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PREFACE

The acute inflammatory response is the body’s first
system of alarm signals that are directed toward
containment and elimination of microbial invad-
ers. Uncontrolled inflammation has emerged as a
pathophysiologic basis to many of the widely occur-
ring diseases in the general population that were not
initially known to be linked to events in the inflamma-
tory response. These include cardiovascular diseases
and neurodegenerative diseases (including Alzheimer’s
disease), and it has now become apparent that inflam-
mation is an important component of cancer progres-
sion and the persistence of neuropathic pain. These are
diseases that cross many disciplines. To better manage
treatment, diagnosis, and prevention of diseases, mul-
tidisciplinary research efforts are under way in both
academic and industry settings. Since knowledge of
the acute inflammatory response in itself spans many
disciplines, the editors’ mission is to provide in this
text an introduction to the cell types, chemical media-
tors, and general mechanisms that are involved in this
primordial first response of the host to invasion. It is
also now clear that the termination or the resolution
of the acute inflammatory response is an active pro-
cess, which is pivotal and is the outcome of the acute
response. As an endogenous programmed response,
the terrain of resolution holds many new possibilities
for treatment and prevention of uncontrolled inflam-
mation in a wide range of diseases.

World-class experts from many different universi-
ties and fields have written the chapters of this intro-
ductory textbook. The main sections of this book
are focused on the cell types, processes, and molec-
ular events that constitute the acute inflammatory
response as we know it today. They cross the biomedi-
cal disciplines of hematology, infectious disease, pul-
monary medicine, gastroenterology, oral medicine
and dentistry, biochemistry, immunology, immuno-
pharmacology, and general pathology. Given the need
to gain a more complete understanding of the acute

inflammatory response and its resolution, the scope of
this text is presented as an introductory springboard
intended for graduate students, postdoctoral Fellows,
medical scientists, and senior researchers from other
disciplines who wish to gain an appreciation and work-
ing knowledge of the current cellular and molecular
mechanisms of the effector immune system that are
fundamental in inflammation.

Part I of this text is devoted to examining acute
inflammation, chronic inflammation, wound healing,
and resolution, with an emphasis on current concepts
in molecular and cellular events and their relevance to
health and disease. The first three chapters in Part I
thus provide a general view of the terrain and cellular
players in inflammation.

Part II of this text brings into focus the individual
cell types important in acute and chronic inflam-
mation, their cellular and molecular biology, and,
importantly, an introduction of their role in disease
processes. Attention is also directed toward the impor-
tance of cell-cell interactions in the acute inflamma-
tory response and our current understanding of the
key interface between vascular, blood-borne cell types
and their relation to interstitial events within inflamed
tissues.

Part IIT stresses the importance of endogenous
chemical mediators and local mediatorsin this process.
In this regard, an update is provided on the important
role of lipid-derived mediators and protein-derived
mediators, including chemokines and cytokines, as
well as nucleotide mediators such as adenosine and
oxygen-derived reactive oxygen species. The impor-
tance of surface adhesion molecules in these processes
is also stressed. The role and molecular mechanisms
of each of these systems as well as their contributions
to host defense is presented in view of their physiology
and pathobiology in inflammation.

Since there is considerable interest in understand-
ing the endogenous control mechanisms, as well as
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new therapeutic approaches to control inflammation
in disease, Part IV of this text is devoted to an introduc-
tion to immunopharmacology, with a view of current
mediators and mechanisms involved in inflammatory
pain, currently used nonsteroidal anti-inflammatory
drugs, and the importance of cytokines in our cur-
rent appreciation of the interface between cancer and
inflammation.

Part V brings us to one of the unique features of
this introductory textbooks. Each of these chapters
focuses on the tissue face or histology of inflammation
as viewed in human diseases that are characterized
by excessive inflammation. The chapters in this part
are short and include histology and case reports. This
part aims to discuss clinician scientists’ and academic
pathologists’ views about inflammation in relation to
widely occurring diseases. The goal is to give readers
a picture of inflamed tissues and disease processes
that we need to address as researchers to develop bet-
ter approaches for prevention and treatment via new
knowledge and innovative research of these diseases.
Part V includes examples from airway inflammation,
neural inflammation, sepsis, gastrointestinal diseases,
and skin diseases characterized by inflammation, as
well as kidney and cardiovascular diseases.

Part VI presents current and widely used animal
models that are particularly useful in understanding
experimental approaches to study inflammation. This
part includes chapters with an emphasis on meth-
odological approaches to address tissue injury and

reperfusion of tissues, as these events can be viewed
as rapid local acute inflammatory responses in vivo.
Chapters are also included that evaluate current
asthma, arthritis, ocular, atherosclerosis, and oral
inflammation. Chapters in this part include the host’s
response to pathogens as a classic approach to gain
an in-depth appreciation of the cellular and molecular
events that have evolved in concert with the microbial
world and their dynamic interplay in inflammation.

Each of the chapters is presented as an introduction
by experts who are involved in cutting-edge research in
their area of expertise. The aim of the editors is to pro-
vide a springboard for new investigators and research
centers currently devoted to cutting-edge research in
these areas. It exposes the reader to the exciting and
fascinating cellular and molecular events that are
involved in acute inflammation, chronic inflamma-
tion, their termination, and our quest for precise phar-
macologic control in these life-sparing processes.

Experts worldwide have contributed concise chap-
ters to launch this textbook for students new to this
field. The text should be of interest to both students
and investigators in academic and industrial settings.
The editors trust that the reader will share our enthu-
siasm and continued excitement for studying the
cellular and molecular events in this first response of
the human body to invasion, injury, and tissue damage
from within the area of inflammation research.

The Editors



PART I. THE INFLAMMATORY RESPONSE - AN OVERVIEW

- Acute and Chronic Inflammation

Peter A. Ward

INTRODUCTION

The inflammatory response consists of an innate
system of cellular and humoral responses following
injury (such as after heat or cold exposure, ischemia/
reperfusion, blunt trauma, etc.), in which the body
attempts to restore the tissue to its preinjury state. In
the acute inflammatory response, there is a complex
orchestration of events involving leakage of water, salt,
and proteins from the vascular compartment; activa-
tion of endothelial cells; adhesive interactions between
leukocytes and the vascular endothelium; recruitment
of leukocytes; activation of tissue macrophages; acti-
vation of platelets and their aggregation; activation
of the complement; clotting and fibrinolytic systems;
and release of proteases and oxidants from phagocytic
cells, all of which may assist in coping with the state
of injury. Whether due to physical or chemical causes,
infectious organisms, or any number of other reasons
that damage tissues, the earliest in vivo hallmark of
the acute inflammatory response is the adhesion of
neutrophils (polymorphonuclear leukocytes, PMNs) to
the vascular endothelium (“margination”) (Figure 1.1).
The chronic inflammatory response is defined accord-
ing to the nature of the inflammatory cells appearing
in tissues. The definition of chronic inflammation is not
related to the duration of the inflammatory response.
Reversal or resolution of the inflammatory response
implies that leukocytes will be removed either via lym-
phatics or by apoptosis (programmed cell suicide) and
that the ongoing acute inflammatory response is termi-
nated. As a consequence, during resolution increased
vascular permeability is reversed due to closure of
the open tight junctions and PMN emigration from
the blood compartment ceases. In both the vascular
and extravascular compartments, fibrin deposits are
removed by pathways that lead to activation of plasmi-
nogen (to plasmin), which degrades fibrin (see section

on “Intercommunications between Inflammatory

Lumen of Endothelial Venule
venule PMNs cells wall

Venule
wall  PMNs

Figure 1.1. Early changes in a human venule involved in an
acute inflammatory response. PMNs are “marginating” along
the endothelial surface of a venule preparatory to their migrat-
ing into the extravascular space due to their adhesion to
endothelial surfaces.

Cascades and the Coagulation Cascade”). Cell debris
and red blood cells (RBCs) in the extravascular com-
partment are removed by phagocytosis involving tis-
sue macrophages. There are many situations in which
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Alveolar edema
Fibrin Alveolar fluid, fibrin,
strands  wall

and PMNs RBCs

TN o)

Figure 1.2. Acute bacterial pneumonia (Streptococcus pneu-
moniae) in human lung. Most alveolar spaces are filled with
PMNs, fibrin strands, edema fluid, and RBCs, which clinically
results in serious interference with gas exchange between the
air spaces and vascular compartment.

the acute inflammatory response becomes excessive or
prolonged, leading to serious damage of tissues and
organs. Examples of unremitting acute inflammatory
responses resulting in injury are discussed in the fol-
lowing section. Presented subsequently are concepts
regarding acute and chronic inflammation. These
are designed to provide the reader with a conceptual
framework for an understanding of the inflammatory
responses, their causation, and the outcomes.

THE ACUTE INFLAMMATORY RESPONSE

The acute inflammatory response is defined as a series
of tissue responses that can occur within the first few
hours following injury. In cases of bacterial pneumonia
(Figure 1.2), bacterial meningitis (Figure 1.3), or isch-
emic myocardial injury (Figure 1.4), the inflammatory
response is exuberant within the first few hours or
days and then gradually declines unless the offending
agent (such as bacteria-inducing pneumonia) cannot be

cleared by phagocytosis. Resolution of the inflamma-
tory response requires killing of bacteria and removal
of their debris. When tissue injury occurs in various
organs, the resolution of the inflammatory response
may, to an extent, involve regeneration in which an
organ can rapidly replace damaged or destroyed cells
with an architectural outcome that resembles the orig-
inal uninjured tissue. A good example of this is acute
injury (chemical, viral, etc.) in the liver in which the
inflammatory response resolves via regeneration of
liver cells (hepatocytes, Kupffer cells, endothelial cells,
etc.), reconstituting the damaged or destroyed liver,
with the end result being tissue that is virtually identi-
cal to that before injury. In other situations, such as in
the myocardium, ischemic destruction of cardiomyo-
cytes results in an intense acute inflammatory response
with a heavy build-up of PMNs (Figure 1.4). The regen-
erative abilities of the myocardium are extremely lim-
ited, if at all, and the destroyed myocardium must be
quickly replaced with a fibrous (collagenous) scar. If
scar formation is insufficient, the clinical outcome
may be fatal due to cardiac rupture and a filling of the
pericardial cavity with blood (hemopericardium). In
the central nervous system, the commonly held belief
is that vital cells such as neurons are largely unable

Meninges

Gray matter

Figure 1.3. Acute bacterial meningitis (Neisseria meningitidis)
with an intense accumulation of PMNs in the brain covering
(meninges) and scattered accumulations of PMNs in the gray
matter of the brain.



Cardiomyocytes
(necrotic)

Figure 1.4. An acute inflammatory response in the myocar-
dium 48 h after clinical onset of acute ischemic injury. The main
frame shows an intense PMN infiltrate. The inset shows the
edge of the infarct area with a necrotic area of myocardium
and interstitial accumulation of PMNs.

to regenerate so that, once lost, replacement cannot
occur. Most of the theories about cellular regeneration
are undergoing reconsideration in the face of extensive
stem cell work, which raises the question as to whether
locally present or circulating stem cells may become
actively involved in replacing cells similar to those that
have been destroyed. This is an intensely debated topic
that requires much additional investigation.

Figure 1.5 describes changes in tissues related
to induction of the acute inflammatory response
regardless of what has incited this rejection. There
are numerous changes within the vascular compart-
ment that trigger the acute inflammatory response,
involving at least six intravascular events. The first
change is activation of endothelial cells, during which
these cells begin to express on their surfaces adhesion
molecules for leukocytes (see Chapter 18 for detailed
information about these molecules and their “counter-
receptors” on leukocytes). Activated endothelial cells
also engage in the generation and release of proin-
flammatory cytokines and chemokines (Chapter 13),
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which will chemotactically attract and activate PMNs
as these cells adhere to the endothelium before their
transmigration into the extravascular compartment.
Activated endothelial cells often also express tissue
factor (TF, aka Factor III) on their luminal surfaces.
The complement activation product, C5a, can cause
upregulation of TF on endothelial cells. TF is a potent
procoagulant that can lead to thrombus formation on
the vascular surface. A second event is reversible open-
ing of endothelial cells tight junctions, which allows for
the leak of protein and fluids from the vascular com-
partment into the extravascular compartment. When
extensive edema develops in closed compartments,
such as in the central nervous system (during bacte-
rial meningitis) or in articular joints (after trauma),
this can result in increased hydrostatic pressure that
can seriously impair organ function. In the lung,
extensive edema formation in the alveolar compart-
ment (also known as “alveolar flooding”) can seriously
compromise air exchange between the alveolar and
vascular compartments. Examples of this problem
occur in acute high-altitude sickness, during bacterial
pneumonia, and during Hanta virus infection of the
lung. An inability for adequate gas exchange between

Acute inflammatory tissue injury
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Figure 1.5. Mechanisms of acute inflammatory responses,
featuring the initial intravascular events that lead to increased
permeability changes, activation of endothelial cells (increased
expression of adhesion molecules for neutrophils [PMNs]),
adhesion of PMNs to the endothelial surfaces, and plate-
let activation (resulting in their aggregation and adhesion to
one another as well as to endothelial surfaces). Platelets are
often present in areas of fibrin deposition. Tissue responses
(in extravascular compartment) feature edema, transmigration
of PMNs, fibrin deposition, and hemorrhage if the structural
integrity of the vascular barrier has been compromised.



BT PA. Ward

TABLE 1.1. Factors affecting vascular integrity

Events

Factors responsible

Edema
junctions

Reversible opening of endothelial tight

Histamine, serotonin, kinins (bradykinin), C3a, C5a,
*NO, PAF, prostaglandins

PMN emigration Movement beyond vascular barrier

Chemoattractants: C5a, cytokines (IL-1f, TNFa),
CXC, chemokines: collagen and bacterial peptides,
metabolites of arachidonic acid

formation

Hemorrhage RBCs in extravascular compartment Physical forces (heat, cold), bacterial products,
proteins and oxidants from phagocytes
Platelets Intravascular aggregation and fibrin PAF, ADP, thrombin activation, etc.

the alveolar and vascular compartments can lead to
a life-threatening state of hypoxia requiring intensive
resuscitative support. Reversibility of the junctional
changes in the vascular endothelium implies that open
endothelial junctions can close to contain the amount
of edema fluid accumulating in the extravascular com-
partment. Agents such as histamine are well known to
interact with the vascular wall to bring about revers-
ible opening of the tight endothelial junctions (Table
11.1 of Chapter 11). Whether vasopermeability media-
tors directly affect vascular endothelial cells (result-
ing in their contractility that opens tight junctions)
or whether there are periendothelial cells which are
tethered to endothelial cells (that respond by contrac-
tion to factors such as histamine, pulling the tight
junctions open) is a matter of considerable debate.
Another key factor in the acute inflammatory response
is adhesive interactions between PMNs and endothe-
lial cells (Chapters 4 and 11). Ordinarily, PMNs and
other leukocytes are carried in the center in the blood
stream without making contact with endothelial sur-
faces. PMNs undergo activation responses such as
upregulation of CD11b/CD18 on their cell membranes
(Chapter 4), while endothelial cells undergo activa-
tion most commonly with gene expression, leading
to appearance of adhesion molecules on the laminar
faces of endothelial cells. Examples of these molecules
are P-selectin, E-selectin, and ICAM-1 (Chapter 18).
The sequence of intermittent PMN adhesion to the
endothelium (described as PMN rolling) followed by
tight adhesion and eventual transmigration of PMNs
through endothelial cell junctions is described in detail
(Chapter 18).Itshould be pointed out that studies featur-
ing intermittent (“rolling”) followed by firm adhesion
have been focused on changes in postcapillary venules.
In the case of the lung, PMN transmigration occurs
in capillaries that would not permit the rolling phenom-
enon described above because of physical constraints
(inadequate space, since PMNs have a diameter equiv-
alent to the diameter of a capillary). Furthermore, as
the inflammatory response commences, PMNs become
activated and stiff and cannot undergo deformity to

adjust to the tight confines of capillaries. Nevertheless,
vascular adhesion molecules play an important role
in the transmigration of PMNs in the lung, since the
absence or blockade of adhesion molecules clearly
diminishes the build-up of PMNs in the extravascu-
lar space. Another feature of the acute inflammatory
response is platelet activation, which is usually asso-
ciated with the conversion of prothrombin to throm-
bin. Platelets can also be directly activated by various
other agents (Table 1.1). The end result is platelet adhe-
sion to one another (resulting in platelet aggregates)
as well as to endothelial cells. This is the forerunner
of intravascular thrombosis in which fibrin deposition
develops in and around aggregated platelets. Finally,
the acute inflammatory response may be associated
with hemorrhage because of direct structural damage
(reversible or irreversible) to the endothelial barrier.
The development of hemorrhage implies that the vas-
culature has been severely damaged, since RBCs have
no intrinsic mobility and are passively carried out of
the vasculature if there has been sufficient loss of vas-
cular integrity. Hemorrhage occurs after thermal or
cold trauma, in situations of severe platelet dysfunc-
tion or platelet deficiency, after infections due to the
release of toxins (as from Streptococcal A bacteria),
and in patients undergoing excessive anticoagulant
therapy, to cite a few examples. As indicated earlier, all
of these changes of the acute inflammatory response
are reversible. Edema fluid is cleared from the distal
airway (alveolar compartment) by uptake of these flu-
ids together with inflammatory cells into the draining
lymphatics, with return to the blood compartment.
Thus, what comes from the blood compartment often
returns to the blood compartment. PMN clearance in
tissues may also occur by apoptosis of these cells and
their phagocytosis by tissue macrophages. Thrombosis
within vessels can be cleared by activation of the fibrin-
olytic system, involving tissue plasminogen activator
(TPA) and other factors that will activate the fibrin-
olytic enzyme, plasmin (Figure 1.6).

Table 1.1 lists factors that affect the vascular integ-
rity and lead to changes in the endothelium, resulting
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Intercommunications between inflammatory cascades and the
coagulation cascade
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Figure 1.6. The coagulation cascades (intrinsic and extrinsic) and intercommunications
with kinin generating and fibrinolytic cascades.

in edema formation, PMN accumulation, platelet acti-
vation, and development of hemorrhage. Edema due to
reversible openings of endothelial cell tight junctions
can be induced by histamine; serotonin; kinins (such
as bradykinin); the complement anaphylatoxins (C3a
and C5a), which act on mast cells to release histamine;
nitric oxide; platelet activating factor (PAF); and cer-
tain prostaglandins (Chapter 12). As indicated earlier,
these responses resulting in edema fluid accumulation
outside the vascular compartment are usually revers-
ible and transient. PMN emigration is preceded by
adhesive interactions between these cells and endothe-
lial cells via engagement of adhesion molecules on both
cell types (e.g., E- and P-selectins on endothelial cells;
CD11b/CD18 on PMNs, etc.) (as described earlier and in
Chapter 18). Ordinarily, adhesion molecules are pres-
ent in low quantities on endothelial and PMN surfaces
but activation of either cell type can dramatically and
rapidly or slowly increase the levels of adhesion mol-
ecules that appear either following fusion of cytosolic
granules to the cell membrane in the case of PMNs (the
rapid response occurring within minutes) or following
transcriptional upregulation (a slow response requir-
ing hours). Adhesion molecules on endothelial cells
include ICAM-1 and E-selectin, although in the case
of P-selectin, this adhesion molecule can be upregu-
lated either via transcriptionally dependent responses

or via transcriptionally independent responses. Rapid
expression is due to P-selectin addition to the cell mem-
brane via fusion of cytosolic granules (Weibel-Palade
granules). Rapid upregulation of adhesion molecule is
found in PMNs, platelets, and endothelial cells. In the
case of PMNs, increased expression of cell membrane
adhesion molecules (CD11b/CD18) is usually rapid due
to fusion of secondary granules in the cytosol (which
contain adhesion molecules on their inner surfaces)
to the cell membranes of PMNs. Chemoattractants
for PMNs responsible for their extravascular migra-
tion (emigration) include C5a, cytokines (such as IL-1B
and TNFa), CXC chemokines, collagen and bacterial
peptides, as well as metabolites of arachidonic acid,
all of which are described in Chapters 4, 12, and 13.
Proteases and oxidants from activated phagocytic
cells cause damage to the endothelial barrier, as well
as to cells and connective tissue matrix, resulting in
widespread damage of both the vascular and extravas-
cular compartments (Chapter 17). Platelets can be acti-
vated by a variety of factors (Chapters 5, 8, 12, and 15),
such as PAF, ADP, and thrombin, which is activated
when the clotting cascade has been triggered (see sec-
tion on “Intercommunications between Inflammatory
Cascades and the Coagulation Cascade”).

As suggested in the earlier comments, the acute
inflammatory response is a protective shield against
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TABLE 1.2. Regulation of the acute inflammatory response: natural anti-inflammatory factors

Factors

Targets

Cytokines IL-4, IL-10, 1L-12

e Stabilization of IkB and reduced NF-xB activation

Protease inhibitors SLPI, TIMP-1, o,PI, etc.

* Inhibition of serine proteases and
nonserine proteases

Antioxidant enzymes Superoxide dismutase
Catalase,

Glutathione peroxidase

e Converts ¢O, to H,0,
e Destroys H,0,
o Catalyzes the breakdown of H,0, to H,O

Lipoxins

see Chapter 12

Glucocorticoids

e Diverse

Kinases Hydrolysis of kinins

e Bradykinin, etc.

Phosphatases Removal of phosphates

from proteins

e Transcriptional factors

Transcriptional factors STAT3, SOCS3

¢ Blockade of gene activation for proinflammatory
mediators

tissue that has been damaged. The purpose of the
response is to return the tissue to its predamaged
state. In some cases, the response is excessive due to
persistence of the damage-causing agent (e.g., bacte-
ria) or the offending trigger (e.g., immune complexes
in autoimmune diseases). As will be discussed later,
excessive or unregulated inflammatory responses
can themselves cause tissue damage. In 1972, Lewis
Thomas said “Our arsenals for fighting off bacteria
are so powerful, and involve so many different defense
mechanisms, that we are more in danger from them
than the invaders. We live in the midst of explosive
devices; we are mined.” (Germs, N Engl J Med, 1972,
287:553-555.)

Regulation of the Acute Inflammatory Response

How is the acute inflammatory response kept in check?
It is clear that the response is subject to very tight
regulation to contain the cascades before they lead
to extensive tissue or organ injury. There are numer-
ous, naturally occurring anti-inflammatory factors
(Table 1.2). Cytokines such as IL-4, IL-10, and IL-12 in
very low concentrations are inducible and are power-
ful anti-inflammatory factors that contain the acute
inflammatory response by stabilizing IxBa, which
blocks NF-xB activation. As a result, these regulatory
cytokines have greatly diminished the production of
proinflammatory mediators and reduced numbers
of PMNs accumulating in tissues. There are several
protease inhibitors that also contain the response by
inhibiting serine proteases, many of which are released
from phagocytic cells. The secreted leukocyte protease
inhibitor (SLPI) was described as trypsin-like inhibitor
that was largely confined to upper airway secretions,
produced by and released from nearby epithelial cells of
the lung. It is now known that SLPI reduces activation

of NF-«xB via stabilization of IkBf. Hydrolysis of the
IkB proteins is required for activation of NF-xB. In
addition, there are nonserine protease inhibitors such
as inhibitors of metalloproteases (MMPs). MMP3 and
MMP9 may be the most important MMPs, with targets
being elastin, collagen, and altered (denatured) colla-
gens. Tissue inhibitor of MMP2 (TIMP-2) is a common
and inducible TIMP and has broad inhibitory activity
for MMPs. al Protease inhibitor (a,PI) is abundantly
present in plasma and in lung tissue. It is a powerful ser-
ine protease inhibitor of trypsin-like enzymes. If o ,PI
is absent or present in a functionally defective manner,
this is almost always associated with the development
of progressive and often fatal pulmonary emphysema
in humans. Such individuals may also develop hepatic
cirrhosis for reasons that are poorly understood. There
are many other naturally occurring protease inhibitors
that suppress tissue damaging proteases associated
with the induction of acute inflammatory response.
Antioxidant enzymes, such as superoxide dis-
mutase, catalase, and glutathione peroxidase, are
abundant in a variety of tissues and can be upregu-
lated in the course of the inflammatory response
such as those occurring after hyperoxia, bacterial
infection, ischemia-reperfusion, and in various other
situations. Upregulation of antioxidant enzymes is
especially well documented in the lung, in the case
of Gram-negative bacteria (e.g., Escherichia coli)
lipopolysaccharide (LPS) can rapidly and powerfully
upregulate these antioxidant enzymes. Superoxide
dismutase converts superoxide anion (¢O,) to H,0,,
while catalase destroys H,0,, reducing it to water and
molecular oxygen (Table 1.2). Glutathione peroxidase
in the presence of glutathione (GSH) catalyzes the
conversion of H,0, to H,O. If GSH levels are very low
in an organ or tissue, it leads to “redox stress” in which
the tissue has impaired ability to deal with oxidants




The complement cascade

| Classical | | Lectin | | Alternative |
| Factors D, B
/ MASP-2
Cc4,C2
Cabe2a C3beBb

(C3 convertase, C3 convertase)

) (
3 /
C3a + C3b

v

C5be2a*3b and C3b*Bb+3b (C5 convertases)

v

C6-9
C5a + C5b —» C5b-9 (MAC)

Figure 1.7. The complement cascade, including the three
pathways of activation, the C3 and C5 convertases, and the
chief complement activation products.

(Chapter 17). Lipoxins represent another source
of natural anti-inflammatory factors (Chapter 12).
Glucocorticoids are well known to be naturally occur-
ring anti-inflammatory factors. Kininases hydrolyze
kinins such as bradykinin and lysyl-bradykinin, lead-
ing to their functional inactivation. These enzymes
are present in most tissues. The lung vasculature
is lined with kininases, such that one pass of blood
through the lung can result in complete inactiva-
tion of kinins. Phosphatases, such as PTEN, remove
phosphates from proteins such as transcriptional and
signaling factors, leading to their termination as func-
tionally active moieties. Such regulation can greatly
reduce the production of proinflammatory molecules
(e.g., adhesion molecules, cytokines, chemokines,
etc.). Similar to all other cascades of the inflamma-
tory system, these phosphatases control the produc-
tion of proinflammatory mediators. Finally, there are
several transcriptional regulatory factors such as sup-
pressor of cytokine signaling 3 (SOCS3) and STAT3
that block the activation of proinflammatory genes,
resulting in greatly reduced levels of proinflammatory
mediators. Obviously, all of these factors are aligned to
bring about tightly regulated inflammatory responses
before they unleash serious damage to tissues.

THE COMPLEMENT CASCADE

The complement system is an important part of the
innate immune system conferring protection espe-
cially against invading infectious agents, such as
bacteria, viruses, and protozoa. Its role in innate
immunity is to generate biologically active products
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from the pathways of complement activation, result-
ing in proinflammatory mediators that will call in
PMNs as well as the production of opsonic (phagocy-
tosis promoting) and lytic factors for bacteria (C5b-9,
membrane attack complex [MAC]) and nucleated
cells. The three pathways of complement activation
are shown in Figure 1.7. The classical pathway is tra-
ditionally activated by the presence of IgG or IgM
immune complexes. Activation of the first comple-
ment component (Clqg,r,s) leads to activation of the
subunits to active enzymes, with targets being C4
and C2, resulting in fragmentation products (C4a,
C4b, C2a, C2b), some of which form the C4be2a com-
plex, which is a C3 convertase that cleaves C3 into
C3a and C3b. C3b can be adducted to the C4be2a
complex to form the complex, C4be2ae3b, which is a
C5 convertase that can convert C5 into C5a and C5b.
The second pathway of complement activation is the
lectin pathway which involves the mannose-binding
lectin (MBL), a plasma “collectin,” that binds to
mannose-related carbohydrates present on surfaces
of viruses and bacteria. This leads to the activation
of mannose-associated serine protease-2 (MASP-2), a
serine protease that has the ability (like Clq,r,s) to
interact with C4 and C2 to form the C3 convertase
(C4be2a). The third pathway of activation is the alter-
native complement pathway that can be activated by
the presence of C3b which, when interacting with fac-
tors B and D, forms a complex, C3beBb, which has
C3 convertase activity that generates C3a and C3b.
Adduction of another molecule of C3b generates the
C5 convertase of the alternative pathway, C3beBbe3b.
The C5a convertases cleave C5 into C5a and C5b. C5b
can interact with the terminal complement proteins,
C6-9, to form the C5b-9 complex (MAC). In addition
to these traditional pathways of complement activa-
tion, other serine proteases unrelated to the comple-
ment system can interact directly with C3 or C5 to
form complement activation products (C3a, C3b, C5a,
C5b). For instance, plasmin can interact with C3 to
generate C3a and C3b. There are several serine pro-
teases (such as the elastase present in neutrophils and
a neutral protease present in macrophages) that will
then interact directly with C5 to generate C5a and
C5b. In addition, thrombin has the ability to inter-
act with C5 to produce the same activation products.
The complement activation pathways are under very
rigid and tight control, based on “complement regula-
tory proteins” (CRPs) that are present both in plasma
and on cell surfaces. These CRPs tightly regulate the
complement system to either limit the formation of
complement activation products or form a protective
shield to prevent the activation products from bring-
ing about cell damage. Some complement-mediated
human disorders, such as paroxysmal nocturnal
hemoglobinemia, result in intensive hemolysis of
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RBCs because of a defect in two of the CRPs (decay
accelerating factor and CD59).

The complement anaphylatoxins are small peptides
(<10 kDa) and consist of C3a, C4a, and C5a. The most
abundant of these is C3a since C3 is the complement
protein present in highest concentration in plasma. C3a
appears to have its major biological activity as induc-
tion of histamine release from mast cells, which then
leads to greatly increased vasopermeability in the local
area. C3b is the major opsonic product generated by
the complement system and reacts with receptors on a
variety of different cells and microorganisms to bring
about greatly enhanced phagocytosis and intracellular
killing of microbes. There are relatively few humans
with complete C3 deficiency and, as such, they are
highly susceptible to life-threatening bacterial infec-
tions. The role of C4a is not well understood. C5a is
an extremely potent anaphylatoxin which, in very low
nanomolar concentrations, can interact with recep-
tors on phagocytic cells, especially neutrophils, either
to bring about their priming for enhanced subsequent
responses in the presence of a co-stimulus or to bring
about direct activation of phagocytic cells by inducing
chemotaxis, an intracellular calcium response, gen-
eration of reactive oxygen species (°0,, H,0,), enzyme
release, and a variety of other responses, all of which
tend to function as a protective shield in a local set-
ting and bring about accumulation of neutrophils at
inflammatory sites. A major function is to contain
and kill microorganisms. In some instances, excessive
amounts of C5a are generated as in sepsis and in auto-
immune diseases (such as rheumatoid arthritis and
systemic lupus erythematosus [SLE]). In these cases,
major problems can arise such as the signaling paraly-
sis of neutrophils due to excessive generation of C5a
and the priming of macrophages for accentuated and
excessive inflammatory responses during sepsis. The
final product of the complement activation sequence,
C5b-9 (MAC), attaches to surfaces of antibody-coated
bacteria, leading to their cytolytic destruction. In cer-
tain autoimmune disorders in which there are anti-
bodies that can react with epitopes on surfaces of
nucleated cells, cell lysis can occur. Soluble C5b-9 has
the ability to interact with endothelial cells to bring
about their activation with the formation of proin-
flammatory cytokines and chemokines. Finally, C5b-9
is an important protective factor leading to lysis of
Gram-negative bacteria. Details on the biochemistry
and functions of the complement system and its role in
human diseases are discussed elsewhere.

Intercommunications between Inflammatory
Cascades and the Coagulation Cascade

Figure 1.7 demonstrates the intricate intercommu-
nications between three different proinflammatory

cascades: the kinin-generating cascade, the clotting
cascades, and the fibrinolytic cascade. Central to these
intercommunications is the clotting system which
involves two activation pathways, the intrinsic and
the extrinsic cascades. The intrinsic cascade occurs
with the engagement and activation of Hageman fac-
tor (Factor XII) which interacts with Factors Va and
VIIIa to convert Factor XII to XIIa (“a” signifies the
active form of the protein). In turn, this leads to the
activation of Factor X, which then directly converts
prothrombin to thrombin. Thrombin converts fibrino-
gen to fibrin, which is the major product involved in
in vivo clot formation. Following vascular injury, the
extrinsic clotting cascade is activated resulting in the
expression of endothelial cells on the surfaces of TF
and in the copresence of other clot activating factors
(Xa, IXa, VIIIa, Va), there is also conversion of pro-
thrombin to thrombin and generation of fibrin from
fibrinogen. The fibrinolytic cascade is activated by
urinary plasminogen activator (uPA) and TPA which
cause conversion of plasminogen to plasmin. Plasmin
directly interacts with fibrin to bring about fibrin deg-
radation products resulting in the breakdown of fibrin
clots as they are formed within the intravascular com-
partment or elsewhere. TPA is used in patients with
acute myocardial ischemia to try to bring about lysis
of intracoronary arterial clots to allow perfusion to
occur. The kinin-generating cascade is also linked to
the clotting cascades by the fact that Factor XIIa will
convert prekallikrein to kallikrein. Kallikrein inter-
acts with high-molecular-weight kininogen (HMWK)
to bring about its hydrolysis and release of bradyki-
nin, which is a powerful vasopermeability agent.
Bradykinin also has the ability to slow the heart rate
(bradycardia). All of these cascades as well as the com-
plement cascade have, as a common theme, activation
of proteins by their limited hydrolysis, after which the
split products directly interact with cell receptors to
trigger cell responses (e.g., C5a interacting with recep-
tors on PMNs [see earlier]) or the split products can
assemble to form an active enzyme (such as C4be2a,
the substrate of which is C3). As with the complement
system, the clotting, generating, and fibrolytic systems
are each subject to very tight regulation by a series of
inhibitors designed to prevent excessive product for-
mation when one of the cascades is activated.

OUTCOMES OF THE ACUTE INFLAMMATORY
RESPONSE AND DISORDERED RESPONSES

A clinical example of an acute inflammatory response
that is not adequately contained is the acute respira-
tory distress syndrome (ARDS) in humans where
there is a sustained accumulation of PMNs within the
distal airway (alveolar) compartment. ARDS occurs
in adults and in infants in a variety of clinical
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Figure 1.8. Outcomes of the acute inflammatory response in lung in ARDS in humans. In ARDS, edema
fluid, fibrin, and PMNs accumulate in the alveolar compartment (upper right area). The inflammatory
response can regress (undergo resolution) with return of the lung to its preinflammatory state (lower left
area), or it may progress to extensive pulmonary fibrosis (lower right area).

situations, such as premature birth and polytrauma
and bacterial pneumonia in adults. The mecha-
nisms responsible for the development of ARDS are
very poorly understood. ARDS can be considered to
be a sustained and dangerous inflammatory condi-
tion in the lung. Bronchoalveolar fluids contain an
abundance of PMNs, fibrin split products, and C5a.
There is no known specific therapy for ARDS, only
supportive treatment (mechanical ventilation, fluid
therapy, etc.). ARDS may proceed to resolution or to
pulmonary fibrosis that is often fatal (Figure 1.8). The
pulmonary infiltrates in ARDS patients often lead
to a radiographic “whiteout” in lungs, due to alveo-
lar edema, PMNs accumulation, and fibrin deposi-
tion, collectively causing severely compromised gas
exchange between the alveolar and vascular compart-
ments, resulting in a high mortality rate. Why some
cases of ARDS resolve completely (Figure 1.8) while

others progress to pulmonary fibrosis and pulmonary
arterial hypertension (Figure 1.8, lower right frame)
is entirely obscure. Another clinical example in which
the acute inflammatory response is not sufficiently
contained is in the setting of sepsis, following bacte-
rial or viral pneumonia, intestinal perforation, or any
number of other clinical situations. Sepsis occurs in
all age groups and is age related, commonly seen in
patients who are immunocompromised (postchemo-
therapy or age related). The death rate can be as high
as 60%. Over the past decade there has been a pro-
gressive rise in the incidence of sepsis, which has
been linked with bacteria, both Gram-positive (such
as Staphylococcus aureus) and Gram-negative (such
as E. coli), viruses, and fungi. Sepsis is clearly a con-
dition in which there has been loss in control of the
inflammatory system. For instance, there is a surge of
proinflammatory mediators (e.g., TNFa, IL-1p, IL-6,
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etc.) in the plasma, referred to as the “cytokine storm,”
although, the cause for high levels of these media-
tors is poorly understood. The vasculature undergoes
upregulation of adhesion molecules for leukocytes.
Tissue macrophages are “primed” and show excessive
responses (e.g., production of oxygen free radicals,
granule enzyme release, etc.). Blood PMNs express
high levels of adhesion molecules such as CD11b/CD18
on their surfaces, which indicate PMN activation. In
sepsis, there is extensive evidence of complement acti-
vation and consumptive coagulopathy (activation of
the clotting system with depletion of the clotting fac-
tors) based on products measurable in plasma. Why
the body has lost control of the inflammatory system
during sepsis is entirely unknown. Currently, in addi-
tion to traditional supportive therapy (fluid resuscita-
tion, ventilatory support, broad spectrum antibiotics,
etc.), only a single drug (activated protein C, APC) has
been approved for therapy in sepsis. Because APC is an
anticoagulant and most septic patients have consump-
tive coagulopathy, APC is of limited value in sepsis.

FUNCTIONAL CONSEQUENCES OF THE ACUTE
INFLAMMATORY RESPONSE

Once the acute inflammatory response has been trig-
gered in tissues, it is important to understand the con-
sequences. Initially, the acute inflammatory response
can be triggered by the presence of infectious agents
such as bacteria. The rapid build-up of plasma constitu-
ents in the lung alveolar space results in accumulation
of antibodies, complement proteins, clotting factors,
and other factors that may assist in containment of
microorganisms. Traumatic injury triggers an acute
inflammatory response in a locale, although in spite of
the localized nature of this response, there are often
systemic symptoms such as fever, increased numbers
of circulating neutrophils (neutrophilia), increased
heart rate (tachycardia), and sometimes a feeling of
anxiety and apprehension. The local consequences of
traumatic injury are well known. The common situ-
ation of a sprained ankle results in increased blood
flow to the local area which is characterized by red-
ness and increased local temperature. Soon, extensive
edema develops, causing soft tissue swelling and pain
in the joint area which prevents a full range of motion.
Induration (increased thickness of soft tissue) is due
to the accumulation of leukocytes and edema fluid.
Occasionally, hemorrhage may develop. As described
earlier, the acute inflammatory response may resolve
with ultimate removal of cell debris, fibrin, red cells,
and disappearance of leukocytes. Well-known therapy
consists of immobilization of the joint and applica-
tion of localized cold temperature to reduce blood
flow to the area. (The inflammatory response abso-
lutely requires accelerated blood flow to the area.)

