarikaputi M., Naiki M., Determination of C-
reactive protein in serum and plasma from
healthy dogs and dogs with pneumonia by
ELISA and slide reversed passive latex
agglutination test, Vet. Q. 16 (1994) 74-77.

[145] Yoo H.S., Maheswaran S.K., Srinand S.,
Ames T.R., Suresh M., Increased tumor
necrosis factor-alpha and interleukin-1 beta
expression in the lungs of calves with exper-
imental pneumonic pasteurellosis, Vet.
Immunol. Immunopathol. 49 (1995) 15-28.

[146] Zhang K., Phan S.H., Cytokines and pulmo-
nary fibrosis, Biol. Signals 5 (1996) 232—
239.

[147] Zou G.M., Tam Y K., Cytokines in the gen-
eration and maturation of dendritic cells:
recent advances, Eur. Cytokine Netw. 13
(2002) 186-199.

To access this journal online:
www.edpsciences.org