Sometimes, the acute inflammatory response will not
resolve for various reasons, such as the inability to
clear an infectious agent whose contained presence
will “fan” the flames of the inflammatory response,
resulting in persistent and sometimes increasing
intensity of inflammation. Ischemia-reperfusion of
any organ or region will trigger an acute inflamma-
tory response during the phase of reperfusion when
sufficient blood flow is occurring to allow formation of
edema and extravascular accumulation of leukocytes,
primarily neutrophils. Toxic agents are well known to
be able to cause tissue injury and unleash an inflam-
matory response. In the liver, excessive ingestion of
acetaminophen, which is metabolized by liver into
free radical intermediates, can result in hepatocellu-
lar toxicity (necrosis). If the dose of the ingested drug
is limited, the liver can regenerate and replace the lost
hepatocytes. Weeks or months later, little evidence of
the cell destructive events after drug ingestion may be
apparent if regeneration is successful. If the dose of

Collagen

Figure 1.9. Postalcoholic cirrhotic liver. There are residual lob-
ules of hepatocytes, with dense bands of collagenous scar sur-
rounding some lobules and infiltrating others. The presence of
dense collagenous scars interferes with the ability of residual
hepatocytes to regenerate and restore damaged or destroyed
hepatic lobules.
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Figure 1.10. Synovium from knee joint of patient with rheuma-
toid arthritis. The synovium is thickened and contains lympho-
cytes, macrophages, and plasma cells.

ingested drug is higher, there may be too much dam-
age for regeneration of the hepatic lobules, and bands
of collagen may form around hepatic lobules along
with chronic inflammatory cells, resulting in a condi-
tion referred to as cirrhosis (Figure 1.9). If the dose
of ingested drug is very high, it may overwhelm the
regenerative abilities of the liver, leading to death of
the individual from acute hepatic failure. There are
autoimmune diseases, such as rheumatoid arthritis or
SLE, in which the predominant targets are joints where
an acute inflammatory response persists together with
the accumulation of acute and chronic inflammatory
cells (Figure 1.10). This ultimately results in fibrosis
of the synovial tissues and bone formation, causing
fusion of articular bones, creating a “frozen joint.” In
the case of SLE, the kidney may be continuously bom-
barded with immune complexes and complement acti-
vation products, resulting in neutrophil accumulation,
followed by ultimate scarring (hyalinization) of glom-
eruli and loss of filtration function (Figure 1.11). In
other organs such as in the heart, the accumulation of
inflammatory cells in the conducting system may lead

Acute and Chronic Inflammation

to damage of cells, resulting in arrhythmias, which are
sometimes fatal. Outcomes of the acute inflammatory
response may be resolution (as described earlier) or
persistence of the inflammatory response, sometimes
leading to replacement of PMNs by chronic inflamma-
tory cells (lymphocytes, macrophages).

Granulomatosis Inflammation

Granuloma formation is a special type of inflam-
matory response, consisting of globular (granular)
accumulations of inflammatory and fibrotic nodules,
together with chronic inflammatory cells (lympho-
cytes, macrophages) and giant cells. In tuberculosis,
the central part of these granulomas usually under-
goes necrosis (caseous necrosis) so that the tissue is
largely taken out of functional usefulness (Figure 1.12).

Chronic
inflammatory Periglomerular Collagen Obsolescent Atrophic
glomerulus  tubules

3

Figure 1.11. Outcome of persistent inflammation in kidney.
One glomerulus is “obsolescent” (replaced with hyaline) and
nonfunctional, contrasting to an intact glomerulus with thin
periglomerular fibrous band (scar). In addition, there is inter-
stitial fibrosis and the presence of chronic inflammatory cells.
Extensive tubular atrophy has occurred, featuring greatly
reduced numbers of tubular epithelial cells, and a greatly
diminished mass of tubules.
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Figure 1.12. Lung mycobacterial granuloma featuring periph-
eral collagenous connective tissue along with multinucleate
giant cells. In the center is necrotic (caseous) tissue, at the edge
of which are macrophages and lymphocytes.

These types of inflammatory responses can result in
extensive scarring of the affected tissue, with exten-
sive collagenous scars and the development of fibro-
sis. In addition, tuberculosis granulomas, because
of their necrotic centers, may ultimately erode into
nearby pulmonary blood vessels, resulting in extensive
pulmonary hemorrhage which is sometimes fatal. In
granulomas that feature no central necrosis (and these
would be the predominant type of granuloma in the
United States where tuberculosis is rather infrequent),
the causes may be fungi (e.g., histoplasmosis), foreign
bodies (surgical suture material), or unknown causes
(as in sarcoidosis). In sarcoidosis, there are granuloma
nodules in tissues, especially in the lung, associ-
ated with the presence of fibroblasts and fibrotic
tissue, chronic inflammatory cells (lymphocytes,
macrophages, and giant cells) (Figure 1.13). Although
necrosis is not seen in diseases like sarcoidosis, there
may be extensive pulmonary fibrosis which ulti-
mately leads to death because of interference with gas
exchange (Figure 1.14). Under such conditions, there

is often development of pulmonary hypertension. The
combination of this complication, together with pul-
monary fibrosis, may be fatal.

Chronic Inflammation

Chronic inflammation is defined not as the persistence
of acute inflammation but is defined morphologically
by the presence of lymphocytes, macrophages, and
plasma cells in tissues (Figure 1.15). In many cases,
the chronic inflammatory response may persist for
long periods (months to years). It is considered to
be caused by persistent engagement of innate and
acquired immune responses, such as in rheumatoid
arthritis, in chronic allograft rejection, in beryl-
liosis, and in granulomatous inflammation, to list a
few examples. There is evidence that macrophages
in these lesions produce a series of proinflammatory
mediators that activate fibroblasts to lay down colla-
gen and activate other macrophages and lymphocytes

Lymphocytes,
monocytes,
and macrophages

Giant cell

Figure 1.13. Lung biopsy of woman with sarcoidosis. There is
a large granuloma surrounded by chronic inflammatory cells
(lymphocytes, macrophages, and monocytes). The granuloma
contains multinucleate giant cells, macrophages, and deposits
of collagen. No necrosis is present.
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Figure 1.14. Pulmonary sarcoidosis. There are multinucleate
giant cells, lymphocytes, and plasma cells replacing intersti-
tial and alveolar spaces. Fibrin is also present. Dense collag-
enous deposits are starting to build-up in lung. No necrosis is
present.

to release mediators to perpetuate these inflamma-
tory responses. Why responses to mycobacterial
agents result in extensive necrosis of the granulomas
is unknown. As shown in Figure 1.16, chronic inflam-
mation is initially triggered by vascular responses
that involve the appearance of adhesion molecules on
endothelial cell surfaces that will specifically cause
adhesion of lymphocytes and mononuclear cells
(monocytes), resulting in their subsequent transmi-
gration into the extravascular compartment. In the
case of lymphocytes, most are T cells. Like in the acute
inflammatory response, lymphocytes and monocytes,
as well as endothelial cells, undergo an activation
process with lymphocytes and monocytes expressing
adhesion molecules that are interactive with vascular
(endothelial) adhesion molecules (such as VCAM-1
and other molecules) that promote adhesion and ulti-
mate transmigration of these cells into the extravas-
cular compartment. In any inflammatory response,

Acute and Chronic Inflammation _

differences between the types of adhesion molecules
expressed on endothelial cells will determine the type
of blood leukocytes (e.g., PMNs vs. monocytes vs. lym-
phocytes) that emigrate (Chapter 18). Since, in gen-
eral, macrophages are not present in the peripheral
blood, the influx of monocytes into the extravascular
compartment allows these cells to differentiate into
macrophages over a period of several days. In Peyer’s
patches in the small bowel, endothelial cells consti-
tutively express adhesion molecules that specifically
interact with T cells which then transmigrate into
the lymphoid follicles (Chapter 11). Lymphocytes and
macrophages in extravascular sites secrete factors
(e.g., TGFp) that will activate fibroblasts, resulting in
the production of cross-linked collagen, sometimes
resulting in extensive collagenous scars (Figure 1.17).
In the case of plasma cells, the chief product is anti-
body which in the case of rheumatoid arthritis results
in large amounts of IgGs being present both in the
synovial tissue and in the synovial fluids bathing the

Capillary

Lymphocytes

Figure 1.15. Chronic inflammation in soft tissue, featuring
large numbers of plasma cells and chronic inflammatory cells
(lymphocytes, mononuclear cells, and macrophages) in the
interstitium.
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Figure 1.16. Mechanisms of chronicinflammation, with adhesion of lymphocytes and monocytes to the acti-
vated endothelium, and the eventual transmigration of these cells into the extravascular space. Activated
endothelial cells express adhesion molecules (such as VCAM-1) that facilitate adhesion of lymphocytes and
monocytes to endothelial surfaces, followed by their eventual transmigration. In the extracellular compart-
ment, lymphocytes and macrophages secrete factors that stimulate extracellular collagen formation and
perpetuate the inflammatory response. Transmigrated monocytes “mature” into macrophages. Plasma

cells secrete various subclasses of antibodies.

joint space. The various factors produced by cells
that are associated with collagen scar formation are
discussed elsewhere (Chapter 13). With reference to
chronic inflammation, this response may be short
term or long term such as in the response to infec-
tious agents especially such as mycobacterial spe-
cies, protozoa, and so on. Chronic inflammation may
resolve or there may be persistence of the chronic
inflammatory response, as described later (Table 1.3).
In persistent allograft rejection, recipient T cells infil-
trate the transplanted organ and respond to donor
histocompatibility antigens, releasing factors (cyto-
kines and chemokines) that damage or even destroy
the allograft (Figure 1.18). The purpose of immuno-
suppressive drugs is to prevent the build-up of T cells
in the allografts, thereby preventing loss of function of
the allograft or its destruction. There is a special type
of rapid graft rejection (hyperacute rejection) which
is usually associated with the presence of preformed
antibody to graft antigens (often following prior blood
transfusions received by the recipient whose immune
system generates antibodies to antigens present on

lymphocytes of the donor). In hyperacute allograft
rejection, the process often starts within hours of vas-
cular anastomosis of the graft and is characterized
by endothelial damage in arterioles and capillaries,
together with intravascular fibrin clots and PMNs.
Immediate immunosuppressive and corticosteroid
therapy is initiated. The result of persistent chronic
inflammation, as seen in the autoimmune disease,
scleroderma, can lead to an intense fibrotic response
in organs such as the lung (Figure 1.19) or, as described
earlier in the case of a heart allograft (Figure 1.18) to
the destruction of cardiac tissue.

THERAPEUTIC INTERVENTIONS
IN INFLAMMATION

There are many situations when it is desirable to sup-
press the inflammatory response if the response is
causing an immediate threat (such as abruptly rising
intracranial pressure in a patient with bacterial menin-
gitis) or represents a long-term threat (as in rejection of
an allotransplanted organ). There are several principles
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Figure 1.17. Dense collagenous scar with fibroblasts with little,
if any, evidence of inflammatory cells. Cylindrical nuclei are in
fibroblasts.
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Figure 1.18. Features of chronicrejection of an allotransplanted
human heart. Some cardiomyocytes are necrotic as manifested
by loss of striations and nuclei and intensified eosin (red) stain-
ing. There is an intense accumulation of interstitial lympho-
cytes, which are known to be of recipient origin and involved
in immunological damage (rejection) of the transplanted heart.

TABLE 1.3. Consequences of acute inflammation

Responses Outcomes

* Response to trauma

responses (autoimmune, etc.)

Acute inflammation ® Responses to infectious agents and their containment (e.g., bacteria)
* Response to persistence of trigger (e.g., infectious agents), to toxic agents, or to immunological
* Resolution of persistence of inflammation or progression to chronic inflammation

e Outcome may be resolution (clearance of edema fluid, fibrin, RBCs, and leukocytes) — persistence
of inflammation, sometimes leading to fibrosis

complexes)

Chronic inflammation * Response to persisting inflammatory trigger (infectious agents, autoimmune products, immune

e Inflammatory cells (lymphocytes, macrophages) may persist or be cleared. Giant cells may
develop, together with fibrosis (as in sarcoid) and/or necrosis (as in mycobacterial infections)

that need to be considered. The first is the cause of the
inflammatory response. In many situations this can-
not be clearly determined, as in rheumatoid arthritis
and in certain types of glomerulonephritis. If the cause
of the inflammatory trigger is known (as in meningitis

or pneumonia caused by bacteria), specific therapy
(antibiotic drugs) are immediately instituted. If the
inflammatory reaction is causing serious functional
problems (defective gas exchange in bacterial pneu-
monia), supportive therapy (mechanical ventilation,
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inflammatory cells scar

Figure 1.19. Scleroderma lung featuring extensive interstitial
fibrosis (blue staining collagen) and alveolar spaces containing
lymphocytes and fibrin. (Masson trichrome stain.)

high levels of oxygen, etc.) is instituted. Other inter-
ventions can also be employed. Corticosteroid therapy
has powerful suppressive effects on all aspects of the
inflammatory response. Nonsteroidal drugs (inhibi-
tors of cyclooxygenases I and II) will provide symp-
tomatic relief of pain but these drugs, on balance, have
very limited effects on inflammation. That is, they
poorly suppress the inflammatory response. If there
is evidence that the inflammatory response is being
driven by an immune response (as in autoimmune
diseases such as SLE or rheumatoid arthritis, or in

graft rejection or in many forms of glomerulonephri-
tis), then immunosuppressive drugs are employed and
the doses “titrated” up or down depending on clini-
cal symptoms. In some inflammatory diseases, block-
ade of a single proinflammatory mediator (TNFa) has
been found to be effective (rheumatoid arthritis, severe
psoriasis, inflammatory bowel disease) using blocking
antibody to TNFa or using the soluble TNFa receptor
that intercepts TNFa with high affinity before TNFa
can react with cell surface receptors to TNFa. Clearly,
much more needs to be understood about the inflam-
matory response before more effective inflammation-
blocking strategies are available and ones that, unlike
corticosteroids, can be used over the long term with-
out serious side effects.
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n Resolution of Acute Inflammation

and Wound Healing

Derek W. Gilroy

SUMMARY

It is without doubt that resolution of acute inflam-
mation is under strict checkpoint control by endog-
enous proresolution factors. It is these factors and
mechanisms inherent in resolution that are crucial in
preventing excessive tissue injury, autoimmunity, and
chronic inflammation. In this chapter, resolution and
the factors that control it are detailed to underline its
importance in human pathology and highlight new
and more effective treatment modalities with fewer
side effects for chronic inflammatory diseases.

INFLAMMATION IN HEALTH AND DISEASE

Inflammation is a beneficial host response to foreign
challenge or tissue injury that leads ultimately to the
restoration of tissue structure and function. It is a reac-
tion of the microcirculation that is characterized by
the movement of serum proteins and leukocytes from
the blood to the extravascular tissue. This movement
is regulated by the sequential release of vasoactive
and chemotactic mediators, which contribute to the
cardinal signs of inflammation — heat, redness, swell-
ing, pain, and loss of tissue function (Figure 2.1A).
Local vasodilation increases regional blood flow to the
inflamed area and, together with an increase in micro-
vascular permeability, results in the loss of fluid and
plasma proteins into the tissues. Concomitantly, there
is an upregulation of adhesion molecule expression on
endothelial cells and the release of chemotactic factors
from the inflamed site, which facilitate the adherence
of circulating cells to the vascular endothelium and
their migration into the affected area. These tightly
regulated events result in a predominance of poly-
morphonuclear leukocytes (PMNs, see Glossary) in
the inflamed area at the onset of the lesion, which are
later gradually replaced by mononuclear cells — mainly

monocytes, which then differentiate into macrophages.
These phagocytic cells ingest foreign material and cell
debris. They also release hydrolytic and proteolytic
enzymes, and generate reactive oxygen species that
eliminate and digest invading organisms. Finally, the
injurious stimulus is cleared and normal tissue struc-
ture and function is restored [1].

However, inflammation can cease to be a beneficial
event and contribute to the pathogenesis of many dis-
ease states. The chronic inflammatory disease rheu-
matoid arthritis, for instance, is characterized by
the accumulation and persistence of inflammatory
cells in synovial joints, which results in joint damage.
This loss of tissue or organ function as a result of an
inappropriate inflammatory response is also seen in
various other diseases, such as chronic bronchitis,
emphysema, asthma, glomerulonephritis, myocardial
infarction, and ischemia reperfusion injury. By con-
trast, certain inflammatory diseases have an intrin-
sic capacity for complete resolution without tissue
injury - for example, lobar streptococcal pneumonia,
which involves the extensive accumulation of PMNs,
monocytes, and macrophages in the lungs. Studies of
patients who have lobar pneumonia show that most of
the lesions resolve without any evident tissue destruc-
tion. Experiments in animal models of streptococcal
pneumonia show resolution of tissue pathology within
days. Therefore, this type of self-limiting inflamma-
tory response is under the strict control of endogenous
mechanisms. As continual activation of the adaptive
immune system is the driving force behind chronic
inflammation, it is crucial to identify the stop signals
that are present in self-limiting, self-resolving inflam-
matory lesions. These signals might be used therapeu-
tically to control the activation of the adaptive immune
response and the transition from acute to chronic
inflammation, when these signals might be absent or
become dysregulated.
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Figure 2.1. Simple depiction of acute inflammation and its resolution in the form of a skin
blister. Depending on the nature of the injurious stimuli, the fist sequence of events (A) is
communication between the site of injury and the microvasculature that serves the area,
whereupon (B) endothelial cells become activated and recruit PMNs. In turn and provided
there is no infection, whereupon PMNs will ingest and kill bugs, (C) monocyte migrate
from the microvasculature to the extravascular space, differentiate into macrophages,
which have a massive capacity for phagocytosing dead and apoptotic leukocytes. (D) In
time may either die locally or drain via the lymphatics. Inflammation wanes and homeo-
stasis is restored.
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Therefore, in this chapter we will discuss one of
the many aspects of the inflammatory response — how
acute inflammation resolves. We will also discuss
wound healing and the type of resolution associated
with substantive tissue injury. In doing so it will be
argued that resolution is an active process, whose
failure may predispose the host to chronic inflamma-
tory diseases and autoimmunity such as that typified
by rheumatoid arthritis and asthma. At the very least
it is hoped that this chapter will highlight resolution
as a critical facet of the inflammatory response and
serve to underline the importance of not altering its
normal course of action when developing novel anti-
inflammatory drugs. Ultimately, it will be proposed
here that resolution is controlled by endogenous pro-
resolution factors, which, for the future, may represent
a treasure trove for drug discovery in terms of design-
ing drugs that mimic their mode of action or enhance
their synthesis [2-4].

WHAT IS INFLAMMATORY RESOLUTION?

To define the fundamental requirements for the suc-
cessful resolution of either acute innate or acute adap-
tive immunity, it is becoming increasingly clear that
the most simple but absolutely critical determinant
for the inflammatory response to switch off is the
neutralization and elimination of the injurious agents
that initiated it in the first place. Failure to achieve this
first step will invariably lead to chronic inflammation
with the nature of the agent in question almost cer-
tainly dictating the etiology of the developing chronic
immune response. For instance, chronic granuloma-
tous disease is characterized by severe, protracted,
and often fatal infection, which results from a fail-
ure of the phagocytic NADPH oxidase enzyme system
to produce superoxide and kill invading infections
leading to a predisposition to recurrent bacterial and
fungal infections and the development of inflamma-
tory granulomas [5]. Successfully dispensing with the
inciting stimulus will signal a cessation to proinflam-
matory mediator synthesis (eicosanoids, chemokines,
cytokines, cell adhesion molecules, etc.) and lead to
their catabolism (Figure 2.1B). This would halt further
leukocyte recruitment and edema formation. These
are probably the very earliest determinants for the res-
olution of acute inflammation, the outcome of which
signals the next stage of cell clearance. The clearance
phase of resolution, be it innate PMN or eosinophil
driven or adaptive (lymphocyte mediated), also has a
number of mutually dependent steps. The clearance
routes available to inflammatory leukocytes include
systemic recirculation or local death of influxed
PMNs, eosinophils, or lymphocytes followed by their
phagocytosis by recruited monocyte-derived mac-
rophages (Figure 2.1C). Once phagocytosis is complete,

macrophages can leave the inflamed site by lymphatic
drainage with evidence that a small population may
die locally by apoptosis. If all of these pathways are
strictly followed then acute inflammation will resolve
without causing excessive tissue damage and give
little opportunity for the development of chronic,
nonresolving inflammation (Figure 2.1D). In the fol-
lowing, we will discuss the cellular changes that occur
throughout acute inflammation that ultimately leads
to resolution and the soluble mediators that temper
the severity of onset as well as trigger resolution.
Finally, we will differentiate between resolution of
acute inflammation (leukocyte clearance and inflam-
matory mediator catabolism) and wound healing,
a form of inflammatory resolution associated with
parenchymal tissue injury.

SOLUBLE MEDIATORS OF INFLAMMATION
AND RESOLUTION

Controlling Onset

It is well known that inflamed tissues generate local
proinflammatory stimuli to drive acute inflammation
including cytokines, chemokines, and cell adhesion
molecules. Indeed, these have acted as targets for
drug development in the form of anti-TNFa inhibitors
(etanercept, infliximab), for instance. The original
targets for the treatment of inflammation-driven dis-
ease were the cyclooxygenase (COX)-derived prosta-
glandins (PGs), with nonsteroidal anti-inflammatory
drugs (aspirin, indomethacin, ibuprofen, naproxen)
serving as the clinical inhibitor [6,7]. Interestingly,
however, the PGs and the arachidonic acid metabolic
cascade (COX, lipoxygenase [LOX] pathways) are
now recognized to possess potent anti-inflammatory
and proresolving properties (see later). Along these
lines, there is a range of other systemic and locally
produced endogenous mediators that counterbal-
ance the severity of inflammatory onset. Studies
in the 1950s and 1960s identified endogenous anti-
inflammatory mediators that counteract vascular
leakage — namely, adrenaline, noradrenaline, and
5-hydroxytryptamine — and intracellular cyclic AMP,
a second messenger induced by several hormones;
inflammatory mediators; and cytokines, which damp-
ens leukocyte activation. Elevation of the level of intra-
cellular cAMP - by inhibiting the enzyme system that
is responsible for its catabolism (phosphodiesterase) —
ameliorates immune and nonimmune inflammation
in vivo and suppresses various cellular processes in
vitro, including the immunological release of hista-
mine and leukotrienes from mast cells, monocytes,
and PMNSs; lysosomal enzymes and reactive oxygen
species from PMNs; and cytokines and nitric oxide
(NO) from macrophages [2]. These data further
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indicate that cAMP has a central role in the resolution
of inflammation. Perhaps the most powerful endog-
enous anti-inflammatory agents to be described so
far are the glucocorticoids [8]. Glucocorticoids and
their synthetic mimetics are used for the treatment
of several chronic inflammatory diseases, including
rheumatoid arthritis, inflammatory bowel disease,
asthma, psoriasis, and vasculitis. Most of the actions
of glucocorticoids require binding to cytoplasmic ste-
roid hormone receptors that migrate to the nucleus
and antagonize proinflammatory gene transcription.
However, glucocorticoids also induce the expression
of regulatory proteins that have anti-inflammatory
actions, of which the peptide annexin 1 (previously
known as lipocortin 1) has been well described in
vitro and in vivo [9]. Annexin 1 has been shown to
inhibit the production of PGs, as well as PMN and
monocyte migration, in vivo. The take home point
here is that although there are signals that drive the
onset of inflammation (PMN trafficking) there are
also endogenous factors released by stromal and/or
hematopoietic cells that temper the severity of this
response, save inflammation becomes too severe or
inappropriate in magnitude.

Onset to Resolution

One well-described event in the transition toward
resolution is the replacement of PMNs or eosino-
phils by monocytes and phagocytosing macrophages.
However, until recently our understanding of the sig-
nals that control this cell profile switch was unclear.
Studies addressing this issue of leukocyte infiltration
in peritoneal inflammation have suggested that the
interaction between interleukin (IL)-6 and its soluble
receptor, sIL-6R, forms one of the major determinants
of this switch from PMNs to monocytes. It was shown
that sIL-6R, produced by the infiltrating PMNSs, forms
a complex with IL-6 which, in turn, directly modu-
lates CC and CXC chemokine expression. Thus, CXC
chemokine synthesis, induced by IL-1 and tumor
necrosis factor (TNF)a, was suppressed whereas the
CC chemokine monocyte chemoattractant 1 was pro-
moted. This chemokine shift suppresses further PMN
recruitment in favor of sustained mononuclear cell
influx. In addition to chemokines, the eicosanoids also
orchestrate the early transition to resolution in acute
inflammation. Transcellular metabolism of arachi-
donic acid by LOX/LOX interaction pathways gives
rise to the lipoxin (LX) family of eicosanoid metab-
olites. LXs display selective actions on leukocytes
that include inhibition of PMN chemotaxis, PMN
adhesion to and transmigration through endothelial
cells, as well as PMN-mediated increases in vascu-
lar leakage (see Glossary). It is unclear at this point
whether there is any cross talk between the LXs and

IL-6/sIL-6R complex signaling in the control of leu-
kocyte profile switching. Nonetheless, it seems that
when acute inflammation needs to resolve the IL-6/
sIL-6R, chemokines, and LXs representing some of
the earliest signals that control the switch from very
early PMNs to monocyte/macrophage. Over and above
this, there is the need for proinflammatory media-
tor catabolism, specifically the removal of cytokines
and chemokines that drive inflammation. To do this,
D6, a scavenger receptor expressed on lymphatic
endothelial cells binds and neutralizes inflammatory
members of the b-chemokine family but not constitu-
tive b-chemokines or members of the other chemokine
subfamilies such that its absence predisposes to failed
resolution. Indeed, CCR5 expression on apoptotic
PMNs and apoptotic T cells also sequester and effec-
tively clear CCL3 and CCL5 from sites of inflamma-
tion, with scavenging CCRS5 expression being inhibited
by proinflammatory TNFa, for instance, but upregu-
lated by proresolving lipids (LXs and resolvins). Thus,
there is the coordinated interaction with factors that
drive inflammation (PMN influx, cytokines, chemo-
kines, vasoactive amines) counterbalanced by endog-
enous factors that temper the severity of inflammation
(PGD2, LXs, cAMP) overshadowed by factors that
ensure the smooth transition to resolution.

Resolving Inflammation

Studies on the resolution of acute inflammation
have already revealed novel mediators with potent
anti-inflammatory properties. Determining their basic
structure and function might help in the development
of unique anti-inflammatory therapeutics. So far, these
proresolving mediators have been shown to exert
powerful anti-inflammatory effects in various experi-
mental models of inflammatory diseases. Of these,
lipid-mediator derivatives of the COX-2 and LOX/LOX
interaction pathways of arachidonic acid, eicosapen-
taenoic acid (EPA), and docosahexaenoic acid (DHA)
metabolism will be described [10].

PGD, has emerged recently as an eicosanoid with
both pro- and anti-inflammatory properties. PGD,
undergoes dehydration in vivo and in vitro to yield
biologically active PGs of the J, series, including PGJ,,
A214-PGJ,, and 15-deoxy-A'2'*-PGJ, (15d-PGJ,). In
addition to being a high-affinity natural ligand for
anti-inflammatory peroxisome proliferator-activated
receptor gamma (PPARY) (PPAR is explained in the
Glossary), 15d-PGJ, also exerts its effects through
PPARy-dependent and -independent mechanisms to
suppress proinflammatory signaling pathways and
the expression of genes that drive the inflamma-
tory response. 15d-PGJ, also preferentially inhibits
monocyte rather than PMN trafficking through the
differential regulation of cell adhesion molecule and
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chemokine expression. We have shown that COX-2-
derived PGD, metabolites contribute to the resolution
of acute inflammation (pleuritis) through the prefer-
ential synthesis of PGD, and 15d-PGJ,, which, along
with the alternative DNA-binding p50-p50 homodi-
mers complexes of nuclear factor kappa B (NF-kB)
(see Glossary), bring about resolution by inducing
leukocyte apoptosis. Indeed, there is an increasing
body of evidence detailing the differential effects of
PGD, metabolites on leukocyte apoptosis as well as
the signaling pathways involved. In addition to the
well-known eicosanoids, there is a new generation of
lipid mediators showing promise as endogenous anti-
inflammatories. Resolvins and docosatrienes are fatty-
acid metabolites of the COX/LOX pathways, where
the omega-3 fatty-acid constituents of fish oils (DHA
and EHA) are the substrates and not arachidonic
acid. Thus, transcellular metabolism of arachidonic
acid by LOX/LOX interaction pathways gives rise to
the LX family of eicosanoid metabolites. LXs dis-
play selective actions on leukocytes that include inhi-
bition of PMN chemotaxis, PMN adhesion to and
transmigration through endothelial cells, as well as
PMN-mediated increases in vascular permeability. In
contrast to their effects on PMN and eosinophils, LXs
are potent stimuli for peripheral blood monocytes,
stimulating monocyte chemotaxis and adherence
without causing degranulation or release of reactive
oxygen species. In fact, LXs and their stable analogues
accelerate the resolution of allergic pleural edema and
enhance phagocytosis of apoptotic PMNs by monocyte-
derived macrophages in a nonphlogistic fashion (see
Glossary), paving the way for a return to tissue nor-
mality. LXA4 and aspirin-triggered 15-epi-LXA4, as
well as their stable analogues, act with high affinity at
a G-protein—coupled receptor, LXA4 receptor (ALXR;
also referred to as formyl peptide receptor-like 1 or
FPRL1). FPRL1 is a member of the family of seven
transmembrane G-coupled receptors, which has at
least two other members —- FPRL2 and the formyl-Met-
Leu-Phe receptor (FPR). By contrast, LXB4 does not
bind the ALXR and, although functional studies have
indicated the existence of a receptor that is activated
by LXB4, this receptor has not been cloned. As with
the cyPGs, the LXs have also been identified as being
expressed during and being crucially important for
the resolution of acute inflammation. In a model of
rat allergic edema, for instance, LXA4 was identified
along with PGE, as being present during the clear-
ance of edema in this model. Inhibition of their syn-
thesis prolonged edema clearance, which was rescued
using stable analogues of these eicosanoids. A recent
analysis of eicosanoid synthesis in a murine dorsal
air pouch of acute inflammation elicited by TNFa
has revealed a switch in lipid class metabolism remi-
niscent of that found in the rat carrageenin-induced

pleurisy. In response to TNFa, levels of leukotriene B4
increased rapidly, followed by PMN infiltration, which
coincided with a rise in inflammatory exudate PGE,.
Concomitant with the eventual reduction in PMN
numbers and PGE, was an increase in LXA4. It was
concluded that PGE, induced a switch in lipid media-
tor synthesis from predominantly 5-LOX-generated
leukotriene B4 to 15-LOX-elicited proresolving LXA4.
Along with our findings in the rat carrageenin-
induced pleurisy in terms of PG metabolism, this work
indicates that, in acute inflammation, lipid-mediator
biosynthesis is biphasic, with a role for eicosanoids in
the initiation as well as termination of the inflamma-
tory response [2].

Arachidonic acid is not the only fatty-acid sub-
strate that can be transformed by COXs and LOXs to
bioactive mediators with roles in anti-inflammation
and resolution. DHA and EPA - omega-3 fatty-acid
constituents of fish oils — were shown recently to be
metabolized during the resolving phase of an aspirin-
treated TNFoa-induced inflammation to potent anti-
inflammatory products, named resolvins. Forinstance,
endothelial cells expressing COX-2 and treated with
aspirin convert EPA to 18R-hydroxyeicosapentaenoic
acid (HEPE) and 15R-HEPE. Both are subsequently
used by PMNs to generate separate classes of novel
trihydroxy-containing mediators that potently inhibit
human PMN transendothelial migration. Similarly,
aspirin-acetylated COX-2 converts DHA to 17R-HDHA,
which is subsequently transformed by PMNs into two
sets of novel di- and trihydroxy products that can
inhibit microglial cell cytokine expression and amelio-
rate experimental models of dermal inflammation and
leukocyte accumulation in peritonitis at nanogram
doses. Even in the absence of aspirin, human whole
blood converts DHA to 17S series resolvins as well as
novel dihydroxy-containing docosanoids. DHA-loaded
glial cells stimulated with zymosan also release doco-
sanoids, with these novel resolvins possessing such
potent anti-inflammatory effects as inhibiting leuko-
cyte trafficking in vivo and proinflammatory cytokine
release by stimulated human glial cells. Collectively,
the LXs and resolvins represent novel classes of anti-
inflammatory agents that are tightly associated with
the resolution of acute inflammation and shown to
be implicated in the pathogenesis of disease proces-
ses, including atherosclerosis, periodontitis, chronic
liver disease, and asthma. Moreover, LXs and their
analogues are proving to be highly effective thera-
peutics in a range of experimental disease models,
including immune-mediated glomerulonephritis and
renal ischemia-reperfusion injury, a range of skin
inflammation-like diseases and gastritis. Lipid media-
tors of this sort are not only natural and essential com-
ponents of acute inflammatory resolution, but show
that when applied to inflammatory disease processes
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are highly effective, thereby providing the rationale
for the development of compliant and stable mimetics
that target key aspects of chronic inflammation, either
ongoing or recurrent, forcing them down a revolving
pathway and into remission [11].

GETTING RID OF LEUKOCYTES

One of the hallmarks of acute inflammation is white
blood cell accumulation (PMNs and eosinophils, for
instance), designed to neutralize and eliminate the
injurious agents. Once the PMNs and eosinophils
have done their job and their help is no longer needed,
what happens next? At this juncture it must be borne
in mind that these are a formidable cell type and if
left unchecked could do untold damage to an already
inflamed site. After all, these cells are designed to
combat infection by releasing hydrolytic and prote-
olytic enzymes as well as generating reactive oxygen
species. Therefore, PMNs and eosinophils must be
disposed of in a controlled and effective manner. To
oversee this, nature has come up with an ingenious
way of defusing such potentially explosive cells called
programmed cell death or apoptosis. Apoptosis of
inflammatory cells is a physiological process for the
nonphlogistic removal of cells. During apoptosis,
cells maintain an intact membrane and, therefore,
do not release their potentially histotoxic agents.
Necrosis of inflammatory leukocytes, on the other
hand, involves a loss of membrane integrity lead-
ing to the release of potentially toxic intracellular
contents [12,13]. Moreover, apoptotic cells express a
repertoire of surface molecules that allow their rec-
ognition and phagocytosis by macrophages. In fact,
the way these cells die helps the resolution process
enormously. Recognition of these apoptotic cells
by macrophages does not liberate proinflamma-
tory agents from the macrophages themselves but
can release anti-inflammatory signals such as IL-10
and TGFp (endogenous immunosuppressive agents).
Thus, not only is apoptosis a noninflammatory way
of disposing of cells, but this method has the added
advantage of conferring upon macrophages an anti-
inflammatory phenotype conducive to resolution and
curtailment of ensuing adaptive immune responses.
It is important to note that if not recognized and
disposed of, apoptotic cells will eventually undergo
secondary necrosis releasing damaging intracel-
lular contents and amplifying the inflammatory
response. Therefore, increasing the rate of apopto-
sis, as a potentially anti-inflammatory strategy, must
be matched by a mechanism that upregulates mac-
rophage phagocytic clearance capacity. Thus, the
removal process might also be susceptible to selec-
tive modulation by pharmacological agents for ther-
apeutic gain.

Enhanced undesirable apoptosis occurs in many
neurological diseases, such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, and mul-
tiple sclerosis. Furthermore, inappropriate inflam-
matory responses or dysfunctional vascular effects
leading to tissue damage with increased apoptosis
have been observed. So, there is good evidence of cell
or tissue apoptosis during myocardial infarction,
stroke, or sepsis. Consequently, a therapeutic strat-
egy to delay or inhibit apoptosis would seem a viable
option assuming that cell specificity can be achieved.
On the other hand, there is much evidence indicat-
ing that reduced apoptosis occurs in most cancers.
Essentially, uncontrolled cell division or prolifera-
tion, there is an apparent failure of cancerous cells
to undergo apoptosis. It has also been proposed that
in many inflammatory diseases (e.g., rheumatoid
arthritis, atopic dermatitis, Crohn’s disease, asthma,
and chronic obstructive pulmonary disease) there
might be delayed apoptosis of key inflammatory
cells, thereby prolonging the functional responsive-
ness of these potential histotoxic cells. A strategy to
specifically promote death of cancer cells or tissue-
damaging inflammatory cells is therefore likely to
be therapeutically beneficial. However, as stated,
any attempts to induce cell, especially inflammatory
cell, apoptosis must be matched by effective nonin-
flammatory clearance by phagocytic cells (e.g., mac-
rophages). Failure to remove these apoptotic cells
may lead to the cells becoming necrotic, thereby
increasing the potential for tissue damage. Great
progress has been made in recent years in the eluci-
dation of the complex mechanisms that are involved
in recognition of apoptotic cells (or apoptotic bodies)
by phagocytes (at least 10 recognition mechanisms
have been identified so far). Furthermore, phagocy-
tosis of apoptotic cells has been shown to be a highly
regulatable process and therefore likely to be ame-
nable to pharmacological manipulation. It has been
shown, for example, that elevation of cAMP by PGs
can downregulate macrophage capacity to ingest
apoptotic cells, whereas treatment of phagocytes
with glucocorticoids, LXs (arachidonic acid metab-
olites via the COX/LOX or LOX/LOX interaction
pathways), or even certain cytokines can markedly
increase macrophage clearance of apoptotic cells.
Interestingly, the environment in which phagocytes
are likely to reside can also upregulate apoptotic cell
clearance. For example, interactions with extracel-
lular matrix components, such as fibronectin, and
ligation of macrophage CD44 with cross-linking
antibodies can augment the capacity of phagocytes
to engulf apoptotic cells. So, clearance of apoptotic
cells in a noninflammatory manner by phagocytes is
a therapeutic possibility. Indeed, there is already evi-
dence in animal models that CD44 has an important
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role in resolving lung inflammation and that glu-
cocorticoids might exert some of their therapeutic
beneficial anti-inflammatory effects in patients with
asthma by influencing apoptosis and apoptotic cell
clearance. Some of these novel developments have led
to the design of drugs that have even gone into clini-
cal trials. On this note, it is interesting to speculate
upon how many clinically used anti-inflammatory
drugs trigger hither unknown proresolution path-
ways in addition to their classic role of dampening
conventional proinflammatory events.

Currently, there are no drugs in the clinic that are
purposefully based on the elicitation of proresolv-
ing pathways with the exception of those drugs that
target apoptosis. One extremely active area of drug
development that targets apoptosis is the identifica-
tion of small-molecule caspase inhibitors. Caspases
are a family of cysteinyl aspartate—specific proteases
that are of fundamental importance in the initiation
and execution of apoptosis, ultimately being responsi-
ble for the dismantling of the cell during apoptosis. A
number of small-molecule inhibitors of caspases (e.g.,
ZVAD-fmk) have already been tested in animal mod-
els of human disease with remarkable success. For
example, specific caspase inhibitors have been shown
to be effective in preventing or reducing the effects
of ischemia (e.g., organ failure and death) in various
animal models. These inhibitors of apoptosis are now
being tested preclinically or have reached clinical tri-
als for hepatic disease, acute myocardial infarction,
and sepsis. A good example of a novel and specific
broad-spectrum caspase inhibitor that has been suc-
cessfully used preclinically is PF-03491390 (formerly
named IDN-6556). This compound, administered by a
number of routes, was shown to be potent and efficient
in reducing signs of liver damage in in vivo rodent
models of liver disease. It was shown that the com-
pound seemed to exert its activity by effectively inhib-
iting caspase activity. In a recent study, the induction
of PMN apoptosis during acute inflammation using
R-roscovitine (Seliciclib or CYC202), a cyclin-de-
pendent kinase inhibitor (cyclin-dependent kinases
override antiapoptotic survival signals from survival
factors such as GM-CSF), resulted in enhanced PMN
apoptosis and early inflammatory resolution. There
are a number of other drugs that are in development
for inhibiting apoptosis, but so far the most promis-
ing therapeutic development is in the induction of
apoptosis, especially for the treatment of a number of
cancers. The strategy for inducing apoptosis has been
to block powerful survival pathways, for example, by
inhibiting BCL2-mediated survival using antisense
oligonucleotides, and interference of survival path-
ways that are mediated by NF-kB, phosphoinositol-
3-kinase, and tyrosine kinase activation. Another
strategy is to directly induce apoptosis by engaging

death receptor pathways (such as FASR, TNFR, and
TRAILR) or by other less well-defined mechanisms.

MACROPHAGES AND RESOLUTION - CELLULAR
PLAYERS AND HOMEOSTASIS

From our text book reading the role of the lymphatic
system in localized acute inflammation, it is clear
that it plays a role in draining inflammatory media-
tors and effete leukocyte away from the inflamed site.
We have already discussed the importance of PMN
clearance to the resolution of acute inflammation,
but it is equally important that phagocytosing inflam-
matory macrophages are cleared away from the
inflamed site to prevent local macrophage-induced
tissue damage and potential granuloma tissue dam-
age and the development of chronic inflammation.
However, despite the need to understand the endog-
enous control of macrophage clearance during acute
inflammatory resolution, little is known about this
field. There is increasing evidence that macrophage
clearance from an inflamed site is a highly regu-
lated event. Using an experimental model of acute
resolving peritonitis, it was shown that macrophages
adhere specifically to mesothelium overlying drain-
ing lymphatics and that their emigration rate is regu-
lated by the state of macrophage activation providing
the first evidence that macrophage emigration from
the inflamed site is controlled by adhesion molecule
regulation of macrophage-mesothelial interactions.
This report highlights the importance of adhesion
molecules controlling clearance of inflammatory
macrophages into the draining lymphatic circulation,
thus underscoring new pathways in the resolution of
acute inflammation.

Despite the need to clear macrophage from sites of
injury, there is emerging evidence that such cells play
animportant role in eliciting the final phase of inflam-
mation - triggering homeostasis and immune recov-
ery. Macrophages are generally classified as either
classically (M1) or alternatively (M2) activated [14].
While this nomenclature is based on the phenotype
macrophages acquire in response to defined stimuli in
vitro, inflammatory characteristics of macrophages at
sites of inflammation in vivo are less well studied. In
particular, the phenotype of macrophages found dur-
ing resolving inflammation is little unknown. Despite
this, we have made some advances in understanding
this by characterizing the inflammatory nature of
macrophages found at the site of resolving peritonitis
(Table 2.1). Interestingly, these so-called resolution-
phase macrophages, in the context of resolving
peritonitis at least, are neither classically nor alter-
natively activated but are a hybrid of both canoni-
cal definitions while they express mannose receptor,
synthesize IL-10, and arginase 1 but also express
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TABLE 2.1. Phenotype of resolution-phase macrophages

Resolving Nonresolving
(rM) (M1)
Proinflammatory 0 +++
cytokines/chemokines
Anti-inflammatory +++ 0
cytokines/chemokines
Bactericidal + +++
Mannose receptor +++ +
HMGB-1 0 +++
iNOS +++ +
COX-2 +++ +
cAMP +++ +

A
5,°% ¢ * 00

Homeostasis

M1 macrophage markers, that is, COX-2 and iNOS
(Figure 2.2). And while elucidating their precise
role in resolution is in its infancy, we are finding
that resolution-phase macrophages play a critical
role in signaling the influx of innate-type lympho-
cytes to sites of resolving inflammation. It transpires
that as inflammation resolves lymphocytes repopu-
late the cavity comprising Bl, NK, gamma/delta T,
CD4+/CD25+, and B2 cells. In particular, repopulat-
ing lymphocytes do not bring about resolution but
are critical for modulating inflammatory responses
to secondary infection and associated mortality
(Figure 2.3). While the repopulation of innate-type
lymphocytes has been found in several experimental
models including mouse and man, the signals that
control their postinflammation repopulation and the

rM macrophage

COX-2

iNOS

IL-10

Mannose receptor

/

Infection/injury

Inflammation

/ Time (days)

Infection/injury

(Flexible phenotype
derived from a
common monocyte)

@ M1 macrophage

Figure 2.2. Inflammatory cell profile and resolution-phase leukocyte phenotype. In response to
injury or infection leukocyte migrate to sites of injury. (A) Provided the injurious agent is neutralized
inflammation will resolve leading to the injured tissue regaining its prior physiological function/state
which we have recently found is characterized by a population of novel macrophages that possess
a unique and distinct phenotype, termed rM cells for resolution-phase macrophages. However, (B)
if the injurious agent is not cleared or there is failure of proresolution pathways, inflammation will
persist characterized by M1 or classically activated proinflammatory macrophages that propagate
the response and cause tissue injury. The objective, therefore, is for inflammation to resolve with
stromal cells and leukocytes attaining an immunosuppressive “resolution” phenotype.
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Figure 2.3. Resolution leading to homeostasis. One of the objectives of resolution is
for inflamed tissues to resolve with limited tissue injury and to reacquire the physiologi-
cal state it enjoyed before injury. To emphasize this, we need to appreciate that naive
tissue have a complement of innate immune cells that control the severity of inflamma-
tory responses. The peritoneal or pleural cavities, for instance, have a defined popula-
tion of innate-type lymphocytes which control the severity of acute responses as well
as tissue-resident macrophages, in a state of immune suppression. Once inflammation
ensues, these protective cells transiently disappear and remain absent for the duration
of the response only to repopulate tissue postinflammation/resolution. The objective
therefore is to achieve the state the tissue enjoyed before injury to restore homeostasis

and immune function.

subtypes that confer protection and signal homeosta-
sis are unknown at this stage. Thus, macrophages are
important for resolution and restoration of homeo-
stasis after inflammation with the phenotype (M1,
M2, or rM) dictating whether inflammation abates
or progresses to wound healing. This will depend
on the degree of inflammation and associated tissue
injury. We certainly know, for instance, that the phe-
notype of macrophages involved in the progression
and resolution of liver injury or chronic renal dam-
age have distinct inflammatory characteristics and
that the true phenotype of such protective cells will
most likely depend on the tissues involved and may
even be species specific. The important point is that
while we have gained a great deal of insight into mac-
rophage function based on in vitro cell studies and
in response to defined inflammatory stimuli, there is
now a greater need to define the inflammatory char-
acteristic of macrophages taken directly from resolv-
ing tissues. Taking this further, I would suggest that
in addition to defining resolution as the active clear-
ance of leukocytes, we need to include macrophage
phenotype and innate-type lymphocyte repopulation.
This will become important when developing drugs
with the objective of bringing about resolution. The

indices for resolution, therefore, should not only
include proinflammatory mediator catabolism and
leukocyte clearance but also consider including mac-
rophage-resolution phenotype and innate-type lym-
phocyte repopulation.

RESOLUTION OF ADAPTIVE IMMUNE RESPONSES

In the previous sections we have discussed how reso-
lution of innate inflammation resolves, discussing
the fate of inflammatory PMNs, eosinophils, and
macrophages. However, adaptive immunity, specifi-
cally, a Type III hypersensitivity (Arthus reaction)
(discussed in the Glossary) or a Type IV delayed type
hypersensitivity (DTH), are also acute in nature and
resolve in a matter of hours or days. For instance, in
a purified protein derivative-induced DTH response,
it was shown that the induction and resolution of this
response may depend on the expression of cytokines,
such as IL-2 and IL-15, which regulate both prolifera-
tion and apoptosis in T cells. Failure to control either
of these phases of the reaction may contribute to the
chronicity of T lymphocyte-mediated inflammatory
reactions. In another important series of studies,
the endogenous factors that control the longevity of
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granulomatous autoimmune thyroiditis revealed that
the ratio of CD4+/CD8+ T cells are critical determi-
nants of its resolution. In this disease process, CD4+ T
cells outnumber CD8+ T cells when lesions progress to
fibrosis, while CD8+ T cells outnumbered CD4+ T cells
in thyroids that resolved.

WOUND HEALING

Importantly, successful resolution will limit excessive
tissue injury and give little opportunity for the devel-
opment of chronic, immune-mediated inflammation.
However, if the host is unable to neutralize the injurious
agent and/or there is a failure of endogenous proresolv-
ing mediators to invoke resolution, then acute inflam-
mation might perpetuate, resulting in varying degrees
of tissue injury. If tissue injury is mild, necrotic paren-
chymal cells will be replaced by new cells of the same
type in a process known as regeneration. If, however,
tissue damage is extensive, or when fibrin is not rap-
idly cleared after acute inflammation, the process of
healing is by repair. This involves the in-growth from
the surrounding connective tissue of an initially vas-
cular tissue containing capillary loops, fibroblasts, and
leukocytes, and is known as granulation tissue. With
time, the fibroblasts lay down collagen and the capil-
laries disappear, leaving an avascular area of fibrosis
or scar. Repair by granulation and fibrosis occurs in
many parts of the body where a deposit of clot, exu-
date, or dead tissue occurs and is given the general
name of organization. Undoubtedly, this is also a form
of inflammatory resolution associated with tissue
damage. As in rheumatoid arthritis and asthma, for
example, there will be continuous or repeated bouts
of acute inflammation, resulting in ongoing tissue
damage. Attempts at wound healing would result in
granulomatous tissue formation, angiogenesis, fibro-
sis, and scar formation, all occurring concurrently.
This is chronic inflammation and might be defined as
a continuous inflammatory disease state that could be
driven by the development of an immune response to
an endogenous antigen (autoimmunity).

CONCLUSION

The take-home point from all these studies is that
regardless of the etiology of the inflammatory response,
if it is resolving in nature then this resolving event is
highly controlled and regulated by endogenous factors
and mechanisms that, if interfered with, may lead to
chronic inflammation and autoimmunity. Therefore,
this emerging concept of resolution presents with drug
discovery opportunities. For instance, we can develop
drugs that mimic endogenous proresolution factors or
enhance their synthesis. By analogy, just like IL-1f and
TNFa, which are expressed during the early onset phase

of acute inflammation, can be used to initiate acute
inflammation experimentally, then factors expressed
during resolution may be useful in switching off an
ongoing inflammatory response. Alternatively, we can
develop drugs that enhance the synthesis of endo-
genous proresolution factors. Equally, we can develop
drugs or refine existing ones (e.g., glucocorticoids) to
bring about selective leukocyte apoptosis (eosinophil)
while at the same time enhance their phagocytosis.
If these aims seem too unrealistic at present, then
for the foreseeable future perhaps we should bear in
mind that when developing novel anti-inflammatories
such drugs should not interfere with the synthesis or
mode of action of proresolution mediators and/or the
mechanisms that are critical for resolution. Finally,
from a basic concept perspective this chapter aimed
at underscoring the complexity of acute inflamma-
tion and the fact that while there are endogenous
factor that drive the response, there are also factors
produced by inflammatory cells and injured tissues
that counterbalance the degree of inflammation and
prevent the response from causing unnecessary tissue
injury. After all, inflammation is a good thing but it
has the potential to do great harm. Therefore, not only
the magnitude of the initial response to injury/infec-
tion must be tightly controlled, but also its longevity
and the factors that switch it off.

GLOSSARY OF TERMS

Polymorphonuclear leukocyte Polymorphonuclear leu-
kocytes (PMNs) were discovered by Paul Ehrlich who used
contemporary fixing and staining techniques to identify
the lobulated nucleus and the granules that typify cells
that we now classify as eosinophils, basophils, and PMNs.

Vascular leakage The process of the escape of plasma
and plasma proteins along with white blood cells from the
vessel is known as exudation. This inflammatory exudate
accounts for an increase in the volume of interstitial fluid
(edema) and tissue swelling at the local site of injury.

Peroxisome proliferator-activated receptor Peroxisome
proliferator-activated receptors (PPARs) are members of
the nuclear receptor family that regulate the transcription
of genes involved in lipid and lipoprotein metabolism, glu-
cose and energy homeostasis, as well as cellular differenti-
ation and consist of three isotypes, alpha (NR1C1), gamma
(NR1C3), and beta/delta (NRC1C2) with a differential tis-
sue distribution.

NF-kB Nuclear factor kappa B (NF-xB) is a group of
sequence-specific transcription factors that are best known
as a key regulator of the innate and adaptive inflammatory
responses, cell survival, and oncogenesis. In mammals,
NF-kB consists of five structurally related and functionally
conserved proteins, RelA (p65), RelB, c-Rel, NF-xB1 (p105
and p50), and NF-kB2 (p100 and p52).

Nonphlogistic Noninflammatory. This term is used to
describe the clearance of leukocytes in a manner that does
not elicit an inflammatory response.

Hypersensitivity reactions A delayed type hypersensitivity
or Type IV hypersensitivity is mediated by T lymphocytes
and not by antibody-antigen complexes (Arthus or Type
11T hypersensitivity). Typically, this response occurs 24-72
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hours after the sensitized host is exposed to the offend-
ing antigen. For example, a DTH reaction may be set up
experimentally by sensitizing to methylated bovine serum
albumin in Freund’s complete adjuvant and challenging 12
days later with the same antigen.

REFERENCES

1.

Majno, G., and Joris, 1. 2004. Cells, Tissues and Disease.
Principles of General Pathology. New York: Oxford
University Press.

. Gilroy, D.W., Lawrence, T., Perretti, M., and Rossi, A.G.

2004. Inflammatory resolution: new opportunities for
drug discovery. Nat Rev Drug Discov 3:401-416.

. Lawrence, T., Willoughby, D.A., and Gilroy, D.W. 2002.

Anti-inflammatory lipid mediators and insights into the
resolution of inflammation. Nat Rev Immunol 2:787-795.

. Serhan, C.N,, and Savill, J. 2005. Resolution of inflam-

mation: the beginning programs the end. Nat Immunol
6:1191-1197.

. Segal, A.W., Geisow, M., Garcia, R., Harper, A., and

Miller, R. 1981. The respiratory burst of phagocytic
cells is associated with a rise in vacuolar pH. Nature
290:406-409.

. Vane, J.R. 1971. Inhibition of prostaglandin synthesis as a

mechanism of action for aspirin-like drugs. Nat New Biol
231:232-235.

. Vane, J.R. 1987. Anti-inflammatory drugs and the many

mediators of inflammation. Int J Tissue React 9:1-14.

. Hench, P.S., Kendall, E.C., Slocumb, C.H., and Polley,

H.E. 1949. The effect of a hormone of the adrenal cortex
(17-hydroxy-11-dehydrocorticosterone: compound E) and
of pituitary adrenocorticotropic hormone on rheumatoid

arthritis: preliminary report. Proc Staff Meet Mayo Clin
24:181-197.

9. Flower, R.J. 1988. Eleventh Gaddum memorial lecture.
Lipocortin and the mechanism of action of the glucocor-
ticoids. Br J Pharmacol 94:987-1015.

10. Serhan, C.N. 2004. A search for endogenous mecha-
nisms of anti-inflammation uncovers novel chemical
mediators: missing links to resolution. Histochem Cell
Biol 122:305-321.

11. Serhan, C.N., and Chiang, N. 2008. Endogenous pro-
resolving and anti-inflammatory lipid mediators: a new
pharmacologic genus. Br J Pharmacol 153(Suppl 1):
S200-S215.

12. Savill, J., and Fadok, V. 2000. Corpse clearance defines
the meaning of cell death. Nature 407:784-788.

13. Savill, J., Gregory, C., and Haslett, C. 2003. Cell biology.
Eat me or die. Science 302:1516-1517.

14. Gordon, S., and Taylor, P.R. 2005. Monocyte and mac-
rophage heterogeneity. Nat Rev Immunol 5:953-964.

SUGGESTED READINGS

Flower, R.J. 1988. Eleventh Gaddum memorial lecture.
Lipocortin and the mechanism of action of the glucocorti-
coids. Br J Pharmacol 94:987-1015.

Lawrence, T., Willoughby, D.A., and Gilroy, D.W. 2002. Anti-
inflammatory lipid mediators and insights into the resolu-
tion of inflammation. Nat Rev Immunol 2:787-795.

Serhan, C.N., and Savill, J. 2005. Resolution of inflam-
mation: the beginning programs the end. Nat Immunol
6:1191-1197.

Serhan, C.N., Brain, S.D., Buckley, C.D., et al. 2007.
Resolution of inflammation: state of the art, definitions
and terms. FASEB J 21(2):325-332. Commentary.



Christopher L. Karp

THE INNATE AND ADAPTIVE IMMUNE SYSTEMS:
DEFINITIONS, CONTEXT, AND CONTRASTS

Standard accounts of the immune system emphasize
the antigen-specific immunity and memory afforded
by the adaptive immune system, contrasting it with
the “nonspecific” defenses provided by the phyloge-
netically more ancient innate immune system. While
study of the innate immune system has undergone a
recent renaissance, most immunology textbooks still
present innate immunity as an initial stopgap defense
that holds the line until the “real” (efficient, effective,
sophisticated) adaptive immune system can take over.
There are obvious flaws in such formulations. First,
while adaptive immunity may usefully be seen as a
single system — with its cells (B and T lymphocytes)
and antigen receptors (immunoglobulins [Ig], T-cell
receptors) depending directly on the evolution of the
recombination-activating gene (RAG) in jawed verte-
brates — innate immunity, present in all metazoans, is
a congeries of pathways. “Innate immune systems” is
a much better term. Second, the innate immune sys-
tems are in no way less sophisticated than the adaptive
immune system, having been under evolutionary pres-
sure for far longer. Third, the innate immune systems
are not of secondary importance; the adaptive immune
system is directly dependent on the former for efficient
and appropriate activation. Fourth, innate immune
effector mechanisms are not less effective than adap-
tive immune effector mechanisms. (As an example,
chemotherapy-induced ablation of neutrophils leads
to a high risk of fatal infection with otherwise harm-
less commensal flora in a telescoped time frame com-
pared with the similar risk of infectious mortality
attendant on lymphocyte dysfunction, e.g., in infants
with severe combined immunodeficiency.) Fifth, the
standard superficial view of the kinetics of innate and
adaptive immune responses, the former handing off

m Links between Innate and Adaptive Immunity

to the latter, is incorrect; the innate immune systems
do not become quiescent when the adaptive immune
system is activated.

The divide between those studying innate (previ-
ously “cellular”) and adaptive (previously “humoral”)
immunity dates back to the earliest days of immunol-
ogy as a science. The ascendancy of those studying
adaptive immunity in the field over the past several
decades is something of a sociological/historical acci-
dent, albeit fueled in part by the compelling nature of
the problems being investigated (e.g., the generation of
lymphocyte receptor diversity, the nature of tolerance
to self, the biology of functional polarization of effec-
tor and regulatory cell types) and by the mechanistic
insights thereby obtained. The recent molecular iden-
tification of key innate immune receptors that signal
the presence of microbial products has revitalized the
study of innate immunity; the pendulum is swing-
ing back. But, in many ways, the distinction between
innate and adaptive immunity is an artificial one. The
two are inextricably linked in vertebrates — something
that forms the focus of this chapter.

Prior to outlining these links (an outline that will,
perforce, be illustrative as opposed to comprehensive),
it is useful to sketch out and contrast innate and adap-
tive immunity. The essential function of these immune
systems includes protection against the microbial uni-
verse and injury (broadly defined). These functions
can usefully be broken down into (a) discrimination
of microbes or injury (immune recognition/activa-
tion), (b) containment or elimination of microbes or
injury (immune effector responses), and (¢) control
of immune response vigor and duration (counter-
regulation, resolution) — all of which needs to be done
without harming the host itself. It should also be noted
that, apart from this, the immune systems also play
critical roles in development and homeostasis.
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Immune Recognition

Adaptive immune recognition is a function of receptors
that are clonally distributed on individual T cells (T-cell
receptors) and B cells (B-cell receptors: surface Ig), or
secreted by the latter (Ig). The receptor specificities of T
and B cells are essentially infinite, this repertoire being
generated through somatic rearrangement of gene seg-
ments and somatic mutation. Specific receptor-bearing
lymphocytes are selected for (or against) during the
development of each individual organism. The ability
of the adaptive immune system to generate receptors
that can recognize any molecular pattern has conse-
quences for self-recognition. Deleterious recognition of
self by the adaptive immune system is largely avoided by
diverse mechanisms collectively referred to as “immu-
nological tolerance,” including developmental selection
against lymphocytes bearing receptors with inappropri-
ate affinity for self-antigens; alteration of the function
of lymphocytes that encounter (self-) antigens in the
absence of cues from the innate immune system (vide
infra); and active suppression of (perniciously) autoreac-
tive lymphocytes by specialized populations of regula-
tory lymphocytes.

Immune recognition in the innate immune system
is quite different. For one, the receptors are germ line—
encoded and non-rearranging (with the exception of
isoform generation). This means, perforce, that innate
immune receptors are relatively few in number, and
that receptor repertoire selection reflects evolutionary
processes. In 1989, Charles Janeway wrote a landmark
theoretical paper outlining an elegant framework for
understanding these constraints on innate immune
recognition, conceived as the discrimination of
noninfectious self from infectious nonself. Given the
enormous molecular variability and high mutation
rate of microorganisms, he postulated that (a) the
molecular structures recognized must be shared by
large groups of pathogens, (b) such structures must be
tightly constrained from mutational variation by being
essential to microbial survival, and (c) such structures
must be completely distinct from host structures. In
this schema, recognition of microbial nonself occurs
through pattern recognition receptors (PRRs) that bind
to pathogen-associated molecular patterns (PAMPs;
something of a misnomer: the structures recognized
by PRRs are not unique to pathogens). The subsequent
discovery in 1998 of the Toll-like receptor (TLR) fam-
ily of membrane-bound PRRs that signal in response
to conserved microbial products (Chapter 13) not only
appeared to fit this schema beautifully, but, more gen-
erally, revitalized study of the innate immune system.
This led, quite rapidly, to discovery and/or delineation
of other PRR families, including the NOD-like recep-
tors (NLRs) and RIG-I-like helicase receptors (RLRs).
A competing theoretical framework for understanding

innate immune recognition, the danger hypothesis,
was put forward by Polly Matzinger in the early
1990s. In this model, the primary driving force for the
immune system and immune recognition is not self/
nonself discrimination but protection against, and
hence detection of, danger. Obviously, the presence
of microbial products in normally sterile sites repre-
sents danger. But nonmicrobial (e.g., trauma, tissue
ischemia and infarction, crystal deposition) danger
abounds, and also leads to innate immune activation,
suggesting that there must be receptors for structures
induced, upregulated, or solubilized by cellular injury.
The fact that sterile inflammation often mirrors
microbe-driven inflammation suggests likely overlap
between PAMPs and receptors for altered or injured
self damage-associated molecular patterns (DAMPs),
something that has been borne out experimentally.
Finally, it should be noted that, despite the desire for
theoretical simplicity, evolution works in an ad hoc
fashion. It is thus not surprising that there is at least
one other mode of innate immune recognition that
does not fit easily into either the microbial nonself
or the danger rubric (theoretical constructs that are,
in any case, not mutually exclusive) — recognition
of missing self. In this mode, seen with both natu-
ral killer (NK) cells (Chapter 8) and the alternative
pathway of complement activation, the engagement
of molecular structures only expressed by normal
host cells (major histocompatibility complex [MHC]
class I and regulators of complement activation fam-
ily members, respectively) inhibits activation. An
overview of innate immune receptors is provided in
Table 3.1.

Immune Effectors

B cells and o/ T cells (including CD8+ and CD4+
T cells) are the effector cells of the adaptive immune
system. In terms of the effector pathways mediated
by such cells, B cells produce Ig, the binding of which
to antigens, microbes, and/or host-derived structures
can facilitate phagocytosis (“opsonization”), acti-
vate complement, activate or inhibit the activation
of cells bearing receptors for the Fc portion of Ig,
and/or alter the function of the structures so bound
(e.g., neutralization of viruses and microbial toxins).
Like all immune cells, B cells also produce a variety
of secreted protein mediators (cytokines) that act in
autocrine, paracrine, and systemic fashion to alter
the function of other cells, regulating the activity of
other immune effector cells and controlling inflam-
matory responses. The effector mechanisms of CD4+
and CD8+ T cells include diverse pathways of induc-
ing apoptosis (“cytolysis”) as well as the regulation
of inflammation and immune responses via cytokine
production and cell surface molecules.
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TABLE 3.1. Pattern recognition receptors of the innate immune systems

Receptor class/receptor

Location

Ligands

Comments

Toll-like receptors (TLRs)
(TLR1-13)

TLR1,2,4,5,6,10-13: plasma
membrane; TLR3,7,8,9:
endosomal compartments

Diverse PAMPs and DAMPs
(Chapter 13)

Activation of NF-xB, MAP
kinase, and IRF pathways

synthase

NOD-like receptors (NLRs) Cytoplasmic Diverse PAMPs and DAMPs Activation of NF-xB;
NALP1-14 activation of caspase 1
NOD1-5 leading to IL-1f3 cleavage
NAIP, IPAF, CIITA or cell death

RIG-I-like helicase Cytoplasmic Viral RNA: RIG-I: 5’ Activation of NF-kB and

receptors (RLRs) triphosphate ssRNA; IRF pathways
RIG-I MDAS: dsRNA
MDAS

DAl Cytoplasmic dsDNA from pathogens, Activation of NF-xB and

damaged host cells IRF pathways

PKR Cytoplasmic dsRNA Serine/threonine

kinase: phosphorylation
of elF2a, blocking protein
synthesis; activation of
NF-xB and MAP kinase
pathways
2'-5"-Oligoadenylate Cytoplasmic dsRNA Activation of RNaseL: RNA

degradation

Dectin-1

Plasma membrane

3-Glucans from fungi and
other microbes

C-type lectin; cooperation
with TLR2; activation of
NF-kB and MAP kinase
pathways; phagocytosis

Phagocytic receptors
numerous, including
Scavenger receptors
(class 1-6)
M® mannose receptor
DEC-205
DC-SIGN
Langerin
CR3, CR4

Plasma membranes of
macrophages and/or
dendritic cells (DCs)

Diverse microbial and
altered host components

Multiple protein families;
expressed on the

surface of professional
phagocytes: macrophages,
DCs, neutrophils; those

on DCs are important for
the delivery of antigen to
processing compartments

Secreted PRRs
numerous, including

Lipid transferases

BPI Lipid A Killing/opsonization of
Gram-bacteria transfer of
LPS to CD14
LBP Lipid A
Collectins
MBL Microbial sugars Complement activation,
opsonization
SP-A Diverse pathogens Opsonization
SP-D Diverse pathogens Opsonization
Pentraxins

C-reactive protein

Opsonization, complement
activation

Serum amyloid P

Opsonization, complement
activation

PTX3 Opsonization, complement
activation
PGRPs Peptidoglycan Bacterial killing
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Receptor class/receptor Location

Ligands Comments

fMLR Plasma membrane,

neutrophils

N’-formylated peptides G-protein—coupled
receptor; chemotaxis,

activation

Activating NK cell receptors ~ Plasma membrane
numerous, including

Activating KIRs

NKG2D

NKp46, 44, 30

Diverse viral, and stress-
inducible host ligands

SP, surfactant protein.

Note: Both this and the following table, like the chapter as a whole, are illustrative as opposed to comprehensive. BPI, bactericidal permeability-
increasing protein; CR, complement receptor; LBP, LPS-binding protein; MBL, mannose-binding lectin; PGRP, peptidoglycan receptor protein;

The innate immune system consists of an array of
specialized immune cells: monocytic cells (including
monocytes, macrophages, and most dendritic cells
[DCs]), other DC subtypes (such as plasmacytoid DCs,
whose origin remain somewhat unclear), granulo-
cytes (including neutrophils, eosinophils, mast cells,
and basophils), and innate lymphocytes (including
NK cells, NKT cells, v/6 T cells, and “innate” B cells).
Innate immunity comprises more than just special-
ized immune cells, however. Epithelial cells lining
body surfaces are central to innate immunity: act-
ing as barriers, producing antimicrobial effectors,
secreting substances that prevent microbial attach-
ment and entry, and secreting mediators that regulate
inflammation. Endothelial cells are similarly central
to regulation of both innate and adaptive immu-
nity, regulating immune cell trafficking into tissues
(Chapter 11). Hepatocytes play essential roles through
the secretion of humoral receptors and effectors. More
broadly, the presence of intracellular sensors and effec-
tors that respond to viral nucleic acids in all nucleated
cells suggests that, at a fundamental level, all cells are
part of the innate immune systems. An overview of
innate immune effector pathways is provided in Table
3.2. It will be noted that, in addition to cell-associated
effector pathways, a variety of humoral effector path-
ways (including proteolytic cascades such as the com-
plement and coagulation systems, and secreted PRRs)
are part of the innate immune systems. Finally, the
induction and regulation of local and systemic inflam-
mation is, in large part, a function of the production of
mediators by innate immune cells.

Immune Counter-Regulation

While inflammatory responses are critical for protec-
tion against the microbial universe (and danger), all
inflammatory responses have the potential for harm-
ing the host. Indeed, it has become clear that dys-
regulated inflammation is central to the pathogenesis
of a wide spectrum of diseases, including infectious
(e.g., sepsis), autoimmune (e.g., multiple sclerosis),

autoinflammatory (e.g., juvenile rheumatoid arthri-
tis), allergic (e.g., allergic asthma), vascular (e.g.,
atherosclerosis), neurodegenerative (e.g., Alzheimer’s
disease), metabolic (e.g., type II diabetes and other
metabolic sequelae of obesity), and monogenic (e.g.,
cystic fibrosis) diseases. As a result, immune responses
must be tightly regulated in space, time, amplitude,
and character. While immunologists have tradition-
ally focused on the molecular mechanisms underlying
immune activation and class specification, control of
the amplitude and resolution of immune responses is
just as important (Chapter 2). In recent years, numer-
ous, often overlapping and redundant immune coun-
ter-regulatory mechanisms that control innate and/
or adaptive immune responses have been defined,
including specialized cells (e.g., Foxp3+ regulatory
T cells), cytokines (e.g., IL-10), enzymes (e.g., indola-
mine 2,3-dioxygenase [IDO]), cell surface receptors
(e.g., CTLA-4), intracellular signaling modulators (e.g.,
SOCS proteins), lipid mediators (e.g., lipoxins), and
cellular reprogramming (e.g., endotoxin tolerance).

Relationship between Acute versus Chronic
Inflammation and Innate versus Adaptive Immunity

What is the relationship between acute and chronic
inflammation, defined and described in Chapter 1,
and the innate and adaptive immune systems? Classic,
acute (neutrophilic) inflammation - as seen early in
pyogenic infection and with tissue infarction — repre-
sents an innate immune response (albeit likely under
the control of counter-regulatory mechanisms deriving
from both the innate and adaptive immune systems).
Chronic (lymphocytic, monocytic) inflammation - as
seen in delayed type hypersensitivity and granuloma-
tous responses — represents coordinate activation
of both the innate and adaptive immune systems. It
should be noted, however, that classical “acute” and
“chronic” inflammation represent only small portions
of the spectrum of inflammatory responses mounted by
the human (and murine) innate and adaptive immune
systems. For example, many of the disease-associated
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TABLE 3.2. Effector mechanisms of the innate immune systems

System or mechanism Functions

Epithelia Barrier function

Secretion of antimicrobial peptides and proteins

Secretion of iron-binding proteins

Secretion of mucins (mucosae; inhibition of microbial attachment)
Mucociliary clearance (airway epithelia)

Secretion of opsonins (including those activating complement)
Secretion of chemotactic cytokines and lipid mediators

Secretion of proinflammatory cytokines

Secretion of complement components

Phagocytosis (macrophages,
DCs, neutrophils)

Intracellular killing via
Antimicrobial peptides
Hydrolytic enzymes
Reactive oxygen species
Reactive nitrogen species
Nutrient competition

Antigen processing and presentation

Complement system Opsonization

Direct antimicrobial activity

Regulation of inflammation, immunoregulation

Cytolysis

products

Induction of apoptosis in virally infected and stressed cells by NK cells (via perforin/
granzyme, via surface-expressed TNF family members) and by IFN-a/p-inducible gene

Noncytolytic antiviral
effectors

Induction of apoptosis (above), inhibition of viral transcription, replication, assembly (Mx
proteins, GBP proteins); blockade of protein synthesis (PKR); RNA degradation (OAS)
Inhibition of viral gene expression and replication by IFN-y, TNFa

Extracellular killing

Neutrophils (via extracellular “nets”)
Basophils, eosinophils, mast cells (defense against helminths)

Hepatocytes
complement components

Proinflammatory cytokine-driven production of “acute phase proteins”: opsonins,

Coagulation system

Walling off of infected tissues, regulation of inflammation

inflammatory responses noted earlier — such as aller-
gic inflammation (involving innate and adaptive
immunity); the chronic, low-grade inflammatory state
associated with obesity (apparently, largely innate); the
neurotoxic inflammation associated with Alzheimer’s
disease (also largely innate) — fit poorly, if at all, into
these categories.

REGULATION OF ADAPTIVE IMMUNITY BY THE
INNATE IMMUNE SYSTEM

At a fundamental level, efficient activation of the adap-
tive immune system is dependent on innate immu-
nity — while the adaptive immune system has the ability
to respond to essentially any molecular structure, it
relies on the innate immune system to discriminate
what structures should be responded to.

Activation of Adaptive Immune
Responses: T Cells

It has been known for 40 years that effective lympho-
cytic responses to antigens do not occur in the absence

of mononuclear phagocytic cells. In contemporary
terms, the generation of effector T cells from naive
CD4+ and CD8+ T cells is dependent on antigen pre-
sentation by a class of innate immune cells: DCs. DC
presentation of peptides on MHC class I and IT mol-
ecules to T-cell receptors (TCRs) on naive CD4+ and
CD8+ T cells, respectively, with appropriate affinity for
the specific peptide/MHC complex (“signal 1”) is nec-
essary, but not sufficient, for T-cell activation, clonal
expansion, and the generation of effector and memory
cells. In the absence of costimulation, the provision
of signals (“signal 2”) through cell surface—expressed
molecules on the APC (e.g., CD80 and CD86, CD40)
to cognate receptors on the T cell (CD28, CD40L), the
result of such antigen presentation is deletion or sup-
pression. DCs (which come in a variety of subtypes,
with somewhat different functions) are prodigious
samplers of their antigenic environment, both exter-
nal and internal. In part, external sampling is a func-
tion of phagocytosis induced by innate immune PRRs
(e.g., complement receptors and scavenger receptors);
in part, this is due to fluid phase sampling via macro-
pinocytosis. Effective antigen presentation depends on
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DC maturation (antigen processing, upregulation and
loading of MHC class I and I complexes, upregulation
of costimulatory molecule expression) and migration
to the T-cell areas of lymph nodes. In turn, such matu-
ration is a result of signaling through innate immune
PRRs.

This necessity for DC maturation provides a mecha-
nistic explanation for adjuvanticity — what Janeway
called the “immunologists’ dirty little secret.” Purified,
soluble proteins on their own fail to drive adaptive
immune responses. The ability of bacterial prod-
ucts to act as adjuvants has long been appreciated.
Lipopolysaccharide (LPS), acting through TLR4, is a
paradigmatic case in point. TLRs are clearly not the
only PRRs that drive such DC activation and matura-
tion; both microbial and endogenous danger signals
can suffice. For example, aluminum hydroxide (alum),
the adjuvant most widely used clinically, now appears
to act through induction of uric acid, a DAMP that sig-
nals through the NLR, Nalp3. While the key molecular
details of PRR-driven DC maturation remain some-
what unclear, the type I IFNs (IFN-a[s] and -p) appear
to be of special importance. A variety of other stimuli
are also able to drive DC maturation, including inter-
actions with other innate immune cells (NK cells

TLRs

TLRs

NLRs

and NKT cells, whose production of IFN-y after PRR
engagement can drive DC maturation in a paracrine
fashion), neutrophils, and mucosal epithelia. Cells ren-
dered apoptotic by NK cells can drive robust adaptive
immune responses, a phenomenon dependent on sig-
naling pathways downstream of the TLRs. An overview
of innate immune regulation of T-cell activation is pre-
sented in Figure 3.1.

While the generation of effector T cells from naive
T cells appears to depend largely on antigen presenta-
tion by DCs in lymph nodes, the reactivation of memory
cells in tissues can occur efficiently via other antigen-
presenting cells (APCs), among which cells of the
macrophage lineage appear to play a dominant role.
Further, macrophages (along with other innate immune
cell types and epithelial cells) act as critical, tissue-
specific sensors of infection and injury, secreting
chemotactic cytokines that drive and regulate not only
innate immune inflammation, but also the recruitment
and activation of DCs and lymphocyte populations.

Activation of Adaptive Immune Responses: B Cells

Efficient activation of most B-cell responses is also
dependent, either directly or indirectly, on the innate

RLRs

Figure 3.1. Innate immune regulation of T-cell activation. DC presentation of peptides on MHC molecules to T-cell receptors (TCRs)
on naive T cells (“signal 1") is necessary, but not sufficient, for T-cell activation, clonal expansion and the generation of effector
and memory cells. In the absence of costimulation, the provision of signals (“signal 2") through cell surface—expressed molecules
on the APC (e.g., CD80 and CD86, CD40) to cognate receptors on the T cell (CD28, CD40L), the result of antigen presentation is
deletion or suppression. “Effective” antigen presentation to T cells is the result of DC maturation: upregulating antigen processing,
MHC class | and Il expression and loading, and costimulatory molecule expression. DC maturation is a result of PAMP and DAMP
signaling through innate immune PRRs (e.g., TLRs, NLRs, RLRs) on DCs. Maturation can also occur through interactions with other
innate immune cells. IFN-y secretion by NK cells (pictured; activated through widely expressed PRRs such as TLRs, or through NK
activating receptors such as NKp46) or other innate lymphocyte populations can drive DC maturation; as can TNFa and type | IFN
secretion by macrophages activated through PRRs. M®, macrophage; MHC, major histocompatibility complex; NLR, NOD-like

receptor; RLR, RIG-I-like helicase receptor; TCR, T-cell receptor.
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immune systems. Cognate antigen-induced clustering
of the B-cell receptor (BCR, surface Ig) triggers B-cell
activation. The presence of complement activation
fragments (C3d) on the antigen lowers the threshold
for B-cell activation by 1000-fold, through cross-link-
ing of complement receptor 2 (CR2) and associated
molecules (CD19, CD81) to the BCR and its associ-
ated signaling molecules (Iga and Igp) (Figure 3.2).
Beyond the role of complement, B-cell responses to
protein antigens require CD4+ T cell help — the pro-
vision of membrane-bound (CD40L) and paracrine
(cytokines) signals by antigen-specific CD4+ T cells
that stimulate B-cell proliferation (clonal expansion)
as well as Ig isotype switching, synthesis, and secre-
tion. As noted earlier, the generation of such helper
T cells is itself dependent on antigen presentation by
DCs, cells that can also directly present antigen and
provide stimulation to B cells through CD40/CD40L
interactions.

Immune Class Specification

In addition to activation and clonal expansion, T cells
that avoid deletion in the aftermath of antigen presen-
tation by DCs undergo variable degrees of differentia-
tion down pathways of functional polarization, leading
to the generation of cells with diverse effector and/or

Figure 3.2. Innate immune coactivation of B cells. Antigen-
induced clustering of the B-cell receptor (BCR, surface lg)
triggers B-cell activation. Decoration of antigen with the com-
plement activation fragment, C3d, lowers the threshold for
B-cell activation by a factor of 1,000 via cross-linking of com-
plement receptor 2 (CR2) and its associated molecules, CD19
and CD81, with the BCR and its associated molecules (Iga and
Igp) — leading to the coordinate activation of signaling cascades
from both the BCR and the CR2 complexes. In addition to the
effects of complement, the innate immune systems play a criti-
cal role in B-cell responses to protein antigens. Such responses
demand help from antigen-specific CD4+ T cells, the activation
of which is dependent on DCs (cells that can also directly pres-
ent antigen, and provide stimulation to B cells through CD40/
CDA40L interactions).

regulatory properties. The molecular details are best
understood for CD4+ T cells, which can differenti-
ate down a variety of pathways that promote specific
classes of immune responses. Such polarized CD4+
T-cell populations include Th1 cells (producing IFN-vy,
among other cytokines; facilitating systemic immunity
to intracellular pathogens through activation of the
microbial effector pathways of macrophages, genera-
tion of complement-fixing Ig isotypes, and activation
of CD8+ cytolytic T cells and innate lymphocyte pop-
ulations; implicated as well in organ-specific autoim-
mune diseases); Th2 cells (producing cytokines such
as IL-4, IL-13, IL-5, and IL-9; facilitating cellular and
humoral responses to helminths; also implicated in
allergic disease and pathological fibrotic responses);
Th3 cells (producing transforming growth factor
[TGF-B], among other cytokines; facilitating mucosal
immunity, providing immune counter-regulation);
Th17 cells (producing IL-17, among other cytokines;
facilitating the mobilization of neutrophils to epithelial
barriers; also implicated in organ-specific autoimmune
diseases); and various populations of regulatory cells,
such as induced Foxp3+ regulatory T cells (“Treg”;
producing cytokines such as IL-10 and TGF-f3; sup-
pressing both innate and adaptive immune responses
via diverse mechanisms). Control of the functional
polarization of CD4+ (and CD8+) T cells is under the
instructive guidance of cytokines (“signal 3”) produced
by different DC subsets (activated under different con-
ditions) as well as by other innate immune cells — the
production of which is driven by innate immune PRRs.
Innate immune regulation of CD4+ T-cell differentia-
tion and polarization is schematized in Figure 3.3.

In turn, CD4+ T-cell polarization leads to polariza-
tion of B-cell Ig isotype production. Help from Thl
cells drives the synthesis of complement-fixing Ig iso-
types; that from Th2 cells driving IgE synthesis; and
that from Th3 cells driving IgA synthesis.

Counter-regulation of Adaptive Immune Responses

In addition to activation and class specification, the
innate immune systems play a central role inregulation
of the amplitude and resolution of adaptive immune
responses. Numerous pathways have been implicated.
Among counter-regulatory cytokines, IL-10 appears
to play a uniquely important role, restraining the
vigor of inflammatory responses: local and systemic,
innate and adaptive, and polarized along diverse axes
of effector response. IL-10 is produced by a plethora
of cell types including diverse innate (myeloid cells,
innate lymphocytes, epithelial cells) and adaptive
immune cells. It appears likely that the more polar-
ized a B or T cell is, the more likely it is to produce
IL-10 for immune counter-regulation. As noted ear-
lier, the generation of such polarization (including the
generation of specific classes of counter-regulatory
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Immune tolerance
Immune counter-regulation

TGF-B
IL-10

IL-10 (TGF-B):
4—
DC, M®

TGF-p

Barrier immunity (IgA production)
Immune counter-regulation

IL-17
IL-21
IL-22

Barrier immunity (extracellular bacteria/fungi)
Autoimmunity

Systemic immunity (intracellular organisms)
Autoimmunity

IFN-y
LT-a
IL-2

IL-4
IL-5
IL-13
IL-9

Barrier immunity (helminths)
Allergy, Fibrosis

Figure 3.3. Regulation of CD4+ T-cell polarization by the innate immune systems. Specification of the effector
(or regulatory) class of immune responses by CD4+ T cells is largely the result of functional polarization of naive
CD4+ T cells in the periphery into differentiated populations that produce unique patterns of cytokines and have
distinctive biological properties. Such polarized CD4+ T-cell populations include Th1 cells, Th2 cells, Th3 cells,
Th17 cells, and induced regulatory T cells (Treg; N.B., natural Treg are already differentiated upon leaving the thy-
mus). Control of the functional polarization of CD4+ (and CD8+) T cells is under the instructive guidance of cytok-
ines ("signal 3"), largely derived from DCs, as well as other innate (as well as adaptive) immune cells. The relevant
“signal 3,” its sources, and the transcription factors (the latter in white, in the cells) critical for the differentiation of
these polarized populations, along with their signature cytokine profiles and biological activities, is schematized
here. It appears that the more polarized a T cell, the more likely it is to express IL.-10 and have counter-regulatory
properties. Baso, basophils; I. Lymphs, innate lymphocytes; LT, lymphotoxin; M®, macrophages; nTC, naive T

cells; TSLP, thymic stromal lymphopoietin.

cells such as Tregs) is largely specified by the innate
immune systems. In addition to other inhibitory
cytokines (e.g., TGF-B), the innate immune systems
provide counter-regulation to adaptive immune
responses through inhibitory enzymes (e.g., induc-
ible nitric oxide synthase and IDO), lipid mediators
(e.g., lipoxins and resolvins), cell surface molecules
(e.g., CTLA-4 and membrane-bound TGF-p); anti-
gen destruction and clearance (e.g., by phagocytic or
cytolytic destruction of microbial pathogens, and by
complement receptor-mediated clearance of immune
complexes); and killing of APCs (e.g., by NK cell-
mediated killing of DCs).

REGULATION OF INNATE IMMUNITY BY THE
ADAPTIVE IMMUNE SYSTEM

If the innate immune systems are essential for adap-
tive immune function, the reverse isnoless true. T cells

regulate inflammation, in part, through regulation of
innate immune cell differentiation state, recruitment,
activation, and homeostasis. Innate immune activa-
tion is also under counter-regulatory control, both
direct and indirect, by the adaptive immune system.

Regulation of Innate Immune Cell Function

The generation of specific classes of inflammatory
responses by the adaptive immune system involves
the selective marshaling of innate immune cell func-
tions (along with adaptive immune functions). Again,
this has been best worked out for CD4+ T cell-driven
immunoregulation, illustrated by the effects of cytok-
ines produced by polarized CD4+ effector T cells on
macrophage populations. Th1 cell production of IFN-y
drives antigen-specific, “classical activation” of mac-
rophages, marked by upregulation of microbicidal
effector functions (e.g., production of reactive oxygen
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species and nitric oxide) and secretion of proinflam-
matory cytokines. On the other hand, Th2 cell produc-
tion of IL-4 and IL-13 leads to “alternative activation”
of macrophages, marked by upregulation of repair
functions (e.g., driving collagen production and cel-
lular proliferation). More generally, these and other
cytokines produced by polarized CD4+ effector T
cells have wide effects across the innate immune sys-
tems. For example, IFN-y affects neutrophil function
(facilitating recruitment, inhibiting apoptosis, prim-
ing for cytokine and chemokine production, and the
generation of reactive oxygen species), epithelia (alter-
ing chemokine production by airway epithelia) and
endothelia (regulating adhesion molecule expression);
IL-4 and IL-13 alter the properties of epithelia (driving
mucous metaplasia, altering chemokine production)
and endothelia (regulating adhesion molecule expres-
sion); other Th2-derived cytokines regulate the dif-
ferentiation, recruitment, apoptosis, and/or priming
of eosinophils (IL-5) and mast cells (IL-9); and IL-17
plays an important role in neutrophil homeostasis,
recruitment, and activation.

These same cytokines alter the function of innate
immune APCs (e.g., DCs), regulating the subsequent
generation of polarized populations of effector lym-
phocytes. Polarized effector lymphocytes also regu-
late DC function via cell surface ligands that up- or
downregulate antigen presentation (e.g., via CD40L
and CTLA-4, respectively).

Counter-Regulation of Innate Immune Responses

As might be expected, the adaptive immune system
plays a role in counter-regulation of innate immune
responses. Again this occurs through multiple, often
overlapping pathways, including specialized cell types
(e.g., Tregs, Th3 cells, regulatory B cells), inhibitory
cytokines (e.g., IL-10, TGF-B, IL-4), and inhibitory
enzymes (e.g., inducible nitric oxide and IDO - both
upregulated by IFN-v).

TISSUE-SPECIFIC IMMUNITY: ORGAN-SPECIFIC
REGULATION OF IMMUNE RESPONSES

As the increasingly convoluted descriptions of immune
activation and regulation found above should make
clear, distinctions between innate and adaptive immu-
nity are, in many ways, artificial. The immune system
acts in a coordinated fashion to respond to insults.
Reductive distinctions between various facets of the
immune system have theoretical and experimental util-
ity — but, in the end, such facets can only be understood
in the wider context of the immune system as a whole.
Another critical, contextual piece to be kept in
mind is that immune responses occur in specific

tissues. The biologically appropriate class of immune
response varies not only by type of insult, but also
by tissue. For example, the lung represents a very
large (approximately a tennis court in surface area),
very thin (two cells thick) interface with the exter-
nal environment that is specialized for gas exchange.
Constantly exposed to danger in the form of inhaled
and aspirated microbes and microbial products, the
normal function of the lung can rapidly be compro-
mised by the destructive power of inflammatory
responses. It is therefore not surprising that the
lung, normally kept sterile, is equipped with a pro-
digious array of innate immune mechanisms that
allow for constitutive antimicrobial activity in the
absence of inflammation; that immune activation,
the class of immune activation and the amplitude of
immune activation is tightly controlled in the lung;
and that the lung is marked by particularly strong
immune counter-regulation. On the other hand, the
gut mucosa is bathed by commensal flora in num-
bers that exceed the total number of cells in the host
organism. Failing to respond to commensal flora,
responding appropriately to pathogenic microbes,
and doing the latter without functional derangement
of gut function are obvious, important problems for
the gut mucosal immune system. Again, gut immune
responses (often marked by IL-10 and TGF-f expres-
sion and secretory IgA production) are tightly con-
trolled in terms of activation, class, and amplitude.
Similar biological considerations come to the fore
in sites such as the eye, brain, testis, and placenta,
where functional and structural constraints dictate
the biological utility of specific classes of immune
response. Matzinger has pointed out that immu-
nologists have traditionally talked about such sites
as being “immunologically privileged,” because
the sorts of immune responses that immunologists
were used to measuring were hard to generate in
these sites. But, in fact, this represents not a failure
of immune activation, but immune class deviation;
these sites mount quite effective, biologically appro-
priate immune responses.

Our knowledge of how specific organs and tissues
“predispose” to certain classes of immune response
remains somewhat spotty. In part, this is likely a
function of tissue-specific parenchymal recruitment
and “education” of DC subtypes (master regulators of
immune class specification), tissue macrophage popu-
lations (long known to have dramatic, organ-specific
functional heterogeneity), and innate lymphocyte
populations (including NKT cells in the liver, innate
B cells in the peritoneum, and v/ T cells in the gut).
In turn, organ-specific innate immune cell repertoires
(including, quite importantly, parenchymal cells such
as airway epithelia) are likely to regulate the induction
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(and resolution) of organ- (and class-) specific immune
responses, both innate and adaptive.
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m Neutrophils |

Jose U. Scher, Steven B. Abramson, and Michael H. Pillinger

INTRODUCTION

Polymorphonuclear leukocytes or granulocytes are
hematopoietically derived phagocytes characterized
by multilobed nuclei and the presence of multiple,
distinct granules within their cytoplasm. Three differ-
ent polymorphonuclear leukocytes are distinguished
according to their granular staining properties: neu-
trophils (polymorphonuclear neutrophils or PMNs),
basophils, and eosinophils. Neutrophil granules stain
preferentially with neutral dyes, whereas basophil
granules stain with basic dyes, and eosinophilic gran-
ules stain with acidic colorants such as eosin. These
three types of leukocytes differ not only in their tinc-
torial properties, but also in their functions and roles
during the inflammatory process. They constitute key
effector cells in innate immunity, and the frontline
of host defense in response to foreign antigens and
microorganisms. In this chapter, we will focus on the
biology and role of neutrophils. The other polymor-
phonuclear leukocytes are discussed elsewhere.

NEUTROPHIL HOMEOSTASIS: MYELOPOIESIS
AND DESTRUCTION

Neutrophil myelopoiesis is a closely regulated process
that begins with the differentiation of pluripotent
stem cells into primitive myeloid progenitors, which
in turn differentiate into specific myeloid precursors.
Contact with specific adhesion molecules, hematopoi-
etic growth factors, and cytokines promotes the pro-
gression of myeloblasts along unique pathways to
mature as neutrophils, eosinophils, and basophils, as
well as monocytes. The sequence that leads to neu-
trophil formation begins with the neutrophilic pro-
myelocyte and progresses through several maturation
steps (neutrophilic myelocyte, metamyelocyte, band
cell, and mature neutrophil) (Figure 4A.1). This pro-
cess of neutrophil development takes approximately

14 days; cell division is terminated at the metamy-
elocyte stage, while granule development continues.
Eventually, terminally differentiated neutrophils are
released from the bone marrow. At that point they
are unable to divide, and their synthetic machinery
has become partially inactivated. During steady-state
granulopoiesis, roughly 10'' neutrophils are released
into the bloodstream daily. Neutrophil half-life in
blood is 6-8 hours and, under normal circumstances,
neutrophils constitute roughly 60% of all leukocytes
in human peripheral blood [1].

The coordinated expression of a number of myeloid
transcription factors (including PU.1, CCAAT enhancer
binding proteins a and ¢ [C/EBPa. and C/EBPg], and
GFI-1) is necessary for the regulation of neutrophil
development [2]. Among the extracellular factors that
direct pluripotent stem cells to differentiate into neutro-
phils, granulocyte colony-stimulating factor (G-CSF)
plays an essential role [3]. G-CSF has been shown to
induce myeloid differentiation [4], stimulate prolifera-
tion of granulocytic precursors, and provoke neutro-
phil release from the bone marrow [5]. The biological
effects of G-CSF are mediated via its receptor (G-CSFR
or CD114), a member of the hematopoietic cytokine
receptor family [6]. Other hematopoietic cytokines
contributing to neutrophil development in vivo include
granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukin-6 (IL-6), and IL-3 [7-9].

In the absence of inflammatory stimuli, neutro-
phil populations are maintained within a relatively
narrow range. Although incompletely understood,
the mechanisms controlling neutrophil homeostasis
regulate both neutrophil production and clearance.
Recent observations implicate the SDF-1/CXCR4 sig-
naling system in the process of neutrophil clearance.
SDF-1 (CXCL12) is a CXC chemokine that is secreted
from bone marrow and attracts neutrophils by engag-
ing the CXCR4 receptor. Senescent neutrophils
upregulate CXCR4 and acquire the ability to migrate
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Figure 4A.1. Neutrophil development.

toward SDF-1, leading to homing to the bone marrow
and clearance of aging cells from the blood [10,11]. In
the bone marrow, as well as in the spleen and liver,
damaged and aging neutrophils are cleared by tissue
macrophages. Reduction of neutrophil populations
is also effected through induction of apoptosis. For
example, aged neutrophils undergo programmed cell
death when exposed to tumor necrosis factor alpha
(TNFa) or Fas ligand (CD95) [12,13].

A feedback loop downregulating neutrophil pro-
duction has recently been identified. Following
phagocytosis of apoptotic neutrophils by tissue mac-
rophages, the latter shut down their secretion of
IL-23. In consequence, IL-17 production by TH17 cells
isreduced. Lack of IL-17 then results in decreased lev-
els of G-CSF and, consequently, reduced neutrophil
development and release. In the setting of increased
neutrophil populations (and hence increased popula-
tions of apoptotic neutrophils), this system is poised
to maintain neutrophil populations within a constant
range [14].

NEUTROPHIL ANATOMY: MORPHOLOGY
AND GRANULES

The development and formation of neutrophil gran-
ules occurs in a sequential process during myeloid
cell differentiation (Figure 4A.1). Granule formation
begins in the early promyelocyte stage, a period dur-
ing which the majority of nascent granules are rich
in myeloperoxidase (MPO), an enzyme that catalyzes
the formation of hypochlorous acid. These primary
granules are also referred to as azurophilic, owing to
their affinity for the basic dye azure A [15]. They are
functionally similar, although not identical, to lyso-
somes of other cells. Azurophilic granule maturation
is largely complete at the myelocyte stage of neutro-
phil development, at which point peroxidase-negative

v

phase

granules begin to form. On the basis of their time of
appearance and content, the latter are subdivided into
secondary (or specific) and tertiary (or gelatinase)
granules. Specific granules develop in myelocytes and
metamyelocytes and are rich in lactoferrin, whereas
gelatinase granules form later (neutrophil band stage)
and lack lactoferrin [16]. A fourth category of gran-
ules, secretory vesicles, are smaller than the others
and appear during the late stage of nuclear neutrophil
segmentation [17].

In addition to MPO, azurophilic granules contain
a variety of acidic hydrolases and serine proteinases
(e.g., elastase, proteinase-3, and cathepsins), as well as
enzymes directed at nucleic acids and sugars (Table
4A.1). Like lysosomes, azurophilic granules contain
granulophysin (CD63) in their membrane [18]. In con-
trast to lysosomes, however, primary granules are
deficient in lysosome-associated membrane proteins 1
and 2 (LAMP-1 and LAMP-2). Similarly, the mannose-
6-phosphate receptor system — essential for lysosomal
enzyme targeting [19] - is not utilized by neutrophil
azurophilic granules [20]. Thus, some authors con-
sider that azurophilic granules are best described as
regulated secretory granules, rather than as special-
ized lysosomes [21].

In addition to soluble vesicular contents, specific
granules possess an extensive array of membrane-
associated proteins including cytochromes, signaling
molecules, and receptors (Table 4A.1). Specific gran-
ules thus form a storage depot of proteins that can be
directed to the surfaces of phagocytic vacuoles as well
as the plasma membrane. One particularly important
family of soluble proteinases found in neutrophil-
specific granules are the matrix metalloproteinases
(MMPs), including neutrophil collagenase-2 (MMP-8),
gelatinase-B (MMP-9), and leukolysin (MMP-25).
Many of these are stored as inactive proenzymes.
They undergo proteolytic activation following granule
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TABLE 4A.1. Content of neutrophil granules

Azurophil granules

Specific granules

Gelatinase granules Secretory vesicles

CDé3 (granulophysin)

fMLP receptor

fMLP receptor fMLP receptor

CDé68 CD11b/CD18 CD11b/CD18 CD11b/CD18
Stomatin CDé66 Cytochrome bssg Cytochrome bssg
Presenilin 1 CDé67 SCAMP Leukolysin (MMP-25)

CD15 SNAP-23, -25 CD10

Cytochrome bygsg Leukolysin (MMP-25) CD13

TNF receptor CD14

Fibronectin receptor CD16

Laminin receptor CD45

Thrombospondin receptor CR1

Vitronectin receptor

C1q receptor

SCAMP

DAF

SNAP-23, -25

Leukolysin (MMP-25)

NB1 antigen

Myeloperoxidase

Lysozyme

Gelatinase (high concentrations) Plasma proteins

Acid mucopolysaccharide

Lactoferrin

Lysozyme

a-1 Antitrypsin

Gelatinase (MMP-9)

Acetyltransferase

a-Mannosidase

Collagenase (MMP-8)

B2-Microglobulin

B-Glycerophosphatases

B2-Microglobulin

B-Glucuronidase

Histaminase

Cathepsins Heparanase
Defensins Sialidase
Elastase hCAP-18
Lysozyme

Proteinase-3

BPI

fusion and interaction with azurophilic granule con-
tents, and are capable of disrupting major structural
components of bacteria and/or the extracellular mem-
brane. Neutrophil MMPs appear to be crucial not only
for bacterial killing, but also for neutrophil extravasa-
tion and migration [22].

The remaining two classes of vesicles are less well
studied. Gelatinase granules resemble specific gran-
ules in size and density, and share some proteins in
common with them. Gelatinase granules differ from
specific granules, however, in that they contain high
concentrations of gelatinase, a latent enzyme with the
capacity for tissue destruction. Secretory vesicles are
smaller and lighter than the other classes. They lack
proteolytic enzymes but are rich in membrane-associ-
ated proteins, including receptors otherwise identified

with the plasma membrane. Moreover, they are prefer-
entially directed not to phagosomes, but to the plasma
membrane. Thus, secretory vesicles appear to serve
mainly as a reservoir of neutrophil plasma membrane
proteins (Table 4A.1).

NEUTROPHIL PHYSIOLOGY: ACTIVATION
AND FUNCTION

In order to carry out their role in acute inflamma-
tion, bloodstream neutrophils must first sense chemi-
cal mediators (chemoattractants) via cell membrane
receptors. Next, neutrophils must attach to the acti-
vated endothelium through several interactions involv-
ing adhesion molecules and their receptors (rolling
and adhesion). After passing through postcapillary
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venules (diapedesis), neutrophils migrate toward
sites of inflammation where they recognize their
target, engulf it (phagocytosis), and finally destroy
it. Activated neutrophils also play an important role
in further upregulating the inflammatory process.
Eventually, neutrophils participating in acute inflam-
mation must be cleared from the inflammatory site as
the inflammation resolves.

Stimuli and Receptors

Chemoattractants playing a role in neutrophil activa-
tion include lipid mediators (e.g., leukotriene B, [LTB,]
and platelet-activating factor), as well as proteins and
peptides such as bacterial formylated peptides and
the complement split product C5a. One important
group of neutrophil chemoattractants are the CXC
chemokines, characterized by the presence of paired
cysteines (“C”), separated by any other amino acid
(“X”) at the C-terminus. CXC chemokines that appear
to be most critical for neutrophil recruitment include
IL-8 (CXCL8), MIP-2 (CXCL2), and KC (CXCL1). At
sites of inflammation, chemoattractants are either
produced by inflammatory cells (e.g., LTB, or IL-8),
liberated from previously synthesized proteins (e.g.,
C5a), or derived from bacteria themselves (e.g., fMLP).
Although all neutrophil chemoattractants can stimu-
late multiple aspects of neutrophil activation, they
differ in both their relative potencies and the kinetics
of their effects [23]. For example, neutrophil mobiliza-
tion from the bone marrow by G-CSF takes 4-6 hours,
whereas IL-8-driven neutrophil mobilization into
peripheral tissues takes only minutes [24,25].

Neutrophil responses to chemoattractants and
other stimuli depend on the presence of specific sur-
face receptors. On the basis of microarray analysis,
receptors for various inflammatory stimuli are signifi-
cantly expressed only in terminally differentiated neu-
trophils [26]. Important examples include receptors
for interferon (IFN) a and v; IL receptors IL-1R, IL4R,
IL-6R, IL-10R, and IL-17R; tumor necrosis factor
(TNF) receptors 1 and 2; and CXC and CC chemokine
receptors such as IL-8R-a and B, CXCR-4 and CCR-1,
2, and 3. Whereas growth factors and cytokines signal
through various classes of protein tyrosine kinase-
based receptors, chemoattractants signal mostly via
G-protein—coupled receptors (GPCRs).

Once a GPCR is activated by its ligand, the recep-
tor undergoes a conformational change, causing acti-
vation of an associated heterotrimeric GTP-binding
protein (G protein). In neutrophils, the predominant
G proteins are of the G; family [27]. All G proteins
function as “molecular switches,” alternating between
an inactive guanosine diphosphate (GDP)- and active
guanosine triphosphate (GTP)-bound state, ultimately
going on to regulate downstream cell processes.

Intracellular Signaling and Second Messengers

Multiple intracellular systems propagate signals from
the surface of neutrophils to their interiors. One
particularly important system is constituted by low
molecular weight (20-25 kDa) GTP-binding proteins
(LMW-GBPs), also known as Ras-related or Ras super-
family proteins. In contrast to heterotrimeric G pro-
teins, these proteins are monomeric. However, they
share with G proteins the ability to bind and hydrolyze
GTP and serve as molecular switches. Four LMW-GBP
subfamilies play important roles in neutrophils: the
Ras subfamily itself, whose members regulate cell
growth and division; the Rho subfamily, functioning
in cytoskeletal rearrangements and superoxide gener-
ation [28]; and the Rab and Arf subfamilies, critical for
vesicular and endomembrane trafficking [29].

Second Messengers

Neutrophils also employ second messenger systems,
in which small molecules generated at the plasma
membrane diffuse through the cell to affect targets.
Among the best-studied of the systems in neutrophils
is phospholipase C (PLC). At the cell membrane, acti-
vated PLC cleaves phosphoinositol bisphosphate (PIP,)
into diacyl glycerol (DAG) and inositol trisphosphate
(IP;), which in turn increases calcium influx to induce
protein kinase C activation. A second critical phos-
pholipase in neutrophils is cPLA,, which hydrolyzes
the sn-2 position of membrane glycerophospholipids
to liberate arachidonic acid (AA), a precursor of eico-
sanoids including prostaglandins (PGs) and leukot-
rienes (LTs) [30,31].

Nonlipid second messengers regulating neutrophil
activation include cAMP, whose intracellular concen-
trations can rise rapidly upon neutrophil stimulation.
It is thought that cAMP provides a mostly negative reg-
ulatory (off) signal, as direct exposure to membrane-
permeable analogs of cAMP inhibits many neutrophil
responses, probably via activation of protein kinase A
[32,33]. cGMP can also be generated by neutrophils,
and appears to have a modest enhancing effect on
some neutrophil responses.

Low levels of nitric oxide (NO) are also expressed in
neutrophils following stimulation [34]. In addition to
phagocytic and tumoricidal activity, NO in neutrophil
appears to play an important role in signal transduc-
tion. Exogenously added NO exerts a variety of effects
on neutrophils, including inhibition of the NADPH
oxidase, actin polymerization, and chemotaxis [35].
Excessive NO production is seen during the course of a
variety of rheumatic and inflammatory diseases, attest-
ing to the possible importance of its effects on neu-
trophils [36]. See Chapters 14 through 16 for further
discussion on second messengers and NO functions.



Kinases and Kinase Cascades

Intracellular kinases and kinase cascades also partici-
pate in neutrophil regulation. Protein kinase C (PKC)
is a family composed of three subsets (PKC-a, , and
v) with overlapping but distinct functions. PKCs are
activated in response to several chemoattractants,
and studies support a role for PKC in neutrophil sur-
vival and function. Activation of specific isotypes of
PKC is known to be involved in membrane alteration
and motility, oxidative phosphorylation, and apopto-
sis modulation of neutrophils. Exogenous activators of
PKCs, including phorbol myristate acetate (PMA) and
palmitoyl-2-linoleoylglycerol hydroperoxide (PLG-
OOH), stimulate neutrophil responses such as adhesion
and O,-generation [37,38]. Moreover, inhibitors of PKC
(including chelerythrine chloride and staurosporine)
block stimulation of neutrophil functions [39].

Mitogen-activated protein kinases (MAPK) are a
family of serine/threonine-specific protein kinases
that respond to extracellular stimuli (mitogens) and
regulate cellular activities including gene expression,
mitosis, differentiation, and cell survival/apoptosis.
MAPKSs include the Erk, p38, and Jun kinase (Jnk)
subfamilies. In neutrophils, chemoattractants, colony
stimulating factors, and other stimuli such as LPS are
capable of activating all three classes of MAPK [40-42].
Current evidence support a role for Erk in neutrophil
activation [43,44], including adhesion and phagocyto-
sis processes [32,45].

Phosphatidylinositol 3-kinases (PI 3-Ks) phospho-
rylate lipid (phosphotidylinositol) targets. The main
active product of class IPI 3-Ks appears to be phosphati-
dylinositol trisphosphate (PIP;). Chemoattractants
such as  N-formyl-methionyl-leucyl-phenylalanine
(FMLP) rapidly activate PI 3-K in neutrophils, regu-
lating O; generation, adhesion, chemotaxis [46], and
degranulation [47]. A role for PI 3-K in the regulation
of neutrophil survival and apoptosis has also been
established [48].

THE CONSEQUENCES OF NEUTROPHIL
ACTIVATION: ADHESION, MIGRATION,
AND BACTERIAL KILLING

Neutrophil Adhesion and Migration

The ability of bloodstream neutrophils to adhere to
endothelium is an essential step required to concen-
trate them and direct them to sites of inflammation.
Membranes on both neutrophils and endothelial
cells have the capacity to express multiple families of
interacting adhesion molecules. These include selec-
tins, integrins, and intercellular adhesion molecules
(ICAMs), as well as sialylated glycoproteins. Under
noninflammatory conditions, neutrophils and other
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leukocytes travel primarily through the center of the
blood vessel lumen, where flow is fastest. In response
to proinflammatory signals, both the neutrophils and
the blood vessels undergo a series of changes. As a
consequence of vascular dilatation blood flow slows,
facilitating leukocyte interactions with endothelial
cells. A process of rolling adhesion ensues, in which
P- and L-selectins on neutrophils, and E-selectins on
endothelia, interact with sialyl-Lewis* moieties (s-Le¥)
on their respective partners. These interactions are
reversible and transient, and prepare the cells for a
tighter binding step to follow. In response to CXCL8
(released by tissue macrophages and transported
actively through the venular endothelial cells [49]),
complement or formyl peptide fragments generated
at the inflammatory site, integrins (predominantly
LFA-1 and CR3 [Mac-1]) already expressed on neu-
trophil surfaces are stimulated to undergo confor-
mational changes that render them adhesive for their
cognate receptors. Concurrently, macrophage-derived
TNFa and/or IL-1B induce endothelial cell expression
of the integrins’ cognate ligands, ICAM-1 and ICAM-2.
The result is tight binding, and arrest of neutrophil
motion [50].

Movement of neutrophils out of the circulatory
system, or diapedesis, requires first the interaction
between molecules of CD31 (expressed by PMNs
and also by the intercellular junctions of endothe-
lial cells) allowing the cell to pass through the endo-
thelium [51]. The secretion of a broad range of MMPs
degrades the basement membrane and permits the
neutrophil passage through the acellular matrix.
By mechanisms not fully established, the basement
membrane appears to reseal behind the exited neu-
trophil. Once in the interstitial compartment, neutro-
phils migrate along the chemotactic gradient toward
the site of injury or infection [52]. The mechanism of
chemotaxis involves, in part, directed localization of
chemoattractant receptors to the leading edge of the
neutrophil (“headlight phenomenon”) and cytoskele-
tal rearrangements to permit unidirectional motion.

Phagocytosis and Bacterial Killing

Once recruited to the inflammatory site, neutrophils
directly recognize, phagocytose, and destroy foreign
pathogens. Phagocytosis — a specialized form of endo-
cytosis — is the cellular process of engulfing particles
by the cell membrane to form an internal phagosome.
Initiation of phagocytosis can be achieved by neutro-
phil recognition of pathogen-associated molecular
patterns, or PAMPs, small repetitive molecular motifs
that are found on bacteria and/or viruses but not on
mammalian cells. PAMPs are recognized by Toll-like
receptors (TLRs) [53,54] and other pattern recognition
receptors (PRRs). Indeed, it has been demonstrated
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Figure 4A.2. Assembly and activation of the phagocyte oxidase system, resulting in the production of superoxide anions.

that human neutrophils are able to express all TLRs
except for TLR3. Upon TLR stimulation, neutrophil
shape is altered and phagocytosis is increased [55].

Neutrophil phagocytosis is greatly facilitated by
opsonization, or the coating of bacterial or other
targets with immunoglobulins and complement C3b
fragments. Antibody-coated pathogens are recognized
by both complement and immunoglobulin Fc recep-
tors on the neutrophil surface [56,57]. Neutrophils
possess receptors to the IgG isotypes IgG; and IgG;,
(FcyRI [CD64], FcyRII [CD32], and FcyRIII [CD16]).
Opsonization of bacteria by immunoglobulins plays
a particularly important role in the response of neu-
trophils to bacteria with polysaccharide capsules,
since their capsules help them evade direct phagocy-
tosis [58].

Neutrophil mechanisms of pathogen destruction
are multiple, and involve granule fusion, toxic oxygen
radical production, activation of latent proteolytic
enzymes, and the activity of antibacterial proteins. The
phagosome undergoes fusion with neutrophil granules
to form a phagolysosome, the protected space in which
pathogen degradation occurs.

Oxygen-dependent degradation of pathogens
requires a NADPH oxidase system and a respira-
tory burst: a rapid production and release of reac-
tive oxygen species (ROS) such as NO, superoxide
anion, and hydrogen peroxide, all of which are highly
toxic to bacteria. The NADPH oxidase enzyme is a
membrane-bound multimeric complex that assembles
from membrane and cytoplasmic proteins upon cell

stimulation (Figure 4A.2). The NADPH oxidase system
converts oxygen molecules (0,) into superoxide anions
(03). A second enzyme, superoxide dismutase (SOD),
then converts O; into hydrogen (H,0,), which can
kill microorganisms. H,0, can be further converted
by myeloperoxidase into hypochlorous acid (HOCI,
chlorine bleach), which also has potent antibacterial
activity. Whereas the membrane components of the
NADPH oxidase are localized to specific granules,
myeloperoxidase is localized to primary granules;
thus, the production of HOCI cannot occur until both
granule classes fuse into the phagolysosome.

Oxygen-independent degradation also depends on
the fusion of granules into the phagolysosome. As
detailed at the beginning of this chapter, primary,
specific, and gelatinase granules contain proteolytic
enzymes such as lysozyme and metalloproteinases, as
well as defensins and cationic proteins (e.g., bacteri-
cidal permeability inducing protein, BPI) with intrinsic
antimicrobial properties required for the destruction
of invading microorganisms [59].

Most recently, a unique, nonphagocytic mechanism
of bacterial killing has been identified in neutrophils.
Neutrophil extracellular traps (NETs) are extracel-
lular neutrophil structures composed of chromatin
and granule proteins that bind and kill microorgan-
isms [60]. In settings of extreme stimulation, and in
the presence of stress from ROS, neutrophils may
undergo a novel form of cell death characterized by
cell membrane breakdown and the release of NETs.
These NETs can bind and neutralize extracellular



pathogens. Because this process requires the sacrifice
of the neutrophil, the term “beneficial suicide” has
been proposed [61].

NEUTROPHIL PROPAGATION OF
INFLAMMATION: PRODUCTION OF
INFLAMMATORY MEDIATORS

In addition to engulfing and destroying foreign invad-
ers, activated neutrophils enhance the inflammatory
response by producing mediators that promote addi-
tional inflammation and facilitate host defense.

Arachidonic Acid Metabolites

Upon stimulation, neutrophils release AA from mem-
brane phospholipids. While AA can act as a neutrophil
chemoattractant [45,62], its main role is as a precur-
sor for the generation of other, more potent lipid com-
pounds, most prominently the prostaglandins and
leukotrienes.

Prostaglandins are generated by the action of
cyclooxygenases (COXs, endoperoxide synthases) on
AA. COXs are heterobifunctional enzymes that first
reduce AA to PGG,, then convert PGG, into PGH,.
PGH,serves as a substrate for generating multiple pros-
tanoids. Among the latter, the most directly relevant
to inflammation is PGE,. Proinflammatory effects of
PGE, include vasodilation, increased vascular perme-
ability, and pain. COX activity in resting neutrophils is
negligible, but activated neutrophils upregulate COX-2
to produce PGE,.

Neutrophils generate LTs through the action
of 5-lipoxygenase (5-LO), like COX a heterobi-
functional enzyme. 5-LO first converts AA to
5-hydroxyeicosatetraenoic acid (S-HETE), then con-
verts 5-HETE into LTA,. Both 5-HETE [45] and LTA,
possess intrinsic biological activity, but mainly serve
as substrates for additional reactions. Neutrophils
convert LTA, into LTB, via the action of LTA, hydro-
lase; LTB, is itself a potent chemoattractant and acti-
vator of neutrophils.

Interestingly, some neutrophil lipid products have
anti-inflammatory effects. Lipoxins are generated by
the sequential actions of neutrophil 5-lipoxygenase
and a related enzyme (either 12- or 15-lipoxygenase)
in another cell type, either platelets or endothelial
cells [63,64]. The requirement for two cells, passing
substrates between them, suggests that lipoxins may
not be produced until an inflammatory response is
well underway, when they may serve to promote the
resolution of inflammation [65]. Some prostaglan-
dins — notably 15d-PGJ, and possibly PGF,a - also
characteristically have anti-inflammatory effects
[66]. Even PGE, may, in some cases, have anti-
inflammatory effects, underlining the importance
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of context on the determination of inflammatory
outcomes.

Cytokine Production

Although the neutrophil protein synthetic appara-
tus is partly disabled, neutrophils remain capable
of limited protein synthesis, including the produc-
tion of cytokines. Cytokines released by neutrophils
include MIP-1-a and f§ (CCL3 and CCL4), transform-
ing growth factor-f (TGF-f), as well as IL-8 (CXC8),
growth-related oncogene-o (Gro-a/CXCL1), and the
granulocyte chemotactic protein-2 (CXCL6) [67]. IL-1a
and B, TNFa, and IL-6 may also be produced by neu-
trophils, although this remains a matter of discrep-
ancy [68]. The production of each chemokine requires
a relatively selective combination of stimulants [69].
For example, in the presence of LPS and TNFa, only
IL-8, Gro-a, and MIP-1-a are produced, while LPS and
IFNy additionally induce the synthesis of CXCL 9 and
10. Neutrophils under conditions of inflammation may
upregulate the synthesis not only of the cytokines, but
also of their cognate receptors, leading to autocrine-
stimulation loops that regulate cell trafficking and
immune responses [70].

B-lymphocyte stimulator (BLyS), a member of
the TNF superfamily of ligands, and TNF-related
apoptosis-inducing ligand (TRAIL) have been reported
to be secreted by G-CSF and IL-8-timulated neutro-
phils, respectively [71,72]. Whereas BlyS supports the
survival and maturation of B cells, TRAIL acts to stim-
ulate the antitumor and antiviral actions of T cells.
Through these and other products, neutrophil activa-
tion may not only provide direct attack on pathogens,
but also support the transition from innate to adaptive
immunity.

Just as neutrophils have the capacity to make
anti-inflammatory lipids, they may also produce
anti-inflammatory proteins. TGF-f3 has a dual role. On
the one hand, it is a potent chemoattractant for human
neutrophils [73], and enhances neutrophil cytokine
production, including that of TGF-p itself [74]. On the
other hand, TGF-§3 also has potent antiinflammatory
effects [75] that may contribute to the resolution of the
inflammatory state. Activated neutrophils also pro-
duce IL-1 receptor antagonist (IL-1Ra), an endogenous
inhibitor of IL-1f signaling [76]. The value of recombi-
nant IL-1Ra (anakinra) in the treatment of autoinflam-
matory conditions such as Still’s disease [77] highlights
the biological importance of endogenous IL-1Ra.
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INTRODUCTION

Polymorphonuclear neutrophil leukocytes (PMN) are
“professional” phagocytic cells of the innate immune
system that act as the first line of defense against
invading pathogens, principally bacteria and fungi but
also viruses. Because of their powerful microbicidal
equipment, they have a major role in inflammatory
responses other than anti-infectious defenses. In fact,
after agonist challenge, neutrophils have the capacity
to generate reactive oxygen species (ROS) and release
lytic enzymes with potent antimicrobial activity,
which are all essential for pathogen killing. Conversely,
PMN-derived ROS and proteases may also damage the
surrounding tissues if released in an uncontrolled man-
ner, as observed in inflammatory diseases dominated
by neutrophils. Nevertheless, it is now clear that the
role of neutrophils goes far beyond phagocytosis and
pathogen killing, as uncovered in the past two decades
(Figure 4B.1). For instance, it has been documented
that neutrophils have the capacity to migrate toward
the lymph nodes and to express major histocompat-
ibility complex class II (MHC II) molecules, once
appropriately activated. An additional and fascinating
aspect that has gradually come to light is the ability of
neutrophils to newly express a number of genes, whose
products lie at the core of inflammatory and immune
responses. Not only neutrophils synthesize numerous
proteins involved in their effector functions, including
some complement components and Fc receptors, but
they also produce a variety of cytokines and chemok-
ines. Since the latter molecules exert a broad spectrum
of biological activities, it is reasonable to assume that
neutrophils, by producing and releasing cytokines,
may significantly contribute to the regulation of many
different processes and, in turn, act as key regulators
of cross talks among immune, endothelial, stromal,
and parenchymal cells, as well as important players
in autoimmune diseases and antitumoral responses.

Finally, the application to neutrophils of the new para-
digm of apoptosis, defined as the process of regulated
cell death that prevents release of their cytotoxic and
proteolytic contents, is now used to explain how some
processes lead to resolution of inflammation or infec-
tion without tissue damage, simply by allowing neu-
trophil apoptosis to occur.

NEUTROPHIL DIFFERENTIATION, MATURATION,
AND OTHER GENERALITIES

Polymorphonuclear neutrophils are the most abun-
dant circulating leukocyte type in humans, normally
present at 2.5-7.5 x 10° cells/L in the blood. PMN are
members of the granulocyte family of leukocytes, which
also comprises eosinophils and basophils and that
were thus named because they are not well stained
either by eosin, a red acidic stain, or by methylene
blue, a basic or alkaline stain. All three types of gran-
ulocytes contain heterogeneous cytoplasmic granules
(500-1,500/neutrophil), which are storage pools for
mostly cell-specific intracellular enzymes, cationic
protein, receptors, and discrete proteins. A morpho-
logical peculiarity of the neutrophil concerns their
nucleus, which is polymorphous and usually consists
of three to five sausage-shaped masses of chromatin
connected by fine threads.

Mature neutrophils are terminally differentiated,
nondividing cells, with a rich supply of cytoplasmic
glycogen. They develop and maturate in the bone mar-
row from pluripotent CD34+ stem cells (over a 7-14 day
period, at a rate of approximately 5-10 x 10 cells on
a daily basis), under the regulatory effects of several
colony-stimulating factors (CSFs), including interleu-
kin-3 (IL-3), granulocyte-macrophage CSF (GM-CSF)
and granulocyte CSF (G-CSF). Transcriptional profil-
ing studies have suggested that, whereas macrophages
represent the default myeloid cells that mature,
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Figure 4B.1. Potential effector functions of neutrophils at sites of infection and inflammation.

granulocytes arise through the selective expression
of a subset of transcription factors (Egrl, HoxB7,
STAT3) during differentiation. Colony-stimulating fac-
tors exert their growth and differentiation effects on
progressively more committed stages of cell matura-
tion, starting from the myeloblast, the promyelocyte,
the myelocyte, the metamyelocyte, the nonsegmented
granulocyte (band neutrophils), and, finally, the
mature neutrophil with segmented nuclei. Targeted
genetic disruption experiments in mice have clearly
shown that G-CSF and its receptor are essential for
the maintenance of normal levels of blood neutrophils.
Importantly, both GM-CSF and G-CSF can also posi-
tively influence the survival and functions of mature
neutrophils.

Within the circulation, PMNs are 10-20 nm in
diameter and exist in two pools in a dynamic equilib-
rium: a circulating pool and a “marginated” pool, the
latter believed to be sequestered within the microvas-
culature of many organs. Cell-labeling experiments
have shown that the lifespan of neutrophils in the cir-
culation is short, with a half-life of approximately 7-12
hours. In the resting uninfected host, the production
and elimination of neutrophils are balanced, resulting
in fairly constant concentration in peripheral blood.
Neutrophil turnover must therefore be under strict
control, as demonstrated by the spontaneous apoptosis

that neutrophils undergo before their removal by mac-
rophage in the lung, spleen, and liver. During patho-
logical conditions (for instance, during a bacterial
infection), the number of circulating neutrophils dra-
matically increases (even up to 10-fold, a condition
called neutrophilia), as a result of either an accelerated
release of neutrophils from the bone marrow com-
bined with a stimulated maturation of immature neu-
trophils by CSFs, or a demargination from the lungs or
the spleen. Under these conditions, the generation of
specific chemotactic agents triggers the migration of
neutrophils to the site of infection where their phago-
cytic activities and defensive functions are exerted. In
the absence of an inflammatory stimulus, one mech-
anism shown to control the release and reuptake of
neutrophils in the mouse bone marrow involves the
interaction of stromal cell-derived factor-1a/CXCL12
and its cognate receptor on the neutrophil, CXCR4.
Expression of CXCR4 increases, in fact, as neutro-
phils age, and consequently is thought to result in
cells homing to murine bone marrow. The importance
of CXCR4 is illustrated by the findings in patients
with the myelokathexis syndrome, also referred to as
WHIM (warts, hypogammaglobulinemia, infections,
and myelokathexis) syndrome, which is now specifi-
cally attributable to a defect in CXCR4 expression.
Patients who have this disorder have severe leukopenia



and neutropenia, with accumulation of neutrophils
in the bone marrow and alterations in the trafficking
of lymphocytes and hematopoietic progenitor cells as
well.

NEUTROPHIL MICROBICIDAL MECHANISMS

Neutrophils have been described as mobile arsenals
that seek and destroy a variety of targets, mainly fol-
lowing phagocytosis. Two primary processes are uti-
lized by neutrophils to eliminate invading pathogens.
One of them involves the generation of ROS, which
include O; (superoxide anion), H,0, (hydrogen perox-
ide), singlet oxygen, and other products derived from
the metabolism of H,0,. The other process involves the
release of their intracellular granules, which contain
lytic enzymes and antimicrobial polypeptides. The
former mechanism is referred to as the “respiratory
burst,” which is defined as an increase in the oxida-
tive metabolism following the uptake of particles, or
in response to soluble inflammatory stimuli, leading to
the generation of O; through the activation of an enzy-
matic system that is unique to phagocytic cells (neu-
trophils, eosinophils, monocytes, and macrophages),
the NADPH oxidase. This latter enzyme consists of a
multiprotein complex which is dissociated and thus
dormant in unstimulated PMN, formed by a flavocy-
tochrome-bssg, which is an heterodimer of gp917"°* and
p22rter (phox standing for phagocyte oxidase) chains,
four cytoplasmic components, namely p40rts, p47rhox,
p677"9%, and the small GTP-binding regulatory protein,
Rac1/2. Upon cell stimulation, the cytosolic components
become phosphorylated and assemble together with
the cytochrome and Racl/2 on the plasma membrane,
thus forming the active enzyme. NADPH oxidase then
produces the superoxide free radical by catalyzing the
transfer of electrons from NADPH to molecular oxygen.
Once discharged into the phagosome, O; is converted
to hydrogen peroxide (by superoxide dismutase), which,
in the presence of neutrophil myeloperoxidase and the
abundant Cl” ions taken up from extracellular fluids, is
metabolized into hypochlorous acid (HOCI). The latter,
in addition to numerous other microbicidal oxidants,
synergizes with granule proteins to kill microbes in the
neutrophil phagosome. While O; and H,0, are mod-
erately bactericidal, the production of HOCI is one of
the neutrophil’s major weapons against microbes.
Furthermore, O; can act as a substrate for the reac-
tions with other cellular radicals, for example, O; reacts
with nitric oxide to form the very reactive peroxynitrite
(OONO") molecule, a potent cytotoxic oxidant. In the
phagosome, the high concentrations of ROS are very
toxic, and, ultimately, contribute to the killing of the
phagocytosed microbe. The same oxidants can how-
ever damage “innocent bystanders” and provoke the
tissue destruction. Interestingly, neutrophils contain
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large reserves of endogenous antioxidants, including
glutathione and ascorbate, which serve to protect them
from the oxidative stress.

The critical role of NADPH oxidase and its prod-
ucts in host defense is best illustrated by chronic
granulomatous disease (CGD), which is a rare
condition with an incidence of about 1/250,000 indi-
viduals. CGD is the most common clinically signifi-
cant inherited disorder of neutrophil function, in
which mutations in any of the NADPH oxidase com-
plex subunits (except p407"%) can lead to a severe
immunodeficiency characterized by defective kill-
ing of phagocytosed pathogens by phagocytic leu-
kocytes because of their inability to generate ROS.
This condition leads to recurrent life-threatening
infections that are difficult to treat and which can
lead to early death. These infections typically involve
microorganisms for which oxidant-mediated kill-
ing is particularly critical for effective host defense,
including Staphylococcus aureus, Aspergillus species,
Nocardia, and a variety of Gram-negative enteric
bacilli. Additional and distinctive hallmarks of CGD
patients are aberrant inflammatory responses and
the formation of inflammatory tissue granulomas,
which can obstruct the gastric outlet or urinary
tract or cause granulomatous colitis and the symp-
toms of inflammatory bowel disease. Such chronic
inflammatory complications are thought to reflect
an important role for superoxide in downregulating
the inflammatory response, even though a definitive
confirm is required.

The second mechanism used by neutrophils for
the elimination of pathogens relies on the release and
activity into the phagosome of potent degradative
enzymes contained in their granules (Figure 4B.2).
Granule proteins are cytotoxic and immune regu-
latory molecules synthesized at defined stages of
neutrophil maturation in the bone marrow, with no
further de novo expression occurring once the PMN
has entered the bloodstream. Traditionally, neutrophil
granules are subdivided into peroxidase-positive gran-
ules (based on the presence of myeloperoxidase), also
called primary or azurophil granules, and peroxidase-
negative granules that include the specific (second-
ary) granules, the gelatinase (tertiary) granules, and
the secretory vesicles. Distinctions between granule
classes can be made upon analysis of marker pro-
teins, even if their strict compartmentalization is not
a dogma (Figure 4B.2). For instance, proteinase 3, a
serine protease described in azurophil granules is also
localized in the membrane of secretory vesicles, the
most mobilizable compartment of neutrophils, and in
the plasma membrane as well.

The azurophilic or primary granules, so named
because they are the first to appear during hemopoi-
esis in the promyelocyte stage, constitute the densest
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Figure 4B.2. Main constituents of neutrophil granules.

granule populations and undergo limited exocytosis in
response to stimulation. Azurophil granules are pack-
aged with acidic hydrolases and antimicrobial proteins
and they are believed to contribute primarily to the
killing and degradation of engulfed microorganisms
that take place in the phagolysosome. They contain
myeloperoxidase (MPO, which is responsible for the
characteristic greenish color of pus and is often used
as specific marker for azurophilic granules), hydro-
lases, lysozyme, matrix metalloproteinases, and three
structurally related serprocidins (serine proteases
with microbicidal activity): proteinase-3, cathepsin G,
and elastase, which display proteolytic activity against
a variety of extracellular matrix components, such as
elastin, fibronectin, laminin, type IV collagen, and
vitronectin. Azurophil granules also contain antimi-
crobial molecules such as bactericidal/permeability-
increasing protein/BPI (which is important for killing
Gram-negative bacteria) and a-defensins, a family
of small cysteine-rich antibiotic peptides with broad
antimicrobial activity against bacteria, fungi, and cer-
tain enveloped viruses.

The second major type of granule is termed spe-
cific or secondary. Specific granules are formed in the
myelocytic stage, are less dense and smaller than the
azurophil ones, and stain heavily for glycoproteins.
They are known to contain relatively unique constit-
uents, including collagenase, haptoglobin, and vita-
min B,,-binding protein. Secondary granules mainly
participate in the antimicrobial activities of the PMN
by mobilization of their arsenal of antimicrobial sub-
stances, for example, lactoferrin, NGAL (neutrophil
gelatinase-associated lipocalin), lysozyme, hCAP18
(cathelicidin human cationic antimicrobial protein of
18 kDa, the proform of LL-37), and pentraxin-3, either
to the phagosome or the exterior of the cell, their mobi-
lization being very important in modulating inflam-
mation. In general, the mechanisms of the inhibitory
effect of antimicrobial proteins include depriving ions
essential for microbial survival, degrading structural
components of microorganisms (e.g., peptidoglycan),
and disrupting the integrity of target cell membrane
by punching pores in the membrane or by perturbing
membrane integrity.



Tertiary granules (whose primary constituent is
gelatinase, a metallo-enzyme) are produced at the
metamyelocyte stage during differentiation and more
easily exocytosed by mature neutrophils than second-
ary granules. These characteristics reflect the fact that
tertiary granules are important primarily as a reservoir
of matrix-degrading enzymes and membrane recep-
tors needed during PMN extravasation and diapedesis.
Thus, whereas the larger specific granules are rich in
antibiotic substances, the smaller gelatinase granules
are not. Finally, the secretory vesicles (the fourth type
of granules) are created by endocytosis during terminal
neutrophil maturation in the bone marrow and are the
most readily mobilizable. The propensity for exocytosis
is reflected in the density of vesicle-associated mem-
brane protein (VAMP-2), a fusogenic protein associated
with the granule membrane. Secretory vesicles contain
plasma proteins like albumin and thus do not release
toxic substances when they fuse with the plasma mem-
brane and empty their content. Their importance lies
in their membrane, which is the main store of recep-
tors (including B2-integrins, the complement receptor
1 [CR1], receptors for formylated bacterial peptides
(formylmethionyl-leucyl-phenylalanine [fMLP]-recep-
tors), CD14, the FcyIII receptor CD16, and the metal-
loprotease leukolysin), which, when translocated to the
cell surface, allow the neutrophil to interact with other
ligands and to respond to soluble mediators. Thereby,
the relatively inactive, on the endothelium rolling PMN,
is transformed into a cell that is capable of interact-
ing with the endothelium, monocytes, and dendritic
cells (DC) and to better receive inflammatory signals
from the environment. An additional protein described
to be stored in secretory vesicles is heparin-binding
protein (HBP, also known as CAP37 and azurocidin),
whose release at the initial stage of PMN extravasation
is thought to be of essential importance in the PMN-
induced increase in vascular permeability. Finally,
peroxidase-negative granules also contain three met-
alloproteases with great physiological and pathophy-
siological significance, namely collagenase, matrix
metalloproteinase-8 (MMP-8), gelatinase (MMP-9),
and leukolysin (MMP-25) (Figure 4B.1).

It is now established that PMN granules are not
just emptied like bags, but are rather released upon
specific signals that the PMN senses in the local envi-
ronment. The mechanisms underlying the secretion of
the four morphologically distinct populations of gran-
ules may be under separate control, as reflected by the
order of exocytosis observed after ionophore-induced
progressive elevation of cytosolic calcium: secre-
tory vesicles, gelatinase granules, specific granules,
and, lastly, azurophilic granules. It is thus plausible
that during its journey from the bloodstream to the
inflammatory site, the PMN releases its granules in a
hierarchical order because not all stored proteins are
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needed at the same time. Primary neutrophil defects
causing disorders of degranulation are very rare. Two
such genetic disorders affecting neutrophil granules
have been described, the Chediak-Higashi syndrome
and the neutrophil-specific granule deficiency, both
of which are associated with increased frequency of
bacterial infections. Another common disorder of
granules is the MPO deficiency, the most common
inherited disorder of phagocytes, in which deficiency
in MPO prevents the formation of hypochlorous acid
from chloride and hydrogen peroxide. There is a
remarkable lack of clinical symptoms in most indi-
viduals with MPO deficiency, despite in vitro defects
in the neutrophil ability to kill Candida albicans and
Aspergillus fumigatus hydra.

NEUTROPHIL RECEPTORS

Sincetheirinteractions with the external milieuare cru-
cial for innate responses, neutrophils have developed a
recognition apparatus that is able to specifically bind a
wide range of extracellular ligands. Following ligation
of one or more types of surface receptors, neutrophils
generate a number of activation steps, via the genera-
tion of a cascade of intracellular “second messengers.”
These steps are biochemical events which mediate the
transmission of biological information between mem-
brane receptors and various intracellular components
involved in specific effector functions. Consequently,
neutrophil receptors are able to regulate a wide range
of functions, including adhesion, migration, phagocy-
tosis, survival, cell activation, gene expression induc-
tion, proinflammatory mediator release, and target
cell killing. The transduction machinery is mainly,
but not exclusively, located in the plasma membrane
and is composed of a series of enzymes (i.e., kinases,
phosphatases, adenylate cyclase, phospholipases, and
other enzymes involved in lipid metabolism) or regu-
latory proteins (G-protein subunits, channel proteins,
anchoring and adaptor proteins) which, in turn, gener-
ate, or whose activities are regulated by, several other
second messengers (calcium ions, inositol phosphates,
diacyglycerol, phosphatidate, cAMP, and so forth). A
nonexhaustive list of neutrophil receptors includes
(i) receptors for proinflammatory mediators (i.e., the
anaphylotoxin complement component C53a, leukot-
riene B, [LTB,], platelet-activating factor [PAF], sub-
stance P, and bacterial formylated peptides typified by
fMLP); (ii) receptors for cytokines such as interferon-y
(IFNy), IL-1,TL-4,IL-6,IL-10, IL-13,IL-15,IL-18, tumor
necrosis factor-o (TNFa), G-CSF, GM-CSF, and many
others; (iii) receptors for chemokines, including those
for IL-8/CXCL8 and GROw/CXCLI1, called CXCR1
and CXCR2; (iv) receptors/adhesion molecules for the
endothelium (see later); (v) receptors for tissue matrix
proteins and for lectins; and (vi) opsonin receptors,
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such as those for the Fc portion of y-immunoglobulins
(FcyRs) and those for the major cleavage fragments of
the complement system (CRs). Neutrophils constitu-
tively express the low-affinity FcyRs (FcyRITA/CD32A
and FcyRIIIA/CD16A), and, when exposed to IFNy or
G-CSF, the high-affinity FcyR (FcyRI/CD64) as well.
CR expressed by neutrophils are CR1 (also known as
CD35), which binds to complement components Clq,
C4b, C3b, and Mannan-binding lectin (MBL); CR3
(a0 yf, integrin, CD11b/CD18, or MAC-1), which binds to
iC3b, ICAM-1, and some microbes; CR4 (a.xf3,integrin,
CD11¢/CD18), which binds to iC3b. By expressing these
latter receptors, neutrophils are able to recognize and
bind, in a cooperative manner, IgG-opsonized parti-
cles and/or complement-opsonized microbes, and then
activate their phagocytosis.

Neutrophils also express a variety of pattern rec-
ognition receptors (PRRs). The latter represent an
emerging class of sensors that function by recogniz-
ing the so-called pathogen-associated molecular pat-
terns (PAMPs). The latter ligands constitute a limited
set of conserved molecular patterns that are unique
to microbes and that induce signaling cascades that
ultimately activate a plethora of effector mechanisms
by immune and nonimmune cells, which all serve to
clear the invading pathogens. PRRs are involved in the
initiation of the inflammatory response upon infec-
tion, activating multiple pathways of host defense,
cytokine production, cell survival, and ROS produc-
tion, without, by themselves, triggering phagocytosis.
Examples among PRRs include the Toll-like recep-
tors (TLRs) and nucleotide-binding oligomeriza-
tion domain (NOD) proteins, two families of innate
immune recognition receptors which are required
for the detection of a broad range of microbial prod-
ucts including, for instance, lipopolysaccharide (LPS,
recognized by TLR4), peptidoglycan and bacterial
lipopeptides (recognized by TLR2), foreign DNA (rec-
ognized by TLRY), viral RNA (recognized by TLR3, 7,
and 8), and muramyldipeptide (recognized by NOD1).
Neutrophils express all TLRs (with the exception of
TLR3), whose activation has been shown to influence
many functional responses. For instance, engage-
ment of TLR can (a) modulate neutrophil expres-
sion of adhesion molecules; (b) regulate neutrophil
recruitment directly through effects on chemokine
receptor expression and indirectly through effects
on CXCL8 generation by neutrophils themselves;
(c) “prime” (see later) neutrophils for enhanced ROS
production; (d) prolong neutrophil survival both
directly and indirectly (via monocyte activation).
Crucial in the regulation of many neutrophil effec-
tor functions is TLR4. Being the specific receptor for
LPS, great efforts have been made to characterize
the molecular mechanisms whereby TLR4 regulates
the expression of target genes in myeloid cells. From

studies mainly performed in macrophages or DCs
of gene-targeted mice, it has emerged that LPS trig-
gers two classes of genes via TLR4, whose regula-
tory signals are transduced by discrete intracellular
adaptor molecules with TIR (Toll-IL-1 receptor)
domains that bind to the same TLR4. One class is
defined as “MyD88 (myeloid differentiation factor-
88)-dependent,” because it is not induced in MyD88-/~
mice, and that mostly includes proinflammatory
mediators such as TNFa, IL-1, IL-12p40, and CXCLS.
In this pathway, MyD88 and TIRAP/MAL (TIR
domain containing adapter protein/myeloid differ-
entiation factor-88 adapter-like protein) mediate a
rapid and early activation of the transcription fac-
tor NF-kB, whose nuclear translocation is essential
for transcriptional induction of the above-mentioned
proinflammatory genes. The other class is defined
as “MyD88-independent” because it relies on a more
delayed activation of both NF-xB and IRF (IFN-
regulatory factor)-3 transcription factors in MyD88-/~
mice, which ultimately lead to the expression of IFNf
and subsequently to an IFNB-dependent STAT1 activa-
tion. Genes that belong to this last class are thus reg-
ulated by endogenous IFNf and activated in a more
delayed manner compared to those of the “MyD88-
dependent” pathway. They include, for instance, a
number of antiviral genes, Thl-activating chemokines
such as MIG (monokine induced by IFNy)/CXCL9,
IP-10 (IFN-inducible protein-10)/CXCL10 and I-TAC
(IFN-inducible T-cell alpha chemoattractant)/CXCL11,
anticancer molecules such as TRAIL (TNF-related
apoptosis-inducing ligand), and iNOS (inducible NO
synthase). Along the “MyD88-independent” pathway,
both the TRIF (TIR domain-containing adapter induc-
ing IFNP) and TRAM (TIR domain-containing adapt-
er-inducing IFNB-related adapter molecule) adaptor
proteins transduce the activation of redundant protein
kinases, TBK1 (TRAF family-associated NF-xB bind-
ing kinase [TANK]-binding kinase-1) and IKK (IxB
kinase, IKK)-g, which phosphorylate IRF3 on Ser/Thr
residues. As a result, IRF3 dimerizes, translocates to
the nucleus, associates with other coactivators (for
instance, CBP/p300), and ultimately contributes to
activate IFNf gene transcription.

Recent studies, aimed at clarifying the molecu-
lar mechanisms whereby the LPS-TLR4 complex
transduces its signals in human neutrophils, have
uncovered that LPS does not mobilize the so-called
MyD88-independent pathway for its inability to
activate TBK1 and, in turn, IRF3 phosphorylation
(Figure 4B.3). Consequently, neither IFNf nor all the
genes classically grouped as “IFNB-dependent” is
inducible in LPS-treated neutrophils. Curiously, lack
of TBKI1 activation by TLR4 ligands occurs despite
the constitutive expression of all the intracellular
signaling and regulatory components involved along
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Figure 4B.3. TLR4- and helicase-mediated signal transduction
pathways operating in human neutrophils.

the MyD88-independent cascade, including TRAM,
TRIF, NAP1, TRAF3, TBKI1, IKKg, and IRF3 in neu-
trophils. In view of the fact that the other known
TLR-dependent transduction pathway ultimately sig-
naling through TBK1 and IRF3, namely the “TLR3/
TRIF-dependent pathway,” is also nonfunctional in
neutrophils (for their lack of TLR3 expression) it is
intriguing that human neutrophils should constitu-
tively express TBK1 and IRF3. This puzzle has been
recently clarified, as revealed by capacity of human
neutrophils to trigger an immunoregulatory and anti-
viral gene expression program, in response to intra-
cellularly administered polyinosinic:polycytidylic
acids [poly(I:C)], specifically via TBK1 and IRF3 acti-
vation (Figure 4B.3). Poly(I:C) is a synthetic mimetic
of viral double-stranded RNA (dsRNA), which is
known to interact either with endosomal TLR3 or
with cytoplasmic RNA helicases (involved in viral
RNA recognition) such as MDA5 (melanoma differ-
entiation-associated gene 5) and RIG-I (retinoic acid-
inducible gene I). Accordingly, human neutrophils
constitutively express significant levels of both MDAS
and RIG-I. The biological relevance of these findings
were strengthened by the observations that murine
neutrophils infected with picornaviruses such as
encephalomyocarditis virus (EMCV), whose dsRNA
recognition specifically requires MDAS (Figure 4B.3),
were found to produce large amounts of either IFNf
or TNFa. Taken together, these data have revealed that
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neutrophils are able to activate antiviral responses
via helicase recognition and thus contribute to local
or systemic IFNf production.

THE ROLE OF NEUTROPHILS IN ACUTE
INFLAMMATION

When pathogenic agents enter into (or localize within)
a tissue, neutrophils are rapidly recruited to the
infected site by a sequence of events that begins with
the elaboration of mediators able to promote their
migration from the intravascular compartment. Such
inflammatory mediators include not only cytokines
such as TNFa, IL-1B, or IL-17A (this latter being one of
the most abundant product of the Th17 subset of proin-
flammatory T lymphocytes), which orchestrate neutro-
phil recruitment through their capacity to trigger the
production of chemotactic factors, but also various
products derived from numerous sources, including
activated plasma components and tissue macrophages
or endothelial cells. Classical chemotactic factors
include C5a, LTB,, fMLP, and chemokines of the CXC
family (CXCL8/IL-8, CXCL1/GROa, CXCL5/epithelial
cell neutrophil-activating protein-78, etc.), the latter
molecules representing the main and more specific
chemoattractant involved in neutrophil recruitment,
according to many in vivo (gene-targeted) models.
When neutrophils need to be recruited to an
inflammatory site, they adhere to endothelial cells,
transmigrate by diapedesis (the process of squeezing
between endothelial lining cells), and crawl toward a
corresponding chemotactic gradient (a process called
chemotaxis) to the injury site. The detection of chemot-
actic stimuli by neutrophils leads, in fact, to the activa-
tion of signaling pathways, cytoskeletal rearrangement,
and changes in cell surface molecules that coordinate
to facilitate migration. Recently, chemotaxis has been
shown to be dependent on phosphoinositide 3-kinase
(PI3K)-vy, which belongs to a family of class I PI3Ks.
Adhesion of blood neutrophils (and of other leukocytes
as well) to the endothelium during inflammation is a
multistep and highly complex phenomenon, which
requires specific leukocyte—endothelial interactions
involving different families of adhesion molecules,
which may vary according to the precise stimulatory
conditions. Adhesion molecules include members of
the selectin family and their cognate carbohydrate and
glycoprotein ligands, which mediate leukocyte deceler-
ation along the vessel wall (a process called “rolling”),
as well as the integrins and their cognate immunoglob-
ulin superfamily ligands, which mediate high-affinity
adhesion of leukocytes to venules. Neutrophil integ-
rins consist of a family of at least three different glyco-
proteins, each one composed of an identical B-subunit
(B,, known as CD18) noncovalently linked to differ-
ent a-subunits (known as CD11a/CD18, lymphocyte
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function antigen [LFA-1], CD11b/CD18 [Mac-1], CD11c¢/
CD18 [p150,95], and CD11d/CD18). Upon encounter-
ing chemoattractants, probably displayed bound to
glycosaminoglycans on the vessel wall, integrins
are converted from an inactive to an active con-
formation. Activated integrins then interact with
counter-receptors (e.g., ICAM-1 [intercellular adhe-
sion molecule-1] and ICAM-2) on the surface of the
endothelium, to lead to the strong adhesion and
arrest of the leukocyte. The neutrophils then flatten
and migrate between and right through the endothe-
lial cells of postcapillary venules to the surrounding
tissue, following the gradient of specific chemotactic
factor(s). The former process involves homophilic
interaction of CD31 and JAM-A on neutrophils and
endothelial cells where CD31 and JAM-A act sequen-
tially to mediate neutrophil migration through the
venular walls. The process of transmigration under
the influence of adhesion molecules or chemotac-
tic factors, as well as the exposure to other stimuli
in local tissues, often result in a marked release by
neutrophils not only of preformed proinflammatory
mediators, such as those contained in the granules,
but also in the rapid production of ROS or the activ-
ation of cytokine gene expression.

The fundamental importance of adhesive glycopro-
teins for the neutrophil functions in vivo is illustrated
by those individuals, genetically lacking the leukocyte
adhesive proteins, who display an abnormally high
susceptibility to bacterial infections. Several types of
leukocyte adhesion deficiency (LAD) disease have been
identified. LAD-I is an autosomal recessive disorder in
which mutations of the B2 integrin family typically
eliminate expression of all three integrin complexes.
Because of the multiple defects in adhesion-related
functions, LAD-I patients develop recurrent bacterial
and fungal infections, typically with S. aureus or Gram-
negative enteric microbes. Characteristic clinical fea-
tures include frequent skin and periodontal infections,
delayed separation of the umbilical cord and ompha-
litis, and deep tissue abscesses. Neutrophilia with
paucity of neutrophils at inflamed or infected sites is
also characteristic. LAD-II, caused by mutations in the
membrane transporter for fucose, is associated with
loss of expression of fucosylated glycans on the cell
surface. Fucosylated proteins such as sialyl-Lewis X
(CD15s) are ligands for endothelial selectins and are
important for the early phases of leukocyte adhesion
to endothelial cells. Patients with LAD-II also have
leukocytosis and form pus poorly, although infections
tend to be less severe in LAD-II patients compared to
LAD-I patients. Finally, LAD-III has been described in
four patients and appears to be an autosomal reces-
sive disorder. LAD-III is characterized by defects in
cell signaling that interfere with activation of multiple
classes of integrins downstream of G-protein—-coupled

Figure 4B.4. Smear of neutrophils that have phagocytosed
opsonized red cells.

receptors. The phenotype of this disorder is similar
to LAD-I, but it can also be associated with defects in
integrin-mediated platelet aggregation and excessive
bleeding.

After the process of emigration, during which neu-
trophils undergo shape changes and mobilize their
granules to the cell surface, cells arrive to infection
foci, where they adhere to extracellular matrix com-
ponents such as laminin and fibronectin, and begin
to react with the etiopathogenetic agent. When neu-
trophils are exposed to inflammatory mediators such
as cytokines (IFNy, GM-CSF, G-CSF) or LPS, they
become “primed” or hyperresponsive to subsequent
activating stimuli, in this way acquiring the capacity to
exhibit maximal degranulation and respiratory burst
responses and enhanced cytokine and lipid mediator
release. Accordingly, agents that “prime” neutrophils
usually also extend their lifespan by inhibiting apop-
tosis. In addition, activated neutrophils at inflamma-
tory sites also synthesize large quantities of important
inflammatory lipid mediators, including LTB, and
PAF, which together facilitate the extravasation and
recruitment of additional waves of granulocytes to
inflamed tissues.

Although neutrophil granulocytes do not appar-
ently show any particular specificity for antigens, they
nevertheless play an important role in host protection
against microorganisms, by eliminating them through
phagocytosis (the process of eating particles). In fact,
many cells in our body are capable of phagocytosis, but
only neutrophils and macrophages do it to an extent
sufficient to consider them as “professional phagocytes”
(up to 10-12 particles [e.g., bacteria] can be engulfed
by a single neutrophil [see Figure 4B.4]). Phagocytosis
is triggered upon the binding of opsonized microor-
ganisms through, for instance, FcyRs and CRs, or
through nonspecific glycosylated receptors that recog-
nize certain lectins on target microorganisms. During



the phagocytic process, the foreign particle is internal-
ized, initially through membrane recruitment to the
site of particle contact, and then via membrane exten-
sions outward to surround the particle. Subsequently,
particle engulfment within cytoplasmic phagosomes
occurs, which eventually fuse with granules, thereby
forming phagolysosomes. This, in turn, results in the
subsequent release of proteolytic enzymes and other
bactericidal components into the phagolysosome. At
the same time, NADPH oxidase assembles on the pha-
gosome membrane after phagocytosis and starts to
generate ROS into the phagolysosome to kill bacteria
by oxidizing microbial proteins and lipids. The activ-
ity of NADPH oxidase also leads to the acidification
of the phagosome, which enhances the effectiveness
of pH-sensitive antimicrobial compounds. In addition,
activation of gene transcription and cytokine produc-
tion occur during phagocytosis, representing another
critical feature of neutrophils for the development of
an effective immune response. For instance, recruited
neutrophils that encounter a pathogen respond by pro-
ducing further chemokines, in particular CXCL38, to
amplify the innate immune response.

Beside oxygen-dependent and independent kill-
ing mechanisms, neutrophils also use powerful
structures to capture and kill microbes in the extra-
cellular space, the so-called NETs (neutrophil extra-
cellular traps), thus fulfilling their antimicrobial
function even beyond their life span. NETs consist
of threads of nuclear chromatin, with a diameter of
approximately 15 nm, which are decorated with anti-
microbial peptides and enzymes (e.g., BPI, neutro-
phil elastase, and cathepsin G), but lack membranes
and cytosolic markers. Typically during NET for-
mation, the nuclear envelope and the granule mem-
branes gradually dissolve, two phenomena that allow
mixing of the cytoplasmic components. Pathogens
trapped by NETs are killed by the high local con-
centration of antimicrobial peptides and enzymes,
similar to the situation in the phagolysosome. NETs
entrap not only various Gram-positive and Gram-
negative bacteria, such as S. aureus, Salmonella
typhimurium, Streptococcus pneumoniae, and group
A streptococci, but also pathogenic fungi, such as
C. albicans. Current data suggest that the formation
of NETs involves a novel cell death mechanism, which
is neither apoptotic nor necrotic, and that does not
seem to be dependent on the activation of caspases.
NADPH oxidase-dependent ROS are instead formed,
and subsequent signaling ultimately leads to the dis-
integration of nuclear and cellular membranes and
to the release of DNA and effector molecules that
mix to form extracellular traps. Accordingly, NETs
are now thought to be important in CGD, as neutro-
phils from these individuals do not form NETs. This
raises the possibility that the absence of NETs might
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be another major explanation for the pathology seen
in CGD.

While all of the above-mentioned events are nec-
essary and essential for neutrophil-mediated micro-
bicidal activity and digestion of engulfed particles,
the same effector mechanisms can also be involved
in other effects of PMN, such as amplification of the
inflammatory process, preparation of the tissue-
healing processes, tumoricidal activity and cytotoxic-
ity, and tissue matrix injury if ROS and proteases are
massively released or leaked into the external milieu.

NEUTROPHIL-DERIVED CYTOKINES

Cytokines orchestrate the complex networks mediat-
ing the myriads of cellular interactions that ultimately
regulate effector cell functions. T cells, DC and natu-
ral killer (NK) cells, monocytes, and macrophages are
considered to be major producers of cytokines during
natural and adaptive immunity. However, numerous in
vitro and in vivo studies have made it clear that PMNs
also have the ability to synthesize and release immuno-
regulatory cytokines. Such findings, while challenging
the traditional concept of neutrophils viewed as “ter-
minally differentiated cells, devoid of transcriptional
and protein synthesis activity,” have made it clear that
the contribution of neutrophils to host defence and
natural immunity extends well beyond their tradi-
tional role as professional phagocytes. It is important
to mention that, at least in vitro, neutrophils usually
(but not always) make fewer molecules of a given
cytokine than do monocytes/macrophages or lympho-
cytes on a per-cell basis. In vivo, however, neutrophils
constitute the majority of infiltrating cells in inflamed
tissues and often outnumber mononuclear leukocytes
by one to two orders of magnitude. Thus, the fact that
neutrophils clearly predominate over other cell types
under various in vivo conditions suggests that, under
those circumstances, the contribution of neutrophil-
derived cytokines can be of foremost importance.
Interestingly, at the molecular level, studies address-
ing cytokine release by neutrophils have revealed that
the induction of cytokine production in neutrophils
is usually preceded by an increased accumulation
of the related mRNA transcripts. Similarly to other
cell types, cytokine expression in neutrophils can be
regulated at the transcriptional, posttranscriptional,
translational, and posttranslational levels. Elegant
studies have also shown that the inflammatory cytok-
ines produced by neutrophils are generally encoded
by immediate-early response genes, which in turn
depend on the activation of transcription factors such
as those belonging to the NFxB, STAT (signal trans-
ducers and activators of transcription), ETS, CCAAT/
enhancer-binding proteins (C/EBP), and AP-1 fami-
lies of transcription factors. Moreover, a wide range
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TABLE 4B.1. Cytokines expressed in resting or activated human neutrophils

C-X-C chemokines
IL-8/CXCL8
GROa, GROB, GROy
ENA-78/CXCL5
CINC-1*, CINC-2a.
CINC-3/MIP-2/CXCL1
PF4/CXCL4
GCP-2/CXCL6
IP-10/CXCL10
MIG/CXCL9
I-TAC/CXCL11

C-C chemokines
MCP-1/CCL2
MIP-1a, CCL3
MIP-18, CCL4
MIP-3a, CCL20
MIP-38, CCL19
PARC/CCL18
MDC/CCL22*

Proinflammatory cytokines
TNFa

IL-1a, IL-1B
IL-16(?), IL-17(?)
IL-18

MIF

IL-6(?), IL-7, IL-9

Anti-inflammatory cytokines
IL-1ra
TGFg,, TGFB,
IL-4(?), IL-10(?)

Immunoregulatory cytokines
IFNB*, IFNB, IFN¥y(?)
IL-12
IL-23(?)

Other cytokines
Oncostatin M
GDF (?)
NGF*, BDNF*, NT4*

Colony-stimulating factors
G-CSF
M-CSF(?)
GM-CSF(?)
IL-3(?)
SCF*(?)

Angiogenic and fibrogenic factors
VEGF
HB-EGF
FGF-2
TGFa
HGF

TNF superfamily members
FasL
CD30L
TRAIL
LIGHT*
Lymphotoxin-g*
APRIL, BAFF/BLyS
RANKL

Cytokines in bold refer to neutrophil studies in animal models confirming human findings. *: mRNA only; (?): it

requires definitive corroboration.

of stimuli that are able to induce cytokine synthesis
in PMN has been already identified. It is clear, for
instance, that cytokines themselves, chemotactic fac-
tors (fMLP, LTB,, PAF, C5a, and CXCL38), phagocytic
particles, microorganisms (such as fungi, viruses, and
bacteria), and PRR ligands can all induce the synthe-
sis and release of cytokines by neutrophils. Not only
do the magnitudes and kinetics of cytokine release
vary substantially depending on the stimulus used,
but also the pattern of production is influenced to a
great extent by the stimulus used, each one inducing
a characteristic signature. Thus, since neutrophils
might usually represent the first cell type encounter-
ing, and interacting with, the etiologic agent in an
inflammatory context, a stimulus-specific response
of neutrophils in terms of cytokine production might
help in predicting the evolution of certain types of
inflammatory and immune reactions.

Table 4B.1 lists all the cytokines that, to date, have
been shown to be released by neutrophils in vitro,
either constitutively or following appropriate stimu-
lation, or in vivo. Numerous in vivo observations, in
fact, not only have confirmed and reproduced the
in vitro findings, but often have clarified their bio-
logical meanings and implications. As outlined in
Table 4B.1, neutrophils can produce proinflamma-
tory, anti-inflammatory, immunoregulatory, angio-
genic and fibrogenic cytokines, chemokines, and
ligands belonging to the TNF superfamily. At first
sight, an analysis of the table immediately suggests

that the ability of neutrophils to produce such a vari-
ety of cytokines enables them to significantly influ-
ence many processes, not only the multiple aspects
of the inflammatory and immune responses, but
also hematopoiesis, wound healing, and antiviral
defense. For instance, other than typical proinflam-
matory cytokines such as TNFo and IL-1B, being
expected to be produced by inflammatory cells, neu-
trophils have been shown to also secrete BLyS/BAFF
(B-lymphocyte stimulator/B-cell activating factor)
and APRIL (a Proliferation-Inducing Ligand). Since
BAFF and APRIL are well known to be essential for
B-lymphocyte homeostasis and related pathologies,
it is plausible to assume a role of neutrophils not
only in sustaining B and plasma cell antibody pro-
duction and survival, but also in promoting B-cell-
dependent autoimmune diseases and tumors, as
already elegantly demonstrated in the case of B-cell
lymphoma. Along the same line, the recent findings
that neutrophils exposed to type I and IT IFN express
and produce another TNF superfamily member
selectively involved in tumor cell killing and autoim-
munity, namely TRAIL, have opened an additional
perspective to exploit neutrophils for novel roles in
anticancer responses, whose importance has been
recently highlighted in the BCG immunotherapy
for bladder cancer. Experimental studies of tumor
cure and prevention have, in fact, suggested that,
at least in some models, engagement of neutrophil
functions can be crucial for the establishment of an



effective antitumoral immune response and immune
memory reaction. Cytotoxic mediators of tumor
and endothelial cell killing produced by neutrophils
include TNFa, defensins, proteases (such as elastase
and cathepsin G), ROS, nitric oxide, and angio-
static chemokines (CXCL9/MIG, CXCL10/IP-10, and
CXCL11/I-TAC). In addition, it has been observed
that neutrophils may indirectly generate massive
amounts of bioactive, angiostatin-like fragment,
inhibiting basic FGF (fibroblast growth factor) plus
VEGF (vascular endothelial growth factor)-induced
endothelial cell proliferation. However, as described
for macrophages, neutrophils can also favor malig-
nant growth and progression, in relation to the type
of tumor environment in which they reside: they may
do so, for instance, via the production of proangio-
genic cytokines such as VEGF and CXCLS, or act-
ing as a distinct myeloid-derived suppressor cell
subpopulation releasing, at least in mice, arginase
1-mediated urea and ornithine.

NEUTROPHIL CROSS TALK WITH OTHER CELL
TYPES: ROLE OF NEUTROPHIL-DERIVED
CHEMOKINES

Amongst the cytokines produced by neutrophils,
chemokines are particularly relevant because of their
ability to selectively recruit discrete cell populations
into sites of injury and thereby effectively regulate
leukocyte trafficking. In addition, chemokines play
fundamental roles in coordinating the immune sys-
tem responses, in regulating B- and T-cell develop-
ment and in modulating angiogenesis. As displayed
in Figure 4B.5, activated neutrophils may potentially
produce several chemokines, including IL-8/CXCLS,
GRO0/CXCL1, monocyte chemotactic protein-1
(MCP-1/CCL2), macrophage inflammatory protein-la
(MIP-1a/CCL3), and MIP-1p/CCL4 and MIG/CXCL9,
IP-10/CXCL10, and I-TAC/CXCL11. As examples, LPS
or TNFa-treated neutrophils produce CXCL8, CXCL1,
CCL3, and CCL4; fMLP-treated neutrophils produce
CXCLS8 only; and IFNy plus LPS- or IFNy plus TNFa-
treated neutrophils specifically produce, among other
chemokines, CXCL9, CXCL10, and CXCL11. Because
the chemokines produced by neutrophils are primar-
ily chemotactic for neutrophils, monocytes, DCs, NK,
and T-helper type 1 and type 17 cells, a potential
role for neutrophils in orchestrating the sequential
recruitment to, and activation of, distinct leukocyte
types in the inflamed tissue is plausible. Broadly
speaking, a general scenario that has already been
validated in various experimental models is that,
after migration to a focus of infection, neutrophils
are stimulated by the etiological agent to initially
produce the chemokines that are chemoattractive for
neutrophils themselves, including CXCL8. This would
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Figure 4B.5. Chemokines produced by neutrophils and their
target cells.

activate a positive-feedback loop to induce accumula-
tion of a larger number of neutrophils. Then, specific
CC-chemokines would be produced by neutrophils to
serve an instrumental role in recruiting the required
leukocyte types necessary for the subsequent phases
of infection.

Remarkably, neutrophils have also been shown to
produce biologically active MIP-30./CCL20 and MIP-
3B/CCL19, two structurally related CC-chemokines
that have been suggested to play a fundamental role
in trafficking of, respectively, immature and mature
DC to mucosal surfaces and lymphoid organs. DCs
are professional antigen-presenting cells that are piv-
otal in the induction of T-cell responses to combat
infection. Immature DCs are scattered throughout
the peripheral tissues, where they sample antigens
and process these into peptides that are loaded onto
MHC II molecules for presentation to T cells. Such
a process occurs during maturation of DC, which is
paralleled by upregulation of MHC II molecules, co-
stimulatory molecules and proinflammatory cytok-
ines that enable DC to stimulate pathogen-specific
T cells efficiently. DC can produce IL-12 in response
to intracellular bacteria and instruct Thl polariza-
tion to produce IFNy and trigger effective cellular
immune responses. By contrast, DC instruct Th2
polarization in response to extracellular parasites, to
produce IL-4, IL-5, and IL-13 and to induce appropri-
ate anti-parasite immunity. Thus, DC tailor immune
responses to the type of pathogen for rapid and com-
plete clearance of infection. It has been postulated
that neutrophil-derived MIP-3a/CCL20 and MIP-3f/
CCL19 might contribute to the recruitment of DC, at
various stages of maturation, to sites of inflammation
and disease for cross talks with immunocompetent
T lymphocytes and regulation of the immune response.
Likewise, several antimicrobial compounds released
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by neutrophils, for instance, a-defensins, lactofer-
rin, LL-37, and cathepsin G (Figure 4B.1) have been
found to act as chemoattractants for immature DC
and T cells. In addition, neutrophils proteolytically
activate prochemerin to generate chemerin, one of the
few chemokines that attracts both immature DC and
plasmacytoid DC. On the other hand, immature DC
are also known to produce CXCLS8/IL-8 early upon
stimulation, thereby attracting more neutrophils for
a more proximal colocalization. This ensures, for
instance, that neutrophils and DC are present at the
same place at the same time during pathogenic chal-
lenge to enable cross talk between these cells. Current
evidence now indicates that neutrophils can indi-
rectly play a role in adaptive immunity, not only by
recruitment of immune cells, such as DC or specific
T lymphocyte subsets, for instance Th17 or Th1, but
also by instructing directly DC and inducing adap-
tive immune responses. Upon coculture of immature
DC with activated neutrophils, in fact, DC maturate,
as demonstrated by upregulation of HLA-DR, the
maturation marker CD83, the co-stimulatory mol-
ecules CD86 and CD40, and IL-12-production, and, in
turn, trigger T-cell proliferation and strong Thi cell
responses. Such neutrophil-induced maturation of
DC is in part mediated by neutrophil-derived TNFa,
as well as by cellular contacts regulated by a defined
set of receptors expressed by both neutrophils and
DC. This is also reflected in vivo, for instance during
Crohn’s disease, which is characterized by inflamma-
tion of the colon mucosa and Th1 responses, in which
DC and neutrophils can be found in close proximity.
Recent reports suggest that neutrophils might
travel to the lymph nodes during infections and
express MHC II and co-stimulatory molecules, in
the latter case when appropriately activated by IFNy,
TNFa, and GM-CSF. However, whether neutrophils
transmit signals to naive T cells remains still puz-
zling. It is possible that within the lymph nodes neu-
trophils undergo apoptosis and are taken up by DC. As
a consequence, DC can present PMN-derived antigens
to T cells. Other evidence indicates that neutrophils
have also a role in directing T-cell polarization, for
instance through their capacity to produce the Thl-
inducing cytokine, IL-12. The latter has been clearly
demonstrated in mice, in which strong Th1-dependent
T-cell responses that result in pathogen clearance are
elicited upon infection with C. albicans, Helicobacter
pylori, or Legionella pneumophila: strikingly, depletion
of neutrophils reverses the Thl responses into a pre-
dominant Th2-response, therefore making the mice
susceptible to infection. Another mechanism whereby
neutrophils may interact with Thl cells is through
the production of chemokines such as CCL3/CCL4,
CXCL9, CXCL10, and CXCL11, which act on CCR5
and CXCR3 of Thl cells but not on the chemokine

receptors expressed by Th2 cells. Indeed, secretion
of these chemokines has been shown to enable neu-
trophils to augment Thl cell responses by preferen-
tial attraction of Thl cells to the sites of infection.
Therefore, it is tempting to speculate that the pro-
duction of cytokines and chemokines by neutrophils
not only influences the development and control of
Th1 responses, but may also be involved in the cross
talk with Th17 cells. Finally, it has also been pro-
posed that mature postmitotic neutrophils can also
“transdifferentiate” into much-longer-lived cells with
macrophage- or DC-like characteristics, which might
constitute a further way for neutrophils to act as regu-
latory cells of the adaptive immune response.

NEUTROPHIL APOPTOSIS

As previously mentioned, neutrophils are short-lived
cells. In culture, neutrophils undergo spontaneous
death, with a half-life of around 12-16 hours. It is
believed that this behavior reflects a phenomenon that
has adapted to ensure a strict control on neutrophil
turnover and maintain the number of neutrophils rel-
atively stable in healthy individuals. Deregulation of
the neutrophil death rate may in fact cause unwanted
and exaggerated inflammation, autoimmunity, or can-
cer, instead of providing a perfect balance between
their immune functions and their safe clearance. An
accelerated neutrophil death may lead to a decrease
of neutrophil counts (neutropenia), which augments
the chance of contracting bacterial or fungal infec-
tions and impairing the resolution of such infections,
while a delayed neutrophil death elevates neutrophil
counts (neutrophilia). The importance of appropri-
ately controlling the turnover of neutrophils is clearly
manifest at inflammatory foci, where it contributes
to limit neutrophil activities and minimize the risk
of externalization of excessive amounts of cytotoxic
molecules (i.e., from the mobilization of neutrophil
cytoplasmic granules). Conversely, the removal of
apoptotic neutrophils is thought to be another impor-
tant step in preventing the release of granule contents
and cytoplasmic danger signals into the extracellular
fluid, thereby halting further injury during resolution
of inflammation. One can, in fact, imagine that sup-
pression or delay of the basal apoptotic rate of PMN
by an agent would be deleterious for the host during
inflammation, because PMN might remain activated
and thus would perpetuate tissue damage by releas-
ing their toxic products. A paradigmatic example for
complete resolution of inflammation, without relevant
subsequent lung injury, is pneumococcal pneumonia,
which is characterized by an extensive neutrophil
accumulation that is followed by neutrophil apop-
tosis and timely removal of apoptosing cells by lung
macrophages.



Neutrophil spontaneous death in culture shares
many features of classical apoptosis, such as cell
body shrinkage, cellular crenation, exteriorization
of phosphatidylserine (PS) from the inner to the
outer leaflet of the plasma membrane, exposition
of “eat-me” signals for phagocytosis by scavengers,
vacuolated cytoplasm, mitochondria depolarization,
nuclear condensation, and internucleosomal DNA
fragmentation. Neutrophil apoptosis proceeds, in
vitro, through an execution phase during which cell
dismantling is initiated, with or without fragmenta-
tion into apoptotic bodies but with maintenance of a
near-intact cytoplasmic membrane. This cascade is
ultimately followed by a transition to a necrotic cell
elimination traditionally called “secondary necro-
sis.” Secondary necrosis involves an activation of
self-hydrolytic enzymes and swelling of the cell or
of the apoptotic bodies, as well as a generalized and
irreparable damage to the cytoplasmic membrane
culminating with cell disruption. For instance,
elimination of alveolar macrophages in a model of
pneumococcal pneumonia was shown to affect the
clearance of accumulated neutrophils and to result
in extensive apoptotic secondary necrosis of neutro-
phils followed by an exaggerated lung inflammation
and increased lethality.

Neutrophil apoptosis is also associated with the
loss of receptor expression (for instance, CD16) and
greatly reduced responsiveness to external stimuli, as
revealed by impaired chemotaxis, respiratory burst,
degranulation, phagocytosis, and cytokine synthe-
sis. It is thus plausible that, within an inflammatory
context, neutrophils become functionally isolated
from their environment. Another form whereby neu-
trophils can die, for instance following a dramatic
insult by an exterior aggression damaging enough
to produce irreversible alterations, is primary necro-
sis. In this mode of cell death, there is an immediate,
extensive, and irreparable damage to the cytoplasmic
membrane associated with loss of plasma membrane
integrity, so that release of harmful neutrophil con-
tents is not prevented. Interestingly, some of the fea-
tures of classical apoptosis, including those observed
in constitutive neutrophil death, are also shared by
autophagic cell death, another recently character-
ized physiological cell death process. Autophagy is a
caspase-independent, cell death program, featured by
the degradation of cellular components in autophagic
vacuoles within the dying cell and little chromatin con-
densation. The autophagosomes fuse with endosomes
or lysosomes to form amphisomes or autolysosomes,
respectively. Lysosomal proteases ultimately degrade
the luminal content of the autophagic vacuole of the
autolysosome. In vivo, it has been demonstrated that
cells dying through autophagy are phagocytosed by
surrounding cells. In primary human neutrophils,
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this form of death has been shown to be induced
by Siglec-9 (sialic acid binding immunoglobulin-
like lectin-9) ligation, with the concurrent stimula-
tion with certain proinflammatory cytokines. While
there is almost nothing known about the role and the
mechanisms triggering autophagy in neutrophils,
one critical question is whether the autophagic-like
neutrophil death shares the anti-inflammatory prop-
erties of apoptosis or whether it induces additional
inflammation.

Whatever the case is, the key role of apoptosis in
resolution of neutrophilic inflammation has gained
increasing attention over the past few years and
is appreciated as crucial to allow safe clearance of
potentially dangerous neutrophils from tissues. In
view of its relevance, studying and discovering mol-
ecules that modulate the PMN apoptotic rate is of
great importance in biology and medicine. Many of
the molecular events involved in the apoptosis path-
way have been already identified, with their exquisite
regulation becoming better appreciated. For instance,
evidence now suggests that neutrophil death is medi-
ated by a complex network of intracellular death/
survival signaling pathways, which can be modulated
by a variety of extracellular stimuli. Signals such as
adhesion, transmigration, hypoxia, prosurvival fac-
tors, and cytokines (LPS, G-CSF, GM-CSF, and IFNy),
can all delay neutrophil apoptosis and extend their
lifespan, thereby enhancing the ability of neutrophils
to function during inflammatory challenge. Even
glucocorticoids have been shown to delay neutrophil
apoptosis in vitro, a finding which might have poten-
tial clinical implications. For instance, while in severe
asthma, eosinophils and neutrophils are often found
together, neutrophils may gradually replace eosino-
phils in proportion to the severity and/or duration of
the disease, perhaps reflecting the ability of corticos-
teroids to induce eosinophil apoptosis while inhibit-
ing this process in neutrophils. By contrast, death
signals (for instance, “death” receptor engagement,
cytokine depletion, or ingestion of bacterial patho-
gens such as Escherichia coli or S. aureus) intervene
to trigger apoptosis once neutrophil function is com-
plete, and prepare their phagocytic removal. At the
molecular level, neutrophil apoptosis is a highly and
exquisitely regulated process involving many mol-
ecules and proteolytic cascades such as FasL, TNFa,
TRAIL, ROS, caspases, IAP (inhibitor of apoptosis
protein), survivin, and Bcl-2 family members such
as Mcl-1 and Al. Both intrinsic (via mitochondria)
and extrinsic (via death receptor signaling) apoptotic
pathways have been described in neutrophils. For
instance, neutrophils often undergo apoptosis after
phagocytosis, in a ROS-dependent fashion and fol-
lowing the cleavage and activation of caspases 8 and
3. A novel, recently identified but unexpected player
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in the regulation of PMN apoptosis is CDK (cyclin-
dependent protein kinase), which has been shown
to induce PMN apoptosis and overrides the effect of
potent survival mediators, such as LPS and GM-CSF,
by a mechanism involving caspase activation and
reduction of Mcl-1. The possible use of synthetic
CDK inhibitors in the nonproliferating neutrophils
is exciting and opens new opportunities of therapeu-
tic strategies, for instance in models of pulmonary
inflammatory diseases.

Although it is of great importance to discover
and explain the mode of action of apoptotic neutro-
phil modulators, it is also of major interest to fully
understand the mechanisms involved in the recogni-
tion of apoptotic PMNs. First of all, apoptotic cells
release lysophosphatidylcholine to attract mono-
cytes and macrophages. To allow macrophages to
ingest apoptotic PMN, and differentiate them from
viable cells, neutrophil membrane is altered in the
way that they express specific molecules and recep-
tors. Recognition and engulfment is, for instance,
facilitated by the loss of phospholipids asymmetry
and phosphatidylserine (PS) exposure (“eat-me sig-
nal”) to the outer leaflet of the apoptotic cell surface.
However, this phenomenon does not seem to be suf-
ficient for the recognition of apoptotic cells. Other
proteins, such as calreticulin or annexin-1, the latter
being externalized on apoptotic cell membrane colo-
calized with PS, might participate in the removal of
neutrophils by macrophages. Several other recep-
tors have been reported to play a role in the inges-
tion of apoptotic cells by macrophages: some of them
involved in tethering to the phagocyte and others
in signaling pathways leading to actin cytoskeleton
rearrangement and engulfment during membrane
extension and fusion. These receptors on phagocytes
include the controversial PSR, the vitronectin recep-
tor, scavenger receptors like CD36 and CD14, lectins,
Mer, integrins (a,fs and a,f;), CR2 (complement
receptor-2), CR3, (32-GPI receptor, and CD91. They
can interact directly with apoptotic cells or indi-
rectly through bridging proteins, like Clq, B,-GPI,
Gas6, and MFG-E8. In addition, components of the
innate immune system play a role in regulating apop-
totic cell clearance since the opsonization of apop-
totic cells increases their removal by macrophages.
Interestingly, although the presence of such “eat me”
signals has been largely documented, the presence
of “don’t eat me” signals on the surface of viable
nonapoptotic cells has also been recognized. In this
respect, CD47 or CD31 have been identified as “don’t
eat me” molecule and the proposed model is that loss
or inactivation of CD47 effects accompanies apop-
tosis and allows the apoptotic cells to be recognized
and cleared. On the other hand, it appears that this

phenomenon of discrimination between apoptotic
and viable cells involves redistribution of eat-me sig-
nals into patches (to increase their avidity toward
receptors) as well. Engulfment of apoptotic cells by
macrophages (also called “efferocytosis”) is influ-
enced by cytokines such as IL-1 and TNFa, glucocor-
ticoid hormones, prostaglandins, and also interaction
of surface adhesion molecules with neighboring cells
and extracellular matrix components. Lipoxins also
stimulate macrophages to phagocytose apoptotic
PMN. Expression of 15-lipoxygenase on nonphlogis-
tic macrophages, which had phagocytosed apoptotic
PMN, induces lipoxin A4 release, thus resulting in
a decreased PMN recruitment and in an increase in
apoptotic PMN removal. After apoptotic cell inges-
tion, macrophages phenotypes switch to induce
tissue repair or emigrate in the lymphatic system,
suggesting that phagocytosis of apoptotic cells is
involved in the negative regulation of macrophage
activation and that PMN apoptosis could be con-
sidered as endogenous “active” anti-inflammatory
process. Furthermore, phagocytosis of apoptotic neu-
trophils by human macrophages in vitro suppresses
the release of macrophage-derived proinflammatory
mediators such as TNFa, IL-18, or GM-CSF and it
induces the release of anti-inflammatory mediators,
like TGF-B1, IL-10, PGE,, leukocyte protease inhibi-
tor, and reparative growth factor. This process thus
confers an anti-inflammatory phenotype to macro-
phages that helps to lead to resolution of inflamma-
tion, but that could predispose to development of
autoimmunity if not efficient.

NEUTROPHILS IN HUMAN DISEASES

Previous sections have already summarized some
of the most common inherited disorders concern-
ing the functions of neutrophils that impair critical
responses for host defense. Typically, patients with
defects in neutrophil function present, in infancy or
childhood, with recurrent and/or difficult to treat
bacterial infections. The microorganisms causing
these infections are often unusual or opportunis-
tic pathogens and typically infect the skin, mucosa,
gums, lung, or draining lymph nodes, or cause deep
tissue abscesses. However, many of these disorders
have characteristic clinical and microbiological fea-
tures that are related to the specific nature of the
defect in neutrophil function.

Other than in inherited impairments of neu-
trophil functions, dramatic clinical consequences
may be observed also during acquired neutropenia.
For instance, susceptibility to infectious diseases
increases sharply when neutrophil counts fall below
1,000 cells/uL. When the absolute neutrophil count



falls to < 500 cells/uL, control of endogenous micro-
bial flora (e.g., mouth, gut) is critically impaired; when
it is < 200/uL, the inflammatory process is absent.
Neutropenia can be due to depressed production
(i.e., hereditary neutropenias), increased peripheral
destruction, or excessive peripheral pooling. The most
common neutropenias are iatrogenic, resulting from
the use of cytotoxic or immunosuppressive therapies
for malignancy or control of autoimmune disorders.
Interestingly, acute neutropenia, such as that caused
by cancer chemotherapy, is more likely to be associ-
ated with increased risk of infection than neutropenia
of long duration. Recombinant human G-CSF usu-
ally reverses this form of neutropenia. A neutrophilia
occurs instead when the number of circulating neu-
trophils dramatically increase (even up to 10-fold),
for instance from increased neutrophil production,
increased marrow release, or defective margination.
The most important acute cause of neutrophilia is
infection, which is caused by both increased produc-
tion and increased marrow release of neutrophils.
Increased marrow release and mobilization of the
marginated leukocyte pool are also induced by glu-
cocorticoids. Persistent neutrophilia with cell counts
of 30,000-50,000/uL is called a leukemoid reaction,
a term often used to distinguish this degree of neu-
trophilia from leukemia. In a leukemoid reaction, the
circulating neutrophils are usually mature and not
clonally derived.

Apart from the disorders associated with genetic
dysfunctions or quantitative alterations of neutro-
phils, there are certain pathological situations in
which neutrophils themselves become the predomi-
nant contributors to tissue injury, especially when
the mechanisms supposed to control and inactivate
their hypothetical beneficial and protective effec-
tor functions are deregulated. For instance, the
latter may occur when the acute insult cannot be
resolved, when the shut off of the neutrophil influx
(that may involve inactivation of proinflammatory
mediators and/or temporal change in the pattern of
chemokines produced) is impaired, or when the safe
clearance of dying neutrophils from the inflamma-
tory site is altered. An uncontrolled production and
release of oxidants and proteases by neutrophils,
acting either individually or in concert, appear to be
responsible for much (but not all) of the tissue injury
observed in such cases. Examples of such patholo-
gies, tentatively classified according to the major
neutrophil-activating event (some of them covered in
other chapters), are (i) diseases caused by ischemia-
reperfusion injury (i.e., myocardial infarction, trans-
plantation); (ii) bacterial infections (adult respiratory
distress syndrome, endotoxic shock, osteomyelitis,
endocarditis, acute and chronic pyelonephritis); (iii)
cytokine-mediated diseases (rheumatoid arthritis,
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inflammatory bowel diseases); (iv) diseases caused
by crystal deposition (gout, articular chondrocal-
cinosis); (v) immune complex-mediated diseases
(vasculitis, lupus, Goodpasture’s syndrome); (vi) anti-
neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (Wegener’s granulomatosis, pauci-immune
necrotizing crescentic glomerulonephritis); (vii) air-
way diseases in which considerable observational and
experimental data support an association between
neutrophils and the severity and progression (chronic
obstructive pulmonary disease, bronchiectasis, bron-
chiolitis, cystic fibrosis, and even certain forms of
asthma are characterized by neutrophil infiltration
of the airway wall). One of the key challenges in
neutrophil-dominated conditions is how to manipu-
late neutrophil function to abolish their destructive
potential in a way that does not compromise their
antibacterial and antifungal capacity. This has been
difficult to achieve, as successful treatments in ani-
mal models have frequently proven ineffective or
limited by side effects when used in human inflam-
matory diseases.

CONCLUSIONS

Contrary to what is traditionally thought, the neutro-
phil is now recognized as a highly versatile and sophis-
ticated cell with significant synthetic capacity and an
important role in linking the innate and adaptive arms
of the immune response. Even though the ability of neu-
trophils to transcribe many genes is no longer a matter
of debate, theresearch conductedintherecent years has
brought forward exciting discoveries that have greatly
broadened our knowledge on the functional role of this
cell type and uncovered novel links involving neutro-
phils to unsuspected physiopathologic processes. For
instance, evidence on their capacity to change pheno-
type under specific circumstances; or on their active
involvement in the resolution of inflammation (other
than in its regulation); or also on their unquestionable
regulatory role in angiogenesis and tumor fate; or else
on their response to, and release of, a wide variety of
cytokines and chemotactic molecules have made it
clear that the obsolete concept of the neutrophil as
a “terminally differentiated, synthetically inert cell”
found in most biomedical textbooks is clearly no lon-
ger tenable. Time is now mature for pathologists, cell
biologists, physicians, and, why not, the same immu-
nologists to definitively change such an outdated view
and start thinking the neutrophil biology in a more
modern way.
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n Mast Cells as Sentinels of Inflammation

Joshua A. Boyce

INTRODUCTION

Mast cells are tissue-dwelling hematopoietic effector
cells that are endowed with a range of potent inflam-
matory effector molecules. They are implicated in both
allergic and nonallergic diseases, as well as in innate
and adaptive immunity to infectious agents based
on animal studies. Mast cells constitutively reside in
a perivascular distribution in connective tissues and
at mucosal surfaces (Figure 5.1). They are especially
abundant in tissues that form interfaces with the
external environment (skin, conjunctivae, intestinal,
and airway mucosa), suggesting a strategic placement
so as to function in a first line of host defense. Mast
cells are best known for their role as effectors of clas-
sic type 1 hypersensitivity (allergic) reactions. In such
reactions, mast cell activation is initiated by the bind-
ing of multivalent allergen to membrane-bound IgE
that is coupled with the tetrameric high-affinity Fc
receptor for IgE (FceRI) on mast cells. IgE-dependent
activation of mast cells results in their release of pre-
formed inflammatory mediators that are stored in
their secretory granules, including histamine, neutral
proteases, preformed cytokines, and proteoglycans
(Figure 5.2). In addition, activated mast cells secrete
newly synthesized lipid mediators that are the prod-
ucts of endogenous arachidonic acid metabolism,
such as prostaglandin (PG)D,, leukotriene (LT)B,, and
LTC,, the parent molecule of the cysteinyl leukotrienes
(cys-LTs). Finally, activated mast cells synthesize and
secrete a host of proinflammatory cytokines over a
period of hours. Thus, the net result of IgE-dependent
tissue mast cell activation includes the rapid develop-
ment of plasma extravasation, tissue edema, broncho-
constriction, leukocyte recruitment, and persistent
inflammation. These events contribute to the patho-
genesis of anaphylaxis, urticaria, angioedema, and
acute exacerbations of asthma, each of which are dis-
eases in which mast cells play a role.

In the past decade, experimental models have
linked mast cells and their products in a broad range
of inflammatory diseases, as well as host defense.
Moreover, numerous activating stimuli for mast cells
have been identified that do not require signaling
through FceRI. These findings suggest several contexts
in which mast cells contribute to protective immunity,
and disease states in which IgE-independent mecha-
nisms of mast cell activation are functionally relevant.
It therefore seems likely that mast cell-targeted treat-
ment strategies have potential efficacy in the context of
nonallergic inflammatory diseases, as well as in their
traditionally accepted place in allergy.

CHARACTERISTICS OF MAST CELLS

Mature mast cells can be found in all vascularized
organs. Morphologically, mast cells in tissues range
between 7 and 20 pm in diameter and appear as round,
spindle-shaped, or spider-like cells in tissues with
round or oval nuclei. They have thin 1-2 pm processes
(microplicae) emanating from their plasma mem-
branes (Figure 5.3). Ultrastructurally, mast cells have
multiple electron-dense granules (Figure 5.3). In mice
infected with helminthic worms, mast cells appear
in the mucosal epithelium of the intestine with strik-
ingly altered, stellate granule morphology (Figure 5.3).
Mast cells are readily identified in tissues using cat-
ionic dyes that bind their unique secretory granules.
These dyes (toluidine blue, methylene blue) impart a
blue-to-purple change in color known as “metachro-
masia” (Figure 5.1). Of all hematopoietic cells, only
basophils share this staining feature. The metachro-
matic staining of mast cell granules reflects their con-
tent of highly sulfated heparin and chondroitin sulfate
glyosaminoglycans bound to a protein core, termed
“serglycin” due to the presence of alternating serine
and glycine residues in its amino acid structure. The
sulfated glycosaminoglycans of the mast cell granule



EETE A Boyce

(A)

Toluidine blue

(B) (©

Figure 5.1. Staining features of mast cells. (A) Sections of a mouse ear showing toluidine blue (left) and chloroac-
etate esterase (CAE) (right) stains. Mast cells are shown using arrows. Higher magnification images (insets) are shown
of typical spindle-shaped mast cells in the connective tissue of the ear. (B) CAE stains of a cross-section of a naive
mouse trachea showing mast cells (arrow) in proximity to smooth muscle bundles in the submucosa. (C) Trachea of an
antigen sensitized and challenged mouse showing CAE-stained intraepithelial mucosal mast cells (arrows). (Courtesy
of Wei Xing, M.D., Ph.D., Harvard Medical School.)
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Figure 5.2. Mast cell activation products and bioactive effects. Cross-linkage of
FceRI with multivalent antigen induces exocytosis and eicosanoid formation within
minutes, with attendant effects on the vascular and airway smooth muscle. Later,
cytokines and chemokines are generated de novo and secreted. Several additional
receptor-dependent mechanisms can induce mast cell activation independently
of IgE.
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Figure 5.3. Ultrastructure of submucosa (left) and intraepithelial mast cells (right)
from the jejunum of a mouse infected with Trichinella spiralis. Note microplicae
(arrow) and dense cytoplasmic granules in the submucosal mast cell, and the large,
stellate granules of the intraepithelial mast cell. (Photomicrograph courtesy of Daniel

Friend, M.D., Harvard Medical School.)

core are essential for the normal storage of proteases
(tryptases, chymases) and amines (histamine and
serotonin). Accordingly, since proteases account for
a major portion of the mast cell’s granule by weight,
mast cells can also be identified by immunostains or
biochemical reagents that detect their proteases, such
as chloroacetate esterase activity (an indicator of chy-
motryptic proteases) (Figure 5.1) or antibodies against
tryptase or chymase in the human.

Although all known mast cells stain metachromati-
cally with toluidine blue dye, they vary in their pro-
tease content, which is the best-established index of
mast cell heterogeneity. Subsets of human tissue mast
cells that contain tryptases, chymase, cathepsin G,
and carboxypeptidase A (CPA) are found in perivas-
cular connective tissues, skin, and muscularis of the
uterus and intestine. In contrast, mast cells containing
tryptases but lacking chymase, cathepsin G, and CPA
are the dominant subtype found in lung, as well as the
mucosal surfaces of the gut and nose. Although the
mouse genome encodes an array of mast cell-restricted
inducible chymases that do not exist in the human, it
is noteworthy that two of these proteases (mouse mast
cell protease [NMCP]-1 and mMCP-2) are selectively
expressed by mast cells arising in the mucosal epithe-
lium of the gut during helminth-induced intestinal
inflammation. Humans with deficient T-cell function
selectively lack tryptase-positive mast cells in the gut
mucosa, whereas mice without functional T cells can-
not develop mMCP-1- and mMCP-2-positive mast cells
in the intestinal mucosa. Thus mast cell development

in mucosal epithelial surfaces is T-cell-dependent,
whereas mast cell development in other locations is
independent of T cells. Moreover, the profile of pro-
tease expression is a marker of the subsets (see the fol-
lowing section). Rodent and human studies indicate
that regional differences in protease expression are
accompanied by heterogeneity in other effector prop-
erties, such as proteoglycan content, cytokine genera-
tion, and eicosanoid production. It seems plausible
that mast cells can alter their phenotypic properties in
response to factors derived from the adaptive immune
system so as to fine tune their capabilities in accord
with the context. It is important to note that numerous
additional members of the tryptase family have been
identified in recent years that are also present in mast
cell granules. On the basis of precedent in rodents, it
seems very likely that human mast cells will prove to
be even more heterogeneous than currently thought,
again reflecting “fine tuning” of their functions by the
microenvironment.

MAST CELL GROWTH AND DEVELOPMENT

Role of the Kit Receptor Tyrosine Kinase
and Stem Cell Factor

While mast cells originate from the bone marrow, the
fact that they are found only in tissues implies that
their terminal development occurs in their ultimate
tissue destinations. The molecular basis of mast cell
development has been studied primarily in rodents.
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The receptor protein-tyrosine kinase Kit (CD117) is
encoded by the proto-oncogene c-kit. Two mast cell-
deficient strains of spontaneously emerging labora-
tory mice proved to have loss-of-function mutations at
the W locus at which c-kit resides (termed W/W" and
Wsh/Wsh mice, respectively). Another strain of mast
cell-deficient mouse (Sl/Sl4) has a loss-of-function
mutation at the Steel (SI) locus that encodes the mem-
brane-bound form of the tissue-associated growth
factor, stem cell factor (SCF). Since SCF is the ligand
for Kit, the molecular defects of these three mouse
strains define the fundamental requirements for mast
cell development. Although no mast cell deficiency is
reported in humans, a gain-of-function point mutation
in Kit is associated with systemic mastocytosis, a dis-
ease of increased mast cell burden. This confirms the
importance of the SCF-Kit axis in mast cell develop-
ment across species. SCF is constitutively expressed as
a membrane-bound protein by fibroblasts, endothelial
cells, and other cell types that juxtapose to mast cells
in peripheral tissues. In vitro studies using mouse and
human mast cells confirm that soluble SCF protects
mast cells from apoptosis, induces proliferation, can
cause migration, and can induce some degree of acti-
vation and secretion independent of FceRI and IgE.
The mutant mice lacking normal Kit or SCF function
are often used for diseases models to implicate func-
tional roles for mast cells.

The identity of the Kit-positive cell population giving
rise to mast cells in the tissue became evident over the
past three decades as a result of several independent
experimental observations. Schrader and colleagues
reported that the intestinal mucosa of mice contained
cells with lymphocyte-like morphology that were Thy-1
negative and capable of mast cell differentiation in vitro
when treated with a splenocyte-conditioned medium.
Rodewald and colleagues identified a population of
cells isolated from fetal mouse blood that expressed
high levels of c¢-Kit and low levels of Thy-1, which gave
rise to pure colonies of FceRI-positive mast cells when
cultured with a combination of recombinant SCF
and IL-3. These cells, termed “promastocytes,” lacked
developmental potential for other hematopoietic lin-
eages. Intraperitoneal injection of purified promasto-
cytes reconstituted the population of peritoneal mast
cells in genetically mast cell-deficient W/W" mice.
More recently, fully committed mast cell progenitors,
marked by their expression of CD34, FceR1I, and 3, inte-
grin, were identified in the intestine and in the aller-
gen-challenged lungs of adult mice.

Human mast cell progenitors in the bone marrow
and circulation have not been definitively identified
but are contained within the CD34+/Kit+ cell subpop-
ulation and are clearly distinct from the basophil lin-
eage. Cells isolated from human blood that are CD34+/
Kit+ and also positive for CD13 (aminopeptidase N),

give rise to three colony types: mast cell colonies,
macrophage colonies, and colonies containing mix-
tures of both cell types. Thus fully committed human
mast cell progenitors are likely a subpopulation of the
CD34+Kit+CD13+ population of cells in peripheral
blood and in tissues.

Comparatively little is known about the mecha-
nisms that control the trafficking of mast cell progeni-
tors to tissue, their movement within tissue, and their
incremental recruitment with inflammation. In mice,
the 8, integrin is instrumental to the homing of mast
cell-committed progenitors to the intestine, and is
also involved in the de novo recruitment of these cells
to the lung during experimentally induced allergic
pulmonary inflammation. Subsequent studies have
implicated potential roles for the chemokine receptor,
CXCR2, and for the inflammatory leukotriene LTB,
in the recruitment of mast cell progenitors to sites of
inflammation. A range of chemokines are active on
human and mouse mast cells in vitro, but to date, no
mast cell-selective chemokine has been identified.

Accessory Mast Cell Growth Factors

Allergic mucosal inflammation is characteristic of
asthma, rhinitis, and other human diseases associated
with atopy. Each of these diseases involves increases
in the numbers of mast cells in the involved mucosa
surface. The likely mechanisms responsible for these
increases have been identified largely through stud-
ies of helminth infection in rodents. As is the case
for human allergic disease, antihelminthic intestinal
immune responses typically induce eosinophilia, IgE
production, and Th2 cytokine generation, along with
striking increases in the numbers of mast cells arising
in the intestinal epithelial surface. This mucosal mast
cell hyperplasia is essential for the elimination of some
helminths. Not surprisingly, mast cell hyperplasia does
not occur with normal kinetics or magnitude in mice
lacking SCF and Kit. However, mast cell hyperplasia
is also severely blunted or absent in T-cell-deficient
mice, as well as mice with targeted deletions in the
genes encoding IL-3 or IL-4. Antibody neutralization
of either IL-3 or IL-4 also decreases the magnitude of
helminth-induced mast cell hyperplasia. In contrast
to the mucosal surface, the losses of IL-3 or IL-4 do
not change the number of mast cells in the intestinal
submucosa or in other connective tissue locations.
Furthermore, mice with tissue-specific overexpression
of an IL-9 transgene display a hyperplasia of mast cells
in the mucosal compartments of both the intestine
and lung. Thus in vivo studies implicate at least three
T-cell-derived cytokines in mast cell hyperplasia that
are generated during Th2 immunity in mice.

In vitro studies indicate that IL-3, IL-4, and IL-9 can
control the rate of SCF-driven mast cell proliferation



(comitogenesis), rate of apoptosis, or expression of cer-
tain key genes. IL-3 can substitute for SCF for inducing
mast cell growth in vitro from mouse bone marrow
(although it lacks this activity in cultures of human
bone marrow or cord blood). Although human IL-3
fails to promote mast cell growth by itself, the IL-3
receptor is constitutively expressed by human mast
cell progenitors, is inducible on mature human mast
cells, and mediates an SCF-driven comitogenic effect
on human mast cells and their progenitors in vitro. In
the absence of SCF, IL-3 also sustains the survival of
human mast cells derived from cord blood or isolated
from surgically resected intestinal tissue. IL-9 induces
the expression of the mucosal proteases mMCP-1 and
mMCP-2 by mouse mast cells in vitro, and upregulates
the expression of several mRNA transcripts involved
in the control of cell survival and cell cycle progres-
sion in human mast cells. IL-10 shares the feature of
inducing mMCP-1 and mMCP-2 expression by mouse
mast cells with IL-9, and also strongly stimulates his-
tamine synthesis and granule development.

Of the T-cell-derived cytokines, IL-4 may be espe-
cially pivotal regulating functional responses of mast
cells in mucosal inflammation. First, IL-4 is important
for Th2 cell development and the production of IgE.
Second, IL-4 has several direct effects on the devel-
opment and/or function of mast cells. In vitro, IL-4
amplifies SCF-driven proliferation of both mouse and
human mast cells in vitro, and strongly upregulates
the expression of leukotriene C, synthase (LTC,S),
the terminal enzyme needed for the production of
LTC,, the parent of the cys-LTs, in the mast cells of
both species. Surprisingly, the induction of LTC,S is
necessary for a normal proliferative response to IL-4,
which is markedly blunted in human or mouse mast
cells in which cys-LT generation is blocked by either
pharmacologic or genetic means. Extracellular cys-
LTs can induce mast cell proliferation in vitro by act-
ing at the type 1 receptor for cys-LTs (CysLT,R) and
inducing transactivation of Kit. These findings may
explain a profound deficiency in intraepithelial mast
cells identified in LTC,S knockout mice subjected to
a model of allergen-induced pulmonary inflamma-
tion. Collectively, these studies confirm the dynamic
nature of mast cell phenotype and its dependency on
tissue-specific determinants such as local cytokines,
and implicate a major potential role for cys-LTs as sig-
naling molecules in amplifying mast cell development
with mucosal inflammation.

Transcription Factors and Signaling Molecules

The microphthalmia transcription factor (MITF) is a
basic helix-loop-helix leucine zipper-type protein that
is central to mast cell and melanocyte development.
Mice with a loss-of-function mutation in the mitf gene
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have reduced the number of tissue mast cells, albeit
not to the same extent as mice bearing mutations in
the c-kit or scf genes. MITF controls c-kit transcrip-
tion in mast cells, and regulates the expression of sev-
eral proteases. MITF is also important in controlling
the expression of hematopoietic prostaglandin D, syn-
thase (H-PGDS), the terminal enzyme required for the
synthesis of prostaglandin D, (PGD,), the most abun-
dant cyclooxygenase product of mast cells. The gua-
nine nucleotide exchange factor RasGRP4, which is
highly mast cell restricted, is also required for the nor-
mal expression of H-PGDS, suggesting that RasGRP4
and MITF might cooperate in a coordinated transcrip-
tional system. To date, the parallel roles of MITF and
RasGRP4 have not been defined in human mast cells.

The GATA family of zinc finger transcription factors
are also involved in mast cell development. GATA-1 is
involved in the differentiation and survival rates of
mast cell precursors, and promotes expression of the
FceRI a- and B-chains. GATA-2 is important for the
differentiation of mast cells from yolk sac precursors.
The GATA consensus sequence is found in the pro-
moter region of genes expressed by mast cells, includ-
ing CPA, several proteases, and FceRIa. PU.1, an Ets
family transcription factor, may also play a role in the
regulation of mast cell development, possibly in coop-
eration with GATA-2.

MAST CELL ACTIVATING RECEPTORS

FceRI

FceRI-dependentmastcellactivationisaprimarymech-
anism by which allergens induce effector responses in
allergic disease. All tissue mast cells express the vari-
ant of FceRI composed of an Fc-binding a subunit, a §
subunit, and two y subunits. Occupied by monomeric
allergen-specific Ig, FceRI is cross-linked by multiva-
lent allergens, resulting in signal transduction events
that result in immediate granule fusion and exocy-
tosis, arachidonic acid metabolism, and induction
of cytokine and chemokine gene transcription. The
importance of these processes to the pathophysiology
of allergic responses is undisputed. Early and late-
phase allergic responses to allergen challenge in the
nose and lung of atopic individuals are blocked by the
administration of cromolyn, a drug that inhibits mast
cell activation, and can also be blocked by the admin-
istration of a therapeutic anti-IgE antibody. IgE-driven
early and late-phase reactions induced experimentally
in mice are also mast cell dependent.

While the role of FceRI in allergic disease is well
established, its role in the normal function of the
immune system is less clear. Mice genetically defi-
cient in FceRI develop normally and have normal T-
and B-cell functions, and can eliminate Schistosoma
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mansoni from the intestine with normal kinetics after
experimental infection. Nonetheless, they do develop
increased hepatic granulomas and hepatic fibrosis.
Deficiencies in mast cells or IgE also impair the ability
of mice to eliminate Haemaphysalis longicornis ticks,
suggesting a role for IgE-mediated hypersensitivity
for resistance against this parasite. The elimination of
adult 7. spiralis worms from the intestine is delayed in
an IgE-null strain of mice, and the number of viable
larvae encysting in the skeletal muscles doubled in the
IgE-null mice compared to infected wild-type controls.
Thus, IgE may serve an amplifying function in the con-
tainment and/or elimination of certain multicellular
parasites. However, there is no infectious disease rec-
ognized to date that absolutely requires IgE or FceRI
for protective immunity.

FceRI expression on the surface of mast cells and
basophils is regulated at several levels. FceRI is sta-
bilized at the cell surface on encounter with IgE.
Peritoneal mast cells from IgE-null mice show strik-
ingly lower levels of surface FceRI than do wild-type
littermates, which increase with the intravenous
administration of IgE. Circulating basophils from
atopic individuals show levels of surface FceRI that
correlate with circulating levels of IgE. Moreover,
depletion of IgE in humans using a therapeutic anti-
body sharply decreases FceRI surface expression
by circulating basophils and mast cells in both the
lungs and the skin. Surface expression of FceRI on
mast cells ex vivo are increased, in a dose-dependent
manner, by the addition of IgE. Incubation of in vitro
bone marrow-derived mast cells with IgE enhanced
not only their FceRI expression but also signal trans-
duction and mediator release in response to FceRI
cross-linking. Certain clones of IgE can also induce
cytokine secretion and sustain the survival of mouse
mast cells independently of antigen in vitro. It is not
clear whether this mechanism operates in vivo or in
humans.

Cytokines can also regulate FceRI expression and
signaling. Human mast cells derived in vitro respond
to the addition of exogenous IL-4 with dose- and time-
dependent enhancement of their surface FceRI expres-
sion. Mast cells from human intestine have similar
responses to IL-4. In both instances, the effect of IL-4
is to drive transcription of FceRlIa, providing more
subunits for surface expression. Not surprisingly, this
mechanism is synergistic with the stabilization of sur-
face receptors by the addition of exogenous IgE. Both
mechanisms amplify mediator release in response to
cross-linkage of FceRI.

Fcy Receptors

In rodents, anaphylaxis can occur through IgG-
dependent activation of the low-affinity receptor for

IgG, FcyRIIIL. This receptor shares f and y subunits
with the FceRI, but has not been identified on human
mast cells. Human mast cells exposed ex vivo to IFNy
inducibly express high-affinity FcyRI receptors, and
generate the same mediator profile in response to
cross-linkage of this receptor as they do via FceRI
The importance of mast cell activation by these IgG-
dependent pathways in human health and disease is
unknown.

Pattern Recognition Receptors

In recent years, several studies have linked the activi-
ties of mast cells to the innate immune response,
reflecting their capacity for activation in response to
pathogen-derived molecules and endogenously gener-
ated mediators. On the basis of studies of c-kit mutant
mice, mast cells are required for protective neutro-
philia occurring in response to experimentally induced
Gram-negative septic peritonitis and pneumonia. The
activation of mouse mast cells in response to virulent
strains of Klebsiella pneumoniae was linked to CD48, a
glycosylphosphatidylinositol-anchored protein. Mouse
mast cells also express a number of Toll-like receptors
(TLRs). In Gram-negative septic peritonitis, expression
of TLR4 by mast cells is required to induce normal
protective neutrophilia for microbial clearance. Skin
mast cells are activated by bacterial peptidoglycan
through TLR2 to mediate the influx of granulocytes to
the site of intracutanous challenge with staphylococcal
peptidoglycan.

G-Protein-Coupled Receptors

The complement fragments C3a and C5a (“anaphy-
lotoxins”) are established agonists for mast cell acti-
vation that can be generated as by-products of both
adaptive and innate immune responses. Each induces
signaling through a specific GPCR. Human mast cells
stimulated by exogenous cys-LTs secrete cytokines and
chemokines but do not release histamine. LTD,, the
initial extracellular metabolite of LTC,, triggers mast
cell activation through the type 1 receptor for cys-LTs
(CysLT,R). LTE,, the terminal product of the cys-LTs,
also activates human mast cells ex vivo to generate
PGD, and chemokines, but does so through a path-
way involving an uncharacterized GPCR that induces
a secondary signal through peroxisome proliferator-
activated receptor (PPAR)y, a lipid-activated transcrip-
tion factor. Mast cell activation through the adenosine
A3 receptor can also induce mediator release that
potentiates airway reactivity in mice. It is likely that
these GPCR-dependent mechanisms for mast cell acti-
vation can elicit or modify mediator release in nonal-
lergic diseases and host defense responses that involve
contributions from mast cells.



Effector Cytokine Receptors

Recently, tissue-derived effector cytokines have been
identified as potentially major inducers of mast cell
activation. IL-33, which signals through T1/ST2, and
thymic stromal lymphopoietin (TSLP), which signals
through a heterodimeric receptor sharing a subunit
with the IL-7 receptor, are both generated by injured
or inflamed epithelium. Mast cells express the recep-
tors for both cytokines, and both can potently induce
mast cells to generate cytokines and chemokines. Thus,
1L-33 and TSLP provide potential mechanisms whereby
mucosal injury can induce a direct response from mast
cells without a requirement for antibody or FceRI.

INHIBITORY RECEPTORS

Immunoglobulin-like and Fc Receptors

Mast cells express several receptors that inhibit their
activation, potentially contributing to homeostasis in
mast cell-dependent inflammatory responses. Mouse
mast cells possess at least four inhibitory receptors that
contain an immunoreceptor tyrosine-liked inhibitory
motif (ITIM). These include the closely related low-
affinity Fc receptors for IgG, FcyRIIbl and FcyRIIb2,
leukocyte immunoglobulin-like receptor B4 (LILRB4,
previously called GP49B1), and CD300a. Each of these
receptors inhibits exocytosis and eicosanoid genera-
tion when colligated with FceRI. Mice with targeted
disruption of FcyRIIf or LILRB4 show exaggerated
experimentally induced IgE-dependent anaphylactic
responses in vivo. RNA transcripts for LILRB4 have
been detected in human mast cells, but their func-
tion has not been confirmed. Unlike FcyRII, the nat-
ural counterligands for LILRB4 and CD300a are not
known.

G-Protein-Coupled Receptors

Mast cell activation can be inhibited by GPCRs that
couple to G, proteins and adenylyl cyclase (AC).
Stimulation of mast cells through the 8, adrenergic
receptor, the A2B receptor for adenosine, and the
EP, receptor for PGE, all block IgE-dependent mast
cell activation responses. Inhalation of PGE, by sub-
jects with asthma prevents both early and late asth-
matic responses. A recent study revealed that the A2B
receptor for adenosine plays a major role in regulat-
ing endogenous levels of cyclic AMP in mouse mast
cells, and A2B knockout mice display exaggerated
IgE-dependent anaphylactic responses. Since GPCRs
are good targets for pharmacologic compounds,
these G-coupled receptors all represent promising
therapeutic targets, and agonists of the 3, adrenergic
receptor are stables of asthma treatment.
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MAST CELL PATHOBIOLOGY

Anaphylaxis

IgE-dependent activation of mast cells (and possibly of
basophils) is thought to underlie the pathophysiology
of all systemic allergic reactions. The panel of media-
tors derived from mast cells include those that induce
urticaria (histamine), vascular leak (histamine, LTD,,
PGD,), hypotension (histamine), bronchoconstriction
(histamine, LTC,, PGD,), flushing (PGD,), and intes-
tinal peristalsis (LTC,), all of which are associated
signs or symptoms of anaphylaxis. The serum levels of
mature (-tryptase, a protease stored in abundance in
the granules of mast cells, are elevated during the first
2-4 hours after many anaphylactic events. Because of
its relatively long half-life when compared with his-
tamine, fB-tryptase is a more useful marker of mast
cell activation in vivo than is histamine. Interestingly,
“pseudoallergic” or “anaphylacticoid” systemic reac-
tions to cyclooxygenase inhibitors and radiocontrast
media, which are not thought to be mediated by IgE,
can also be associated with elevated levels of B-tryptase,
indicating the likely involvement of mast cells in these
syndromes after their activation by idiosyncratic
mechanisms. Surprisingly, p-tryptase levels are often
not elevated in anaphylaxis caused by food ingestion.
Although this may indicate a principal role for baso-
phils, the lack of basophil-specific markers of activa-
tion precludes a definitive explanation at this time.

Asthma

Most evidence from human studies supports a role for
mast cells and their mediators as effectors in asthma.
Bronchial biopsies from patients with asthma contain
increased numbers of mast cells relative to biopsies
obtained from nonasthmatic control subjects, irre-
spective of whether the asthmatic patients are atopic
or nonatopic. The increased numbers of mast cells
reflect distributions in the mucosal epithelium and in
the bronchial smooth muscle layer, the latter being a
region in which mast cells are rarely found in nonasth-
matic individuals or patients with eosinophilic bron-
chitis (a syndrome of bronchial mucosal inflammation
without AHR or airflow obstruction). In contrast, sub-
stantial numbers of mast cells are found at this tissue
site in asthmatic patients. The increase in the numbers
of mast cells in the mucosal epithelial surface of biopsy
specimens from asthmatic patients likely reflects the
T-cell-driven pathway that amplifies mast cell devel-
opment. The numbers of mast cells in bronchial biopsy
specimens from asthmatic patients predict therapeu-
tic failure during weaning from glucocorticoids.

Mast cell degranulation is prominent in postmor-
tem bronchial tissues from patients who die from
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asthma and is also observed in bronchial biopsy spec-
imens from living asthmatics. The levels of tryptase
and other mast cell mediators often are markedly
increased in the bronchoalveolar lavage (BAL) fluid of
asthmatic patients relative to their levels in specimens
obtained from nonasthmatic controls, even without
allergen provocation. Thus, both mast cell hyperpla-
sia and ongoing mast cell activation are characteristic
features of asthma. Therapeutic anti-IgE is an effi-
cacious treatment for atopic asthma. However, it is
unlikely that FceRI-dependent mechanisms account
for the entirety of mast cell contributions to asthma,
particularly since mast cell numbers (and indices of
local mast cell activation) are increased in both atopic
and nonatopic individuals.

Mastocytosis

Mastocytosis refers to a group of disorders that are
characterized by increased mast cell burden in the skin
and/or internal organs. When mastocytosis is limited
to the skin (cutaneous mastocytosis), it may be iso-
lated to one lesion (mastocytoma), or more commonly
is manifested by multiple brown-to-tan, flat lesions
(urticaria pigmentosa) that swell with gentle pressure
(Darier’s sign). The lesions of urticaria pigmentosa are
usually present in cases of systemic mastocytosis as
well, defined by mast cell infiltration of internal organs
(Iymph nodes, spleen, bone marrow). As many as 80%
of patients with systemic mastocytosis bear a somatic
mutation of the c-kit gene resulting in a single amino
acid substitution (D816V) that renders the Kit receptor
constitutively active. There are several subtypes of sys-
temic mastocytosis (indolent, aggressive, and others)
that vary in clinical presentation and prognosis, all of
which are associated with this single mutation, raising
the likelihood of additional genetic or environmental
factors that modify the clinical course. Unfortunately,
the D816V variant of Kit resists inhibition by currently
available tyrosine kinase inhibitors. Most of the signs
and symptoms of systemic mastocytosis (flushing,
pruritis, headache, diarrhea and abdominal pain, and
hypotension) are attributable to nonspecific mast cell
mediator release. Total pro-p-tryptase levels (but not
mature B-tryptase levels) are generally elevated in sys-
temic, but not cutaneous, mastocytosis, as a reflection
of total body mast cell burden.

Other Allergic Conditions

All atopic diseases (i.e., associated with allergen-
specific IgE) involve mast cell activation. These include
allergic rhinitis, rhinosinusitis, allergic conjunctivitis,
oral allergy syndrome, and atopic dermatitis. The com-
parative success of H1 histamine receptor blockade
for the treatment of these conditions provides strong

support for the pathogenetic contributions of mast
cells. In addition, diseases in which allergen-specific
IgE is not demonstrable, such as chronic urticaria,
urticaria, or anaphylaxis provoked by physical stimuli
(such as exercise, cold exposure, or heat exposure) also
involve contributions from mast cells. In most of these
circumstances, the mechanism of activation remains
obscure but may involve autoantibodies or neural
circuits.

Atherosclerosis

Degranulated mast cells characteristically present in
atherosclerotic plaques and sites of plaque rupture.
The serum of patients presenting with acute myocar-
dial infarction show elevations of both histamine and
mature f-tryptase, suggesting mast cell activation
occurs concomitantly with ischemia. Mast cell gran-
ule constituents (heparin, proteases) can contribute
to foam cell formation and cholesterol accumulation
through effects on lipoproteins, and plaque instabil-
ity through effects on the extracellular matrix and
inhibition of smooth muscle proliferation. Mast cell
chymase also facilitates angiotensin-II formation and
endothelin metabolism. Mast cell-derived eicosanoids
can serve as vasoconstrictors and can promote neu-
trophil recruitment. Thus, there are several potential
mechanisms by which mast cells could contribute to
the pathogenesis of acute vascular events.

Roles Implicated by Animal Models

The increasing use of c¢-kit mutant mice in experi-
mental models has led to a steadily increasing num-
ber of diseases involving mast cells. As noted earlier,
mast cells are essential for the initiation of protective
innate immunity to bacteria in certain experimental
models. This function in part reflects their ability to
store and rapidly generate and release TNFa. More
recently, a critical role for the tryptase mMCP-6 in
septic peritonitis was inferred from studies of mice
lacking this protease. Other studies have linked the
protective neutrophilia to the production of LTB,, a
powerful neutrophil chemotactic factor. Models of
contact dermatitis, inflammatory arthritis, aortic
aneurisms, bullous pemphigoid, and multiple sclero-
sis all implicate potential roles for mast cells as effec-
tors. Although evidence for mast cell contributions to
these diseases in humans is inferential at present, it
seems possible that mast cells may prove to be ther-
apeutic targets in at least some of these disorders,
provided the responsible mediators and activation
mechanisms become evident. Since animal models
also support prominent roles for mast cells and their
mediators in protective immunity to helminths, bac-
teria, and a range of other pathogens, the challenge



for therapeutic development is to maintain these ben-
efits without sacrificing efficacy.
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n Basophils
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INTRODUCTION

Named after their affinity for alkaline stains and pos-
sessed of numerous potent inflammatory substances,
basophils are the rarest of the granulocytes, typically
constituting 0.5%-1.5% of peripheral blood leuko-
cytes. Studied both for their suspected effector roles in
parasitic and allergic diseases and for their similarity
to mast cells, these peripheral blood cells are increas-
ingly hypothesized to have important immunoregula-
tory functions. This chapter focuses primarily on the
human basophil, but makes reference to the basophils
of other species to point out phenotypic differences
from human basophils, to describe phenomena that
have been elucidated best in nonhuman basophils,
and to describe murine and other mammalian models
of disease in which the role of the basophil has been
explored.

IDENTIFICATION

Historical Discovery

Paul Ehrlich, the German Nobel prize winner who
made foundational contributions to immunology, is
credited with the first description of the human baso-
phil in 1879 in a paper in which he also proposed the
name Mastzellen for connective tissue cells that also
took up aniline dyes in their numerous cytoplasmic
granules. Because of their infrequency among periph-
eral blood leukocytes, basophils were given scant
attention until their functional similarity to mast cells
in terms of IgE-mediated histamine release was appre-
ciated more than eight decades later.

Development

Like other leukocytes, basophils derive from totipo-
tent hematopoietic stem cells, and are believed to arise

from the common myeloid precursor by means of the
common granulocyte precursor. However, the penulti-
mate and ultimate steps in basophil development are
presently unclear. There are two models of basophil
ontogeny, both of which are supported by experimen-
tal data. The first posits that basophils and mast cells
share a common parent cell distinct from that which
produces eosinophils. This hypothesis is most strongly
supported by a murine model in which a bipotent cell
could differentiate into either mast cells or basophils
in the mouse spleen. The discovery of a cell with ultra-
structural features of mast cells and basophils in
humans with chronic myelogenous leukemia agrees
with this model. However, a genetic analysis using
the D816V mutation in the c-kit receptor in patients
with the disease systemic mastocytosis as a trackable
marker did not suggest a close lineage relationship
between mast cells and basophils, as basophils were
found to carry the mutation in a minority of patients
(5 of 33) and only when other lineages (monocytes, neu-
trophils) also harbored D816V. If a common basophil
mast cell precursor cell exists, it would be expected to
carry the D816V mutation more frequently in masto-
cytosis and would occur at least occasionally in the
absence of other lineage involvement.

The second, competing hypothesis is that there is
a basophil-eosinophil precursor distinct from a cell
that gives rise to mast cells. This hypothesis is sup-
ported by the finding that peripheral blood cells from
atopic donors can, when cultured in methylcellulose
and with conditioned media, produce colonies from
single cells that are either pure basophils or mixtures
of basophils and eosinophils, suggesting the pres-
ence of a circulating basophil-eosinophil precursor.
Quantification of such precursors demonstrates that
atopic patients have fluctuating numbers of these
bipotent progenitors, with fewer observed during ste-
roid treatment and more detected after allergen chal-
lenge. Similar cells have been obtained from the bone



marrow and peripheral blood of patients with myeloid
leukemias, and hybrid cells with histochemical and
ultrastructural features of both basophils and eosino-
phils can be derived from normal human cord blood
precursors.

Drawing firm conclusions from these studies is lim-
ited by the potentially confounding effects of patho-
logical conditions in human donors (allergic diseases,
mastocytosis, malignancy), medications donors take
to treat these diseases, and the lack of details and vari-
ation in culture conditions (cytokines, growth factors,
and conditioned media) among studies. The possibility
that there may be two or more basophil subpopula-
tions, one more closely related to mast cells, another
more akin to eosinophils, has not been explored, but
would resolve the apparently conflicting data and
would suggest that basophils resemble dendritic cells
in their developmental heterogeneity. An alterna-
tive reconciling hypothesis is that basophils and/or
eosinophils may, in some contexts, (de)differentiate
into hybrid cells, but definitive studies documenting
this are presently lacking.

The current dogma posits that basophils exit the
bone marrow as fully differentiated cells, as they are
identified in peripheral blood relatively easily, and
once isolated are functional for mediator release.
However, basophils in inflamed tissues have distinct
biochemical properties and may survive significantly
longer than those in the circulation, suggesting that
blood basophils may be partially functional cells that
only fully mature after diapedesis or that they have a
more plastic phenotype than currently appreciated.

Phenotypic Characteristics

Appearance

As at the time of their discovery, basophils are still
identified routinely by their microscopic appearance.
In addition, their identity is assessed by analysis of
their pattern of expression cell surface proteins.

Light Microscopy Image

Basophils from peripheral blood avidly take up
alkaline stains, such as alcian blue and trypan blue.
Importantly, the granules of basophils (and mast cells)
acquire a purple, not blue (as seen in other granulated
cells such as monocytes and neutrophils), color upon
interaction with these dyes; hence, the staining is
termed “metachromatic” (Figure 6.1A). Basophils have
numerous, moderately sized, metachromatic cytoplas-
mic granules and a bean-shaped or bilobed nucleus.
Immunohistochemically, peripheral blood basophils
from normal donors generally have a very low con-
tent of tryptase and do not contain chymase, classical
markers of the mast cell.

Basophils

Figure 6.1. (A) Light micrographs of human peripheral blood
basophils stained with Wright's Giemsa. Note the numerous
dark purple, metachromatic granules, and the bilobed or
trilobed (close up) nucleus. (B) Electron micrograph of a human
basophil in a capillary.

Electron Microscopy Image

Viewed by electron microscopy, human basophils
have a diameter of 5-7 microns, numerous amor-
phous round granules, and “stubby” cell surface pro-
cesses (Figure 6.1B). Compared to basophils, tissue
mast cells are larger; have more numerous, smaller,
and more electron dense granules that have either a
lattice or scroll substructure; and possess distinctly
longer and thinner plasma membrane processes.
Basophils undergo dramatic ultrastructural changes
with activation, but the pattern and degree of altera-
tion vary depending on the particular stimulus used.
Thus, for example, “anaphylactic degranulation,”
with granule-to-granule fusion or granule-to-plasma
membrane fusion was seen best with stimuli that
engage the high-affinity Fc receptor for IgE (FceRI),
while recombinant histamine releasing factor was
most potent in inducing uropod formation, and the
more gradual process of piecemeal degranulation
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was observed after stimulation by monocyte chemot-
actic protein-1.

Cell Surface Markers

Basophils are often identified by their pattern of
plasma membrane proteins. Like mast cells, baso-
phils have high cell surface binding of IgE by means
of their expression of FceRI. CD123, the a chain of the
IL-3 receptor, is also easily detected on these cells, as
are CD11b and CD13. Often, the positive expression
of these two proteins is used in conjunction with the
absence of expression of a panel of lineage markers
(such as CD2, CD14, CD16, CD19, and MHC class II) to
identify basophils on flow cytometry (Figure 6.2).

Over a decade ago, the murine monoclonal anti-
body 2D7 was found to bind to the secretory granules
of basophils (but not those of eosinophils, neutrophils,
or mast cells). Likewise, the antibody BB1+ has been
reported to be basophil specific. Antibody J175-7D4
stains basophils based on its binding to proma-
jor basic protein, which is not expressed by mature
eosinophils.

Cell surface protein expression is highly dynamic.
With basophil activation through cross-linking of
FceRI, there is increased expression of a number of
basophil cell surface markers, including CD13, CD63,
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Figure 6.2. Flow cytometric identification of peripheral blood
basophils. Basophils (right lower quadrant, within the bold cir-
cle) are typically positive for CD123 (the IL-3 receptor a chain,
x-axis) and negative for the lineage markers IL-2, -14, -16, and
-19 (y-axis). The cells within the ellipse are plasmacytoid den-
dritic cells, which may be distinguished from basophils by their
expression of other cell surface markers such as blood dendritic
cell antigen-2 (BDCA-2, CD303), and BDCA-4 (neuropilin-1,
CD304), not shown here.

CD107a, CD164, and CD203C. This observation is the
basis of various in vitro basophil activation assays
that have been used to identify circulating allergen/
antigen-specificIgE. Expression of specific cell surface
receptors through which basophils may be activated is
described later.

Products of Basophils

Histamine

Histamine, the best known mediator released by baso-
phils, is present preformed in cytoplasmic granules,
and is rapidly released in response to stimuli that
induce degranulation. While the platelets of some spe-
cies (e.g., rabbits) also contain histamine, basophils
seem to be the exclusive source of this mediator in
human peripheral blood. The histamine content of
basophils is typically on the order of 1.0 pg per cell.
When quantifying the release of histamine from baso-
phils, results are often reported as a percent of hista-
mine release, with the total histamine content being
determined by complete lysis of the cells using hypo-
tonic and/or acidic media. Thus, for example, extensive
cross-linking of FceRI on a population of basosphils
with allergen, anti-IgE, or anti-FceRI may result in
50%-90% histamine release, with exocytosis begin-
ning within 2-5 minutes of activation and completed
by 30-45 minutes.

Lipid Mediators

Unlike histamine, the major lipid mediators of baso-
phils, leukotriene C4 (LTC,), and platelet activating
factor (PAF) are newly synthesized upon cell activa-
tion. Although not preformed, the kinetics of their
release after basophil activation with physiological
and nonphysiological stimuli rivals that of histamine,
initially being detected 1-5 minutes after activation
and approaching maximal release by 15 minutes.
When purified basophils are activated, the released
LTC, (<5-80 ng/million basophils) remains stable
in solution. However, when basophils are selectively
stimulated in the presence of other leukocytes, such
as the mononuclear cells (monocytes, T cells, B cells,
NK cells, and dendritic cells) with which they copurify
during density gradient centrifugation, there is further
metabolism of LTC, to the most stable of the cysteinyl
leukotrienes, LTE,. Unlike mast cells, basophils lack
the enzyme hematopoietic prostaglandin (PG)D, syn-
thase, and are thus incapable of generating PGD..

Cytokines and Chemokines

The discovery that basophils release significant
amounts of important immunoregulatory proteins
is arguably the seminal finding that rescued the cell
from being relegated to the status as a “mere” innate
immune effector cell or surrogate mast cell. It also



justified the exploration of what roles basophils might
play in the initiation, maintenance, and resolution of
inflammation, especially that of allergic diseases.

Chief among the cytokines produced by basophils is
interkeukin-4 (IL-4), which is released by basophils in
response to stimulation both through FceRI (by means
of specific allergen, anti-IgE, or anti-FceR1I - see the dis-
cussion of this receptor later) and via IgE-independent
stimuli such as the complement fragment C5a. Basophils
possess mRNA encoding IL-4 at baseline, but cell acti-
vation augments this by more than threefold. The mass
of IL-4 released varies among donors, ranging from
less than 20 to more than 600 pg/million basophils. The
kinetics of secretion are slower than that of histamine
and the lipid mediators, with a half time to maximal
release of approximately 1.5 hours and maximal release
generally seen by 4-8 hours. The inhibition of IL-4
release by basophils in the presence of cyclohexamide
indicates that new protein synthesis is required.

Basophils also release IL-13 (<20-2,000 pg/million
cells) in response to IgE cross-linking and to non-IgE-
mediated stimulation. As with IL-4, new protein synthe-
sis is required, but maximal release may not be achieved
until 16-24 hours, depending on the agonist. One study
of normal and asthmatic subjects revealed that during
the first 6 hours after specific allergen challenge in vitro,
basophils outnumbered T cells by fourfold as sources of
IL-4 and by twofold as sources of IL-13.

Basophils release macrophage inflammatory
protein-la. (MIP-1a) in amounts and according to
kinetics similar to those of IL-13 secretion, and are
also sources of the cytokine GM-CSF chemokines pro-
duced by basophils in response to IgE cross-linking
include IL-8, MIP-5, and eotaxin.

Others

Although best known as the products of eosinophils,
major basic protein and Charcot-Leyden crystals con-
taining lysophospholipase are produced by basophils.
Likewise, basophils contain small amounts of mast
cell tryptase, and release this mediator in response to
anti-IgE. Recently, the cytotoxic serine protease gran-
zyme B has been detected from activated basophils,
and basophils were able to directly kill target cells at
least in part by means of this mediator, in a caspase-
dependent mechanism and to a degree rivaling natural
killer (NK) cells.

ISOLATION TECHNIQUES

Positive Selection

Basophils comprise 0.5%-1.5% of circulating leuko-
cytes. They can be enriched modestly by density gradi-
ent centrifugation over Ficoll or Percoll, during which
they co-sediment with the mononuclear cells with

Basophils

rather efficient removal of contaminating polymor-
phonuclear neutrophil (PMN) and eosinophils. This is
sufficient for many purposes, in which selective baso-
phil activation can be effected by stimulation through
FceRI and monitored by measuring histamine release.
Employing multistep density gradient centrifugation,
peripheral blood mononuclear cells can be enriched
for basophils from their baseline frequency 10-20
fold. Thereafter, basophils can be purified further by
countercurrent elutriation. Relying on the rarity of
circulating mast cell precursors, the absence of FceRI
expression by resting eosinophils, and the relative
paucity of FceRI expression by plasmacytoid dendritic
cells, early techniques positively selected basophils
by means of magnetic microbeads coated with anti-
FceRI. Once bound, the basophils are separated from
the non-basophils by application to a column placed
in a magnetic field that restrains the microbeads while
all unbound cells flow through the column.

Negative Selection

Because positive selection techniques that depend on
ligation of cell surface receptors such as FceRI risk
activating the cells, they have largely been replaced
by the inverse method - the binding and removal of
all non-basophils in a sample to purify unbound baso-
phils by negative selection. Such an approach depends
on a panel of cell surface markers strongly and con-
sistently expressed by eosinophils, neutrophils, mono-
cytes, NK cells, T cells, B cells, and various subtypes
of dendritic cells. To succeed in purifying basophils,
an antibody against at least one marker on each non-
basophil must be included. In this case, magnetic
beads bind to non-basophils and the cell mixture is
again subjected to column filtration. The unlabeled
basophils flow through the magnetic field and are
collected while other cells are trapped. Basophils of
>95% purity and >50% recovery can be achieved using
negative selection techniques.

STIMULI FOR SECRETION

FceRl and ITAM-Linked Receptors

FceRI has been the most extensively studied cell sur-
face receptor on the basophil. As in mast cells, this
receptor is composed of an a chain whose extracellu-
lar domain binds to the CH3 region of the IgE heavy
chain, a § chain, and two copies of a y chain shared
with numerous other receptors such as those for IgG.
Although other cells, including eosinophils and plas-
macytoid dendritic cells, express the o and y chains,
and thus bind IgE and react to its cross-linking, they
lack the B chain. The intracellular domains of the
and vy chains contain immunoreceptor tyrosine-based
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activating motifs (ITAMs). Cross-linking of IgE results
in the phosphorylation of critical tyrosine residues in
these motifs, providing docking sites for proteins such
as the tyrosine kinase Syk and the induction of a com-
plex intracellular signaling network that culminates
in mediator release. In particular, it was first demon-
strated in basophils (and later confirmed in mast cells)
that the expression of FceRI is dynamic and directly
proportional to the ambient concentration of IgE. This
has been exploited clinically with the development of
therapy for allergic diseases such as asthma and food
allergy with monoclonal antibodies directed against
FceRI. These antibodies bind to circulating IgE and
thereby prevent its interaction with FceRI. Not only
does this lead to reduced binding of specific IgE to
FceRI, but also reduced expression of FceRI, which
together lead to blunted IgE-dependent responses.
The presence of FceRI is often detected by means of
flow cytometry using a monoclonal antibody directed
against the extracellular portion of the a chain, such
as 22E7 (which binds to the a chain whether occupied
by IgE or not) and 15A5 (which only binds unoccupied
a chain), or by binding of labeled IgE. Because of the
dynamic expression of FceRI, basophils may have any-
where from a few thousand to hundreds of thousands
of these receptors on their surface. The cross-linking
threshold for mediator release from a given basophil
may likewise range broadly from a few hundred to
tens of thousands of FceRI receptors.

Basophils also consistently express the Ig super-
family member leukocyte immunoglobulin-like
receptor A2 (LILRA2, also known in alternative
nomenclature systems as LIR7, ILT1, and CD85h).
The ligands for this receptor are as yet unidentified,
but cross-linking by means of a monoclonal antibody
results in mediator release from all three basophil
“compartments” — preformed histamine from gran-
ules, newly synthesized LTC,, and IL-4. As with FceRI,

Syk tyrosine kinase is involved in signal transduction
from LILRA2, as predicted for a receptor that also
employs the common vy chain.

GPCR

Formyl Peptide Receptors

The tripeptide formylated methionine-leucine-phenyl-
alanine (fMLP) is a bacterial product capable of
inducing histamine release and LTC, generation by
basophils. However, as a direct agonist, it is unable
to elicit significant release of the cytokines IL-4 and
IL-13 from these cells. Basophils consistently express
at least three formyl peptide receptors: FPR, FPRLI,
and FPRL2.

C5a

After FceRI, the most potent activating basophil
receptor is that of the complement fragment C5a.
Agonization of C5aR leads not only to mediator release
from all three basophil compartments when basophils
are primed or stimulated in the presence of IL-3, but to
chemotaxis as well. Basophils also express C3aR, the
receptor for a second anaphylotoxin, but this molecule
is a less potent basophil secretogogue when compared
to C5a.

Chemokines

The impressive (and likely as yet incompletely deter-
mined) variety of chemokine receptors expressed on
the surface of basophils allows them to respond to a
broad gamut of factors that influence cell trafficking
(see Table 6.1). Many ligands for basophil surface recep-
tors have both chemotactic or chemokinetic and vari-
able prosecretory activities, making impossible a sharp

TABLE 6.1. Basophil GPCR receptors and their counterligands

Receptor Ligands
Platelet activating factor receptor PAF
C5aR C5a

FPR, FRPL1, FPRL2

fMLP, urokinase plasminogen activator (uPA)

CCR1 MIP-1a., MCP-3

CCR2 MCP-1 (CCL2), MCP-3

CCR3 Eotaxin (CCL11), RANTES, MCP-3

CXCR1 IL-8

CXCR2 Nap-2

CXCR4 Stromal cell-derived factor 1 (SFD1, CXCL12)
Oxoeicosanoid receptor (OXE) 5-oxo-ETE




distinction among these components of cell activation.
Thus, for example, C5a and fMLP elicit both mediator
release from and chemotaxis of basophils, while IL-3
augments basophil chemokinesis but not chemotaxis.
Basophils express the stem cell factor (SCF) receptor
c-kit, allowing SCF, which is not directly chemotactic,
to augment basophil movement in response to C5a,
MIP-1a, MCP-1, and eotaxin. Some chemotactic factors
promote only selected mediator release, as exemplified
by the abilities of MIP-1a, MCP-1, and eotaxin, which
all direct basophil movement, to elicit LTC, generation
but not IL-4 or IL-13 production.

One study of the transendothelial migration of
basophils using human vascular endothelial cells
(HUVEC) documented a tenebrous array of molecules
that initiate or influence basophil movement, often
with complex additive or synergistic effects and dis-
tinct (sometimes partially overlapping) time courses
of maximal receptor expression and ligand potencies.

Basophils express a, 3, (CD29/CD49d) and f3, integ-
rins (specifically CD11a/CD18 and CD11b/CD18), both of
which contribute to diapedesis by allowing basophils
to bind VCAM-1 and ICAM-1 and adhere to endothelial
cells. As noted earlier, basophils produce a number of
chemotactic factors, many of which may bind to their
receptors contributing to an autocrine and/or a posi-
tive feedback system in which basophils promote their
own recruitment. The results of numerous studies sug-
gest a convoluted system of receptors and ligands that
orchestrate the movement, modulate the activation,
and promote the longevity of basophils in inflamed tis-
sues. Although labyrinthine in its details, this network
resembles that regulating eosinophils, a fact that has
been emphasized by those who assert a close onoto-
logic relationship between these two granulocytes.

CRTH2

Among the most prominent biochemical differences
between mast cells and basophils is the ability of the
former and the inability of the latter to produce the lipid
mediator PGD,. However, basophils express the CRTH2
receptor (chemotactic receptor homologous molecule
expressed on TH2 cells), which is the second receptor
for PGD,, DP2. Thus, basophils can respond to this
chemotactic factor, suggesting that activation of mast
cells (e.g., through IgE by allergen or parasite antigen)
may lead to the recruitment of basophils to inflamed
tissues. Agonization of CRTH2/DP2 also leads to Ca?*
influx, augmentation of degranulation induced by anti-
IgE and by fMLP, and increased expression of CD11b.

Histamine and Leukotriene Receptors

Interestingly, basophils possess cell surface receptors
for the inflammatory mediators they produce at least

Basophils

one for histamine (H,) and two for LTC, (CysLTR1 and
CysLTR2). While this suggests autocrine actions of his-
tamine and cysteinyl leukotrienes, the implications of
this have not been fully elucidated. In addition, expres-
sion of BLT1 allows LTB4 to induce degranulation of
basophils.

Cytokines

IL-3 is the best studied cytokine influencing baso-
phils, and the a chain of the IL-3 receptor (CD123) is
so strongly and consistently expressed on the cell sur-
face that it is often used as a marker to help identify
basophils. Exposure of basophils to IL-3 has profound
effects on both cell viability and mediator release in
response to activation. IL-3 at a concentration of 10
ng/mL retards basophil apoptosis and augments the
release of histamine, LTC4, and IL-4 in response to
IgE-dependent and -independent stimuli by “priming”
(e.g., a 15-minute exposure before activation). At this
and higher concentrations, IL-3 can elicit some media-
tor release on its own. In vitro experiments suggest
that IL-3 is necessary (and possibly sufficient) to drive
precursor cells toward the basophil phenotype.

Basophils also express receptors for IL-2 (CD25),
IL-4, IL-5, and IL-8. The influence of these cytokines
as well as of GM-CSF and SCF on basophil develop-
ment and the longevity and function of mature baso-
phils are less well established than those of IL-3. IL-5,
and GM-CSF are able to prime basophils for LTC, syn-
thesis and the release of IL-4 and IL-13 in response
to C5a, but with less potency than IL-3. Unlike IL-3,
these cytokines do not elicit mediator release directly.
Nerve growth factor (NGF) augments mediator release
by basophils in response to C5a.

Toll-Like Receptors

Basophils have been shown to express both mRNA and
protein for Toll-like receptors (TLRs), TLR2 and TLR4.
In importance, extensive experience demonstrates little
reproducible effects of the TLR4 ligand lipopolysaccha-
ride (LPS) on basophils, possibly because these cells do
not express CD14, the LPS co-receptor present on LPS
responsive cells such as macrophages. In contrast, the
TLR2 ligand peptidoglycan directly induces IL-4 and
IL-13 secretion from basophils. This activation appears
to be cytokine selective, as it occurs in the absence of
any histamine or LTC, release, though peptidoglycan
augments their release in response to anti-IgE.

Histamine Releasing Factors

Originally named for their ability to induce degranu-
lation, these enigmatic mediators also induce IL-4
release from basophils and augment cytokine release
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in response to IgE-mediated stimulation of these
cells. Early reports suggested the existence of at least
two histamine releasing factors (HRFs), one that
depends on cell surface IgE and at least one that is IgE-
independent. Some HRF activity was subsequently
attributed to the action of chemokines. HRFs are pro-
duced by a variety of cells, such as endothelial cells,
platelets, monocytes, and B lymphocytes. Much about
HRFs remains to be explored. The receptors for HRF
are currently unknown, and basophils from some
donors do not respond to HRF. One particular HRF,
human recombinant HFR (HrHRF) has been purified,
sequenced, and studied in detail. This 23 kDa protein
induces histamine release from the basophils of a sub-
population of atopic individuals. Responsiveness to
HrHRF depends on IgE present on the basophils and
in the serum of these donors, termed IgE+. This IgE+
can confer HrHRF responsiveness to any basophil, as
opposed to the IgE from HrHRF unresponsive donors,
termed IgE-, which cannot. While HrHRF depends
on IgE+, it appears to have its own receptor, as it also
primes unresponsive basophils for histamine release in
response to anti-IgE and fMLP. In addition to inducing
histamine release from the basophils of responders, it
elicits IL-4 secretion from these cells (also in an IgE+
dependent manner) and primes even nonresponder
basophils for IL-4 and IL-13 secretion in response to
anti-IgE. The signal transduction mechanisms of HRF-
mediated activation involves the tyrosine kinase Syk,
but other critical details, such as the identity of the
HrHREF receptor, are lacking.

Inhibitory Receptors

Appreciation of the importance of inhibitory receptors
on the functions of basophils (as with those of other
inflammatory cells) has increased dramatically dur-
ing the past decade. Basophils consistently express the
leukocyte immunoglobulin-like receptor B3 (LILRB3),
a member of the inhibitory subgroup of LILRs.
Although the related inhibitory receptors LILRB1 and
2, which are expressed on the surface of basophils
from a minority of donors, are known to bind nonpoly-
morphic regions of MHC class I molecules, the ligands
for LILRB3 are currently undetermined. Co-ligation
of LILRB3 to an activating receptor such as FceRI or
LILRA2? results in the attenuation of mediator release
from all three basophil compartments. LILRB3 pos-
sesses a relatively long cytoplasmic tail that contains
immunoreceptor tyrosine-based inhibitory motifs
(ITIMs). When phosphorylated, the tyrosine residues
in these regions allow the docking and activation of
phosphatases that antagonize the kinases involved in
the propagation of activating signal transduction net-
works. It is tempting to hypothesize that evolutionarily

related receptors such as LILRB3 and LILRA2 (whose
genes are found along with those encoding the other
LILRs in the leukocyte receptor complex on chromo-
some 19q13.42) are paired immunoregulatory switches,
differentially expressed on various leukocytes and
potentially binding related ligands with distinct affini-
ties and kinetics to exert fine control over the func-
tions of basophils and other inflammatory cells.

Basophils also express the inhibitory IgG recep-
tor FcyRIIB (CD32), which possesses a single ITIM.
Costimulation of basophils through both FceRI and
FcyRIIB delays and limits Ca?" influx and attenu-
ates degranulation and IL-4 release. These effects
appear to be mediated by phosphorylation of the ITIM
tyrosine residues, providing a docking site for the SH2
domain-containing phosphatase SHP-1, which then
dephosphorylates key activating signal transduction
components such as Syk. These observations form the
basis of two novel approaches to antagonizing baso-
phil and mast cell contributions to allergic inflamma-
tion. The first is a bifunctional Fcy-Fce fusion protein
composed of part of the Fc portion of IgG that binds
to FcyRIIB linked to a part of the Fc portion of IgE
that binds to FceRI. This protein effectively co-ligates
FcyRIIB to FceRI, constraining all IgE-mediated acti-
vation of basophils and mast cells. The second is a
fusion protein composed of the same part of the Fc
portion of IgG that binds to FcyRIIB linked to the
major cat allergen Fel d1. By co-ligating FcyRIIB to
Fel d1 specific IgE, this protein is an effective allergen-
specific antagonist of basophil and mast cell activation
appropriate for immunotherapy.

CD200R is a further example of an inhibitory recep-
tor expressed by basophils. Intriguingly, a number
of pathogenic viruses, including the human herpes
viruses HHV-6, -7, and -8 express homologues of the
ligand CD200, and are capable of downregulating acti-
vation of basophils.

FUNCTIONAL IMPLICATIONS OF
BASOPHIL ACTIVATION

Tissue Effects of Mediator Release

The widespread activation of circulating basophils,
with the release in minutes of preformed granule con-
tents and the rapid de novo synthesis of lipid media-
tors, is predicted to result in systemic vasodilation and
thus a decreased blood pressure. Indeed, since hista-
mine, LTC,, and PAF possess such vasoactive proper-
ties, this is a model of anaphylaxis especially attractive
to explaining the rapid systemic allergic reactions to
specific allergens administered intravenously (e.g.,
those to IV antibiotics) and to nonspecific secre-
togogues such as radiocontrast media and hyper- and



hypotonic solutions. However, unlike mature, tis-
sue-bound mast cells, circulating basophils must be
recruited to tissues to participate in more typical aller-
gic or antiparasitic inflammatory reactions, and this
process may take hours to days. In the skin, the mani-
festations of basophil activation due to the release of
these mediators include edema, erythema (wheal and
flare reactions), and pruritus. In the gut, mucosal
changes such as edema and the transmucosal loss of
fluid, accompanied by increased peristalsis result in
nausea, vomiting, diarrhea, and cramping abdomi-
nal pain (colic) as seen in food allergies. In the upper
respiratory tract, similar changes in the nasal mucosa
appear as congestion and rhinorrhea, while broncho-
constriction and wheezing typify the effects of LTC,
and other mediators in the lower respiratory tract. The
relative contribution of mast cells and basophils to
IgE-dependent allergic responses has been the subject
of debate. However, the observation that histamine but
not PGD, is released into the nasal secretions during
late-phase allergic reactions are argued for involve-
ment of the basophil.

Recruitment and Modulation of Other
Immune Cells

Their expression of numerous cytokines and chemok-
ines suggests that over a longer time course (hours to
days), basophils may recruit other immune cells to
inflammatory lesions, and kinetic studies support this
by demonstrating that basophils arrive in inflamma-
tory tissues concomitant with or before other cells such
as eosinophils and lymphocytes. Once there, basophils
may modulate the function of these cells by means of
extracellular mediators and by cell surface receptors
recognizing their counterligands. The details of such
cell-cell interactions await complete elucidation, but
likely vary among different disease models.

The most intriguing advance in the appreciation of
the potential immunoregulatory role of the basophil is
the observation that activation of this innate immune
cell can induce ¢ isotype switching and IgE produc-
tion by human B cells when the two cell types are
cocultured in vitro. Originally observed in response to
nonphysiological stimulation of peripheral blood baso-
phils (with PMA and ionomycin), this effect on B cells
is also seen with activation of KU812 cells (a basophil-
derived cell line) and with FceRI-mediated activation
of human cord blood-derived basophils. In all these
systems, B-cell isotype switching is accompanied by
and dependent on the production of IL-4 and IL-13
by the basophil (or KU812 cell) and expression of the
costimulatory molecule CD40L (CD154). This phenom-
enon has traditionally been interpreted as represent-
ing the ability of basophils to reinforce previous Th2

S

skewing: once IgE production is established by Th2
cells, the IgE sensitizes basophils, and IgE-dependent
stimulation of these basophils leads to their elaborat-
ing additional pro-IgE production signals, further
encouraging B cells to make IgE. Importantly, how-
ever, recent data from in vivo murine models suggests
that basophils may be an early, innate influence on B
cells that initiates IgE production. This is not a direct
effect of basophils on B cells, but rather is mediated
by basophils inducing Th2 skewing, and it is the Th2
cells that directly induce B cells to undergo & isotype
switching. Thus, the basophil may be an answer to
the mystery of the origins of Th2 skewing as well as a
player in a potential positive feedback loop of IgE pro-
duction for those antigens that can activate basophils
for IL-4 production and CD40L expression by an IgE-
independent mechanism.

EVIDENCE FOR ROLES IN DISEASES

Asthma and Rhinitis

Determining the precise contribution of the basophil
to human diseases has been challenging. Basophils
are considered to participate in allergic and antipara-
sitic inflammatory reactions, based on their biochemi-
cal and morphological resemblances to mast cells and
eosinophils.

Their role in asthma was suggested by early stud-
ies that documented increased numbers of peripheral
blood basophils and histamine concentrations in symp-
tomatic asthmatics. Numerous basophils are pres-
ent in sputum samples from patients with untreated
asthma exacerbations, while 95% of the IgE-positive
cells in bronchoalveolar lavage (BAL) fluid from asth-
matic subjects have the morphologic and flow cytomet-
ric characteristics of basophils. Allergen inhalation by
subjects with atopic asthma induces increases in spu-
tum basophils at both early (7 hours after inhalation)
and late phase (24 hours after inhalation) time points.
The magnitude of this increase correlated with airway
hyperresponsiveness (AHR) in response to methacho-
line in some studies, but this finding is controversial as
other studies do not support or confirm this result.

Using the basophil-specific antibody 2D7, signifi-
cantly more basophils were detected in postmortem
lung section of patients with fatal asthma than in con-
trol patients who had asthma but died of other causes.
The basophils were observed in both large and small
airways and were present in the epithelium, submu-
cosa, and alveolar wall. A subsequent study using 2D7
to identify basophils in biopsy specimens after aller-
gen-induced late asthmatic responses showed that
basophils accounted for a significant percentage of
cells positive for IL-4 mRNA and the majority (72%)
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of cells positive for IL-4 protein. Employing the BB1
antibody that recognizes basophil granules and defin-
ing basophils and tryptase negative, increased num-
bers of basophils were seen at baseline in the lungs
of atopic asthmatics compared to atopic subjects
without asthma and control patients with nonatopic
asthma. Basophil numbers increased further after
antigen inhalation, but these cells were outnumbered
tenfold by eosinophils and mast cells, suggesting that
the basophil may play a predominantly regulatory role
rather than being an effector cell.

Using flow cytometry to detect intracellular cytokine
production in peripheral blood mononuclear cells from
asthmatic and nonasthmatic, nonatopic subjects, one
study determined that, as expected, specific antigen
elicited IL-4 and IL-13 secretion only from the basophils
of the asthmatics. Of note, under such circumstances,
basophils outnumbered T cells as IL-4 producing cells
by fourfold. Two hours after antigen stimulation baso-
phils were the exclusive cellular source of IL-13, sug-
gesting that in the peripheral blood basophils are the
dominant cellular source of Th2 cytokines in the first 6
hours after stimulation with allergen.

Like asthma, allergic rhinitis is an allergen-driven
mucosal inflammatory condition with an immedi-
ate and a late phase (6-8 hours later). Among such
biphasic responders, there is an increase in the
histamine content of nasal secretions at both time
points. However, elevated concentrations of PGD, are
observed only in the immediate phase. As, in con-
trast to mast cells, basophils lack the ability to pro-
duce PGD,, these findings suggest that the immediate
phase is dominated by the activation of mast cells
and that mediator release in the late phase is derived
from newly recruited basophils. Data in support of
this model were obtained in a study of patients with
nasal allergy to grass pollen. At baseline, biopsies
of the nasal mucosa demonstrated no basophils (as
assessed by staining with the BB1 antibody). Within
1 hour after local allergen challenge, biopsies demon-
strated a significant influx of basophils into the epi-
thelium and lamina propria, and basophils remained
detectable in the lamina propria at 24 hours and 1
week after challenge. Basophil numbers increase
in the circulation of patients with ragweed allergic
patients during ragweed season, suggesting that an
antigen induced signal reaches the bone marrow
and augments basophil production and/or attenuates
basophil apoptosis.

Thus, the role of basophils in asthma and rhini-
tis is suggested by their recruitment to the airways
in acute asthma and following antigen challenge; by
the pattern of mediator production in the late phase
allergic response; and by the increased numbers in the
circulation of basophils producing Th2 cytokines after
antigen challenge.

Immunologic Skin Disease

Cutaneous allergic inflammation takes a number
of forms, one of the most common of which is urti-
caria (hives) with or without angioedema (swelling).
Analogous to studies of the airways, the involvement of
basophils in antigen-induced late phase skin reactions
(LPR), a model of cutaneous allergy, has been assessed
by staining skin biopsies with the BB1 antibody. After
local antigen challenge, basophils were detected in the
dermis (especially around blood vessels) at 6 hours,
peaked at 24 hours, and started to resolve at 48 hours.
Maximal basophil numbers reached 40% of peak
eosinophil numbers, and approximately one-third of
the basophils had an appearance consistent with par-
tial degranulation. A similar study employing the 2D7
antibody also demonstrated a dramatic influx of baso-
phils into the dermis around blood vessels 6 and 24
hours after allergen injection. Importantly, these 2D7-
positive dermal basophils were negative on stating for
metachromatic granules with toluidine blue, suggest-
ing that degranulation had occurred and indicating
that light microscopy might underestimate the pres-
ence of basophils.

A comparison of biopsies of allergen-induced
cutaneous LPR with those from patients with
chronic idiopathic urticaria (CIU) and those from
normal controls demonstrated increased numbers of
BBI1 positive basophils in the LPR and CIU tissues
compared with nonatopic controls. Approximately
35%-50% of patients with CIU have IgG auto-
antibodies directed against IgE or FceRI, but there
were no statistically significant differences in the
numbers of dermal basophils between those with
and without such antibodies. In situ hybridization
demonstrated mRNA for IL-4 in both LPR and CIU
biopsies, but it was unclear what fraction of IL-4
mRNA positive cells were basophils (as opposed to
Th2 lymphocytes). A number of studies have used
peripheral blood basophils in assays for histamine
release to detect anti-IgE or anti-FceRI autoantibod-
ies in the serum of patients with CIU, and found that
basophil histamine is dependent on or augmented by
the complement fragment C5a.

Basophils have been detected infiltrating the
lesions of bullous pemphigoid, erythema multiforme,
incontinentia pigmenti, and rejection of first set skin
allographs. Thus, basophils may be involved in the
pathobiology of many immunologic skin diseases.

Anaphylaxis

Anaphylaxis is a severe, rapidly progressive, life
threatening systemic allergic reaction typically trig-
gered by allergens such as foods (e.g., peanut, shell-
fish), drugs (e.g., penicillin, aspirin), insect venom, and



latex. Typical routes of allergen entry include ingestion
(foods and some drugs), injection (intradermal for
venom, intravenous for some drugs), and inhalation
(latex). Anaphylaxis is a clinical diagnosis, dependent
on the appearance of common symptoms and signs
in specific organ systems (e.g., pruritus, urticaria,
and angioedema; asthma; and abdominal pain, nau-
sea, vomiting, and diarrhea) in the context of allergen
exposure. With the exception of food-induced anaphy-
laxis, an elevation in the serum concentration of mast
cell tryptase is so frequently seen that its absence casts
some doubt upon the diagnosis, though it does not cat-
egorically rule out anaphylaxis. This in conjunction
with decades of histological and biochemical data
have established that mast cells are central to most
forms of anaphylaxis.

Whether basophils are activated in one or more
subtypes of anaphylaxis, depending perhaps on the
triggering allergen and the route of exposure is the
subject of investigation. The absence of elevations in
serum tryptase in food induced anaphylaxis has led
some to hypothesize that basophils may play a domi-
nant role in this subtype of the disease. Individuals
who develop anaphylaxis to the venom of stinging
insects can be effectively treated with incremental
subcutaneous injection of increasing doses of the
responsible antigen over several hours or, more com-
monly, several weeks. This treatment is called immu-
notherapy. One recent study of peripheral blood
basophils from patients with venom-induced anaphy-
laxis and those from patients with only large local
sting reactions indicated that CD63 expression was
higher at baseline (i.e., prior to sting challenge) among
patients with systemic reactions (anaphylaxis) who
were receiving venom immunotherapy compared to
patients with large local reactions who were receiving
immunotherapy. Basophils increased their expression
of CD69 and CD203C in response to in vivo sting chal-
lenge. The authors suggested that basophils may thus
be useful biomarkers of venom-induced anaphylaxis,
but whether basophil activation is either necessary or
sufficient for human anaphylaxis is unclear.

Parasitic Infections

Parasitic infections typically elicit elevated serum
concentrations of IgE and eosinophilia. Evidence for
basophils participating in immune responses against
parasites is largely extrapolated from animal models
(see later). While basophilia (increased numbers of
circulating basophils) is commonly observed in non-
human models, it is very rarely observed in human
infections. One study documented that basophilia
occurred in only 4 out of 668 patients with confirmed
parasitic infection. However, data from other stud-
ies suggest that human basophils are functional in
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these diseases. Basophils from patients with hook-
worm infection (Necator americanus) degranulate in
response to hookworm antigen, and the proteases
secreted by this parasite have been shown to induce
cytokine release from purified human basophils. This
latter finding suggests that hookworm proteases may
be innate (i.e., IgE-independent) activators of baso-
phils important in early antiparasitic responses that
later include IgE production (see earlier section for
a discussion of basophil induction of B-cell ¢ isotype
switching). Likewise, peripheral blood basophils from
patients harboring active infection with the filarial
worm Brugia malayi produced significant amounts
of IL-4 in response to B. malayi antigen. Importantly,
this IL-4 response was quantitatively on a par with
that of parasite-specific T cells and was triggered by
lower concentrations of antigen. Together, these stud-
ies suggest that at least for some infections, parasite
antigens may elicit IL-4 release from basophils in
an IgE-independent manner and that basophils may
therefore be influential in establishing Th2 immune
antiparasitic immune responses.

Other Human Diseases

Using the BB1 antibody, basophils have been identi-
fied in the gastric mucosa of patients with moderate
to severe gastritis due to Helicobacter pylori infection.
Hp(2-20), a peptide derived from the gut pathogen, is
a potent chemoattractant for basophils, likely through
the FPR-like 1 and 2 receptors (Table 6.1). While
Hp(2-20) could induce Ca?* influx into basophils, this
stimulus did not elicit histamine release or cytokine
(IL-4 or IL-13) secretion from these cells in vitro.
The nature, mechanisms, and effects of basophil acti-
vation, if it occurs in the context of H. pylori infection,
remain to be fully elucidated.

Peripheral blood basophils from normal individu-
als, unlike their mast cells, express a poorly charac-
terized 45 kDa cell surface protein that binds the IgM
mADb Bsp-1. As noted earlier, these cells have trace
amounts or no detectable mast cell tryptase, chymase,
or carboxypeptidase in their granules, and little cell
surface expression of c-kit. However, in the peripheral
blood of patients with asthma, atopy (allergic rhinitis,
atopic dermatitis, urticaria), and drug allergy there are
significant numbers of metachromatic, Bsp-1 positive
cells with segmented nuclei (i.e., with the morphology
of basophils) that possess tryptase, chymase, and/or
carboxypeptidase in their granules. In addition, these
cells expressed detectable amounts of c-kit on their
surface. These data suggest that basophils in aller-
gic disease may have a plastic phenotype and/or that
basophils and mast cells are developmentally related,
though this is controversial (see the discussion of baso-
phil ontogeny earlier).
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Guinea Pig and Mouse Models of Disease

Decades ago, studies of basophils from other mam-
malian species were frequently performed in guinea
pig models and occasionally in rats and mice.
Recently, the murine model has come to dominance,
but advances have been limited by two difficulties. The
first is in definitively identifying mouse basophils, as
murine basophils appear to differ morphologically
and in terms of cell surface receptor expression from
their human counterparts. The second is the lack of a
genetic basophil “knockout” model corresponding to
mast cell deficient mice strains.

Guinea pig and murine models of parasitic infec-
tions, such as ectoparasites (ticks) in the former and
Nippostrongylus brasiliensis in the latter, have been
used to explore both the contribution of basophils to
host defense and the ontogeny of basophils, as both
species (unlike humans) typically develop basophilia
in response to parasite invasion. These studies estab-
lished basophils as important sources of cytokines
such as IL-4 and IL-13.

Recently, a murine model of response to an aller-
gen (the protease papain) indicated a critical immu-
noregulatory role for basophils. After immunization
with papain, basophils entered draining lymph nodes
and initiated Th2 differentiation by releasing IL-4 and
the cytokine thymic stromal lymphopoietin (TSLP),
leading to papain-specific IgE production. Depletion
of basophils using the MAR-1 antibody revealed the
dependence of Th2 development on basophils (by
means of IL-4 and TSLP) but not on mast cells. Other
recent studies have investigated the roles of murine
basophils in a model of IgG- (as opposed to IgE-)
mediated anaphylaxis and in antibody memory
responses.

PHARMACOLOGICAL REGULATION
OF BASOPHIL RESPONSES

Several drugs that are commonly used to treat asthma
and allergic diseases have been shown to have an effect
on basophil numbers and function. The relevance
of these findings to the therapeutic efficacy of these
medications depends on the putative role of basophils
in these conditions. As outlined earlier, this remains
somewhat controversial, and is the subject of ongoing
investigation.

Steroids

Administration of intravenous hydrocortisone and
inhaled beclomethasone was shown three decades ago
to decrease the number of peripheral blood basophils
concomitant with their therapeutic effects in asth-
matics. Indeed, steroids appear to augment basophil

apoptosis (programmed cell death) just as they do in
eosinophils.

LT Receptor Antagonist

Basophils both produce and respond to cyLTs.
Antagonism of the cysLT1 receptor by montelukast
in patients with asthma had no effect on basophil
degranulation in response to anti-IgE, but did result
in modest inhibition of LTC, release from these cells,
indicating differential regulation of these distinct
mediator compartments and a possible cysLT feed-
back mechanism.

Anti-IgE

As noted earlier, the expression of FceRI by basophils
is directly proportional to the ambient concentration
of free IgE. Humanized monoclonal antibodies (e.g.,
omalizumab) that bind to the C;3 domain of the IgE
heavy chain compete with the binding site of the FceRI
o chain, thus preventing IgE from adhering to the sur-
face of basophils by means of the high-affinity receptor.
This leads to a dramatic and nearly complete decline
in FceRI expression on the surface of basophils. This
greatly impairs FceRI-mediated activation of baso-
phils, including histamine release, LT secretion, and
cytokine production. Over the course of weeks after
cessation of treatment, free IgE concentrations, FceRI
expression, and basophil mediator responses return to
baseline.

DIAGNOSTIC TESTS USING BASOPHILS

A number of tests using basophils have been devel-
oped to assist in the diagnosis of allergic diseases by
means of an in vitro assay that is ideally easily per-
formed, minimally invasive (requiring a peripheral
blood sample as opposed to skin testing or allergen
challenge), rapid, reproducible, and widely applica-
ble. Generally, these tests involve exposing basophils,
either in a peripheral blood sample or purified to vary-
ing degrees, to a suspected allergen, such as environ-
mental substances (e.g., plant pollens, animal dander,
dust mite antigens), drugs (e.g., NSAIDs, antibiotics,
chemotherapeutic agents), foods, and Hymenoptera
venom. Because basophils are believed to be the exclu-
sive source of histamine in human peripheral blood,
measuring histamine release 30-60 minutes after
exposing the patient’s blood cells to the antigen deter-
mines whether basophil activation occurred. Other
tests rely on changes in the expression of certain baso-
phil cell surface markers, such as CD63, CD69, and
CD203C as assayed by flow cytometry. Some assays
combine measurements of mediator release with flow
cytometry.



Some potential pitfalls with these tests include their
inability to determine whether basophil activation is
IgE dependent or independent; the assumption that an
absence of basophil activation correlates with nonre-
sponsiveness of mast cells to a given antigen; and the
possibility that an allergen might elicit the release of
one or more important but less cell-specific mediators
(e.g., LTC,, PAF) but not histamine, resulting in a false
negative test. It is important also to note that the baso-
phils of some individuals do not release histamine or
leukotrienes in response to FceRI cross-linking. This
so-called nonreleasing phenotype has been attributed
to a delayed and blunted Ca?* influx in response to FceRI
cross-linking, possibly due to impaired expression and/
or activity of the signaling molecule, Lyn kinase.

CONCLUSIONS

Human basophils are the rarest of peripheral blood
granulocytes. Their expression of the high-affinity Fc
receptor for IgE, the range of mediators they produce,
and their presence in tissues and circulation follow-
ing allergen challenge suggest that they are involved in
asthma, allergies, and selected infections. While their
precise roles in health and disease are still incom-
pletely understood, recent data suggest that they may
be important immunoregulators, especially in allergic
diseases and parasitic infections. Their role as immu-
noregulatory cells, particularly a role in “priming”
Th2-dependent allergic reactions, as opposed to effec-
tor cells of allergic disease would be consistent with
their presence in low numbers in the resting state. This
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is the subject of intense investigation, the conclusions
of which will depend in part on the relevance of animal
models to human disease and our ability to directly
interrogate basophil function in humans. There is still
much to explore in terms of the basic mechanisms and
intercellular interactions of basophils.
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Eosinophils

Sophie Fillon, Steven J. Ackerman, and Glenn T. Furuta

INTRODUCTION

Eosinophilic granulocytes, commonly referred to as
eosinophils, or less commonly as acidophils, were first
identified by Paul Ehrlich in 1879. He named these
bilobed nucleated cells as eosinophils because of their
intense staining with the acidic dye eosin. Ehrlich
completed his original studies that defined the eosino-
phil’s morphological features during a time when he
was committed to a clinical practice as well as basic
research, an early example of a physician scientist.
Combining his clinical expertise with his laboratory
discoveries, he proposed a variety of functions for
eosinophils that included phagocytosis, granule secre-
tion, and chemotaxis.

Eosinophils are normally present as a minority
of the peripheral blood leukocyte pool and primar-
ily reside within tissues containing mucosal surfaces
such as the uterus and gastrointestinal tract. While
their exact function is not certain, eosinophils are
thought to possess both beneficial and deleterious
properties as participants in both innate and adap-
tive host immune responses. As an arm of the innate
defense system, eosinophils are strongly proposed to
be responsible in part for combating parasitic infec-
tions, particularly with helminths. When recruited in
excess, eosinophils are currently thought to partici-
pate in mediating the pathogenesis of allergic diseases
such as asthma, atopic dermatitis, gastrointestinal
diseases, and hypereosinophilic syndromes.

EOSINOPHIL MORPHOLOGY

Eosinophils are approximately 12-17 pm in diameter,
and represent 1%—-6% of the total blood leukocyte pop-
ulation (Figure 7.1). The human eosinophil’s nucleus
is characteristically bilobed, and usually circular or
ovoid [1]. The cytoplasm of the eosinophil is filled with
a number of secretory organelles that include primary
and secondary (crystalloid/specific) granules, small

granules, and secretory vesicles. Primary and second-
ary granules together number approximately 200 per
cell and contain an electron-dense matrix containing
the eosinophil’s characteristic cationic proteins includ-
ing eosinophil peroxidase, the eosinophil-derived
neurotoxin, and the eosinophil cationic protein (the
eosinophil’s two ribonucleases RNase2 and RNase3,
respectively) (Figure 7.2). In addition, the secondary
granules contain an electron-dense crystalloid core
composed of two related cationic proteins, major basic
protein-1, and major basic protein-2. The small, amor-
phous granules contain arylsulfatase and acid phos-
phatase [2]. The Charcot-Leyden crystal (CLC) protein
is present within the primary granule population
(which represent less than 5% of total granules) and in
the agranular spaces beneath the eosinophil’s plasma
membrane. When released by eosinophils that undergo
cytolytic degranulation in tissues such as the lung and
gastrointestinal (GI) tract, the CLC protein may form
the characteristic hexagonal bipyramidal structures
known as CLCs, a hallmark of eosinophil involvement
in host allergic and other immune responses. These
crystals can be observed in the stool or sputum of
patients with nonspecific eosinophilic inflammation
associated with inflammatory bowel diseases, aller-
gic intestinal disease and asthma, respectively (Figure
7.3). The CLC are slender, hexagonal bipyramidal crys-
tals that stain purplish-red in tissue sections stained
with hematoxylin and eosin (H&E). Eosinophils also
contain lipid bodies, nonmembrane-bound lipid-rich
organelles often confused with granules and pres-
ent in many types of leukocytes and other cells [3].
Eosinophils contain greater numbers of lipid bodies
than do neutrophils, and the numbers of lipid bod-
ies increase during eosinophil activation in vitro and
engagement in inflammatory reactions in vivo [4].
The functions of lipid bodies include incorporation
of fatty acids such as arachidonate. They likely serve
as intracellular depots for its storage and metabolism,
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Figure 7.1. Eosinophils in peripheral blood smear. Fast green
staining of eosinophils in human peripheral blood with a
neutral red counterstain. Cytoplasmic granules appear bril-
liant turquoise green and the bilobed nucleus is stained red
(Magnification A: 20x%, B: 100x).

Eosinophils

Figure 7.2. Electron microscopic view of the human eosino-
phil. Electron micrograph of a human eosinophil with granules
showing electron dense cores (2500x, Courtesy of Dr. Ann
Dvorak, Beth Israel Deaconess Medical Center, Boston, MA).

Figure 7.3. Charcot-Leyden crystals from bronchial lavage fluid. Photomicrographs of birefringent
Charcot-Leyden crystals, a hallmark of degranulated eosinophils (A: 40x, B: 100x).

as suggested by the localization of many of the
eosinophil’s eicosanoid-forming enzymes including
5-lipoxygenase, leukotriene C4 synthase, and cycloox-
ygenase in the lipid body [5]. These four organelles,
along with vesiculotubular structures and small ves-
icles involved in transport and secretion in the acti-
vated cell, serve as the major subcellular sites for the
eosinophils’ armamentarium of preformed cytotoxic
and inflammatory mediators.

EOSINOPHIL MEDIATORS

Granule Proteins

Studies of the biochemistry, biologic activities, and, in
particular, the localization in tissues of the distinctive

enzymatic and nonenzymatic cationic protein constit-
uents of the eosinophil’s secondary (specific) granule
provided the first convincing evidence for the role of
the eosinophil in the pathogenesis of inflammation
and tissue damage in eosinophil-associated diseases
[6]. In addition, identification of eosinophil-specific
granule constituents in tissues by a variety of sensi-
tive and specific immunochemical methods provided
additional evidence for the participation of the eosino-
phil in diseases not normally associated with blood or
tissue eosinophilia, for example, certain skin diseases
[7]. Studies in the past 15-20 years of the biochemis-
try, functions, and localization in tissues of the unique
enzymatic and nonenzymatic cationic proteins present
in eosinophil granules provide compelling evidence
supporting a pathologic proinflammatory and effector
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Figure 7.4. Gastrointestinal eosinophilicinflammation. Immuno-
peroxidase detection of major basic protein-1 in a section of
inflamed murine small intestine. Black arrow shows eosinophilic
infiltration in epithelial surface whereas orange arrow shows
inflammation in the muscularis (20x).

role for the eosinophil in directly inducing tissue dam-
age. The distinctive cationic granule protein constit-
uents of the eosinophil include the two major basic
proteins (MBP-1, MBP-2) (Figure 7.4), the eosinophil
peroxidase (EPO) (Figure 7.5), and the ribonucleases
eosinophil cationic protein (ECP), and eosinophil-
derived neurotoxin (EDN). Eosinophils also have the
capacity to express a variety of toxic oxidative inter-
mediates [8], eicosanoid and other lipid mediators of
inflammation, and most recently, inflammatory and
hematopoietic cytokines integral to the normal and
pathologic roles of this granulocyte in health and dis-
ease. Studies of the mechanisms by which the eosino-
phil granule cationic proteins are secreted or released
into tissues have demonstrated that they can be selec-
tively secreted, depending on the activation stimulus,
by a number of different secretory pathways ranging
from classical granule fusion and exocytosis (e.g., in
killing parasitic helminths), piecemeal degranulation
(PMD; vesicular transport from the granules in the
absence of classical exocytosis), and cytolytic degran-
ulation (release of intact membrane-bound granules
directly into the tissue upon eosinophil apoptosis/cell

death) [9].

Cytokines

Eosinophils are a rich source of both Thl and Th2
cytokines that may participate in immune regula-
tion, leukocyte chemotaxis, and cell growth (Table
7.1) [10]. While other cell types such as lymphocytes
can produce larger quantities of a variety of cytokines
localized within inflammatory sites, eosinophils may
act in a different role. For instance eosinophils, like
mast cells, have the capacity to synthesize cytokines,
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Figure 7.5. Eosinophilic esophagitis inflammation. (A) H&E
of the esophageal epithelium from a patient with eosino-
philic esophagitis (20x). (B) Eosinophil peroxidase staining of
the esophageal epithelium from a patient with eosinophilic
esophagitis (20x). (Courtesy of Cheryl Protheroe and James
Lee, Mayo Clinic Scottsdale, AZ.)

and then store them in their cytoplasmic granules.
Thus, rather than a lag period between stimulation
and release of cytokine, eosinophils are able to pro-
vide immediate and focused cytokine release at sites
of inflammation [11].

Traditionally, eosinophils are associated with the
generation of Th2 immune responses and are increased
in immune environments rich with Th2 cytokines such
as IL-4, IL-5, and IL-13 as seen in asthma. IL-5 medi-
ates eosinophil expansion and differentiation from
progenitors in the bone marrow, recruitment, prim-
ing, and activation, and prolongs tissue survival in
response to allergic stimuli [12]. Activated eosino-
phils also express granulocyte-macrophage colony-
stimulating factor (GM-CSF) which functions in an
autocrine fashion to prevent apoptosis and prolong
their survival in tissues such as the lung in asthma.
Interestingly, basal levels of eosinophil development
can occur in the absence of IL-5, and antigen-induced
tissue eosinophilia can occur independent of IL-5 as



TABLE 7.1. Eosinophils release interleukins,

chemokines, and growth factors

Interleukins

IL-1, 1L-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-11, 1L-12, IL-13,
IL-16, IL-17

Chemokines

Epithelial cell-derived neutrophil activating peptide
(CXCL5), eotaxin (CCL11), growth-related oncogene
(CXCL1), interleukin-8 (CXCL8), IFN-y-inducible protein
(CXCL10), IFN-inducible T-cell alpha chemoattractant
(CXCL11), macrophage inflammatory protein 1 (MIP-1a),
monocyte chemoattractant protein 1 (CCL3), monokine
induced by IFN-y (CXCL9), MCP-3 (CCL7), MCP-4 (CCL13),
RANTES (CCL5)

Growth factors

Heparin-binding epidermal growth factor-like binding pro-
tein (HB-EGF-LBP), nerve growth factor (NGF), transforming
growth factor (TGF-a), transforming growth factor-beta
(TGF-B1)

Others

Interferon (IFN-y), tumor necrosis factor (TNF-a),
granulocyte-macrophage colony-stimulating factor
(GM-CSF)

suggested by the presence of tissue eosinophils in asth-
matic patients treated with anti-IL-5 [13]; these obser-
vations and others suggest a redundancy in eosinophil
growth factors capable of driving eosinophil terminal
differentiation and prolonging eosinophil survival in tis-
sues, factors that include IL-3 and GM-CSF. In contrast,
numerous studies have shown the importance of IL-5
during allergic responses, particularly for the ampli-
fication of blood and tissue eosinophilia. Employing
experimental models of asthma, investigators have
demonstrated that IL-5 neutralization can block various
aspects of the asthmatic response [14,15]. Animal mod-
els have also shown that inhibition of IL-5 suppresses
pulmonary eosinophilia in response to antigen inhala-
tion [16]. Moreover, eosinophil trafficking to the allergic
lung is significantly reduced in IL-5-deficient (knock-
out) mice and in animals treated with anti-IL-5 antibod-
ies [17-19]. Finally, overexpression of IL-5 in transgenic
mice is sufficient for the development of eosinophilia
[20-22]. IL-4 activates human vascular endothelial
and respiratory epithelial cells to produce eosinophil
chemoattractant cytokines [23]. IL-4 and IL-13 pro-
duced by Th2 cells recruits and activates IgE-producing
B cells, and enhances IgE-mediated responses [24].
IL-13 appears to have its own distinct role in allergic
inflammation, acting as a key regulator of allergen-in-
duced airway inflammation, and goblet cell metaplasia
[25]. Both molecules induce the expression of eotaxins
by a STAT6-dependent pathway [26]. IL-13 alone is also
an important eosinophil chemoattractant [12].

Eosinophils [N

Alternatively, eosinophils themselves can produce
Th1 cytokines such as IL-2, IL-6, IL-12, TNF-a, and
IFN-y [27-29]. Th1l cells are recruited by CXCL9
(monokine induced by IFN-y) and CXCL10 (IFN-vy-
inducible protein-10) [30]. IL-6 has been shown to
inhibit Th1 and increase Th2 differentiation of eosino-
phils through induction of naive T-cell IL-4 production
[31]. In some Th1 models of inflammation, eosinophil-
derived IFN-vy is increased [10]. In addition TNF-a is
essential for IFN-y induced secretions of Th1 chemok-
ines [28]. Eosinophils secrete chemokines such as
the eotaxins, RANTES, and macrophage inflamma-
tory protein (MIP)-1a. Eotaxins (1, 2, and 3), secreted
primarily by activated epithelial cells and T cells,
are highly selective eosinophil chemoattractants that
bind their cognate CCR3 receptor on the eosinophil’s
surface. Eotaxin secretion by eosinophils strongly sug-
gests their ability to initiate and perpetuate an aller-
gic inflammatory response. RANTES can stimulate
eosinophil and neutrophil influx while MIP-1a is pri-
marily involved in neutrophil trafficking [32].

Eosinophils also may participate in other biological
processes. IL-4-deficient mice have reduced transplant-
associated eosinophilia. Impaired Th2 inflammation at
the site of incompatible allograft transplants was also
observed in these mice suggesting that eosinophils may
modulate immune responses leading to transplant rejec-
tion [33]. Moreover, IL-4 and IL-13 are strongly associ-
ated with tumor cell death in several types of cancer
[34]. In addition, the use of eosinophil-specific antibod-
ies has demonstrated that almost all human or mouse
cancers are associated with an important eosinophil
infiltrate at some point in tumor growth [35,36]. Finally,
eosinophils are associated with tissue remodeling (e.g.,
epithelial cell hyperplasia, angiogenesis) and fibrosis
(fibroblast activation, transdifferentiation into myofi-
broblasts increased deposition of extracellular matrix)
in many eosinophil-associated diseases, and are a rich
source of TGF-f [37].

Lipid Mediators

Eosinophils express cysteinyl leukotriene receptors
(CysLT1R and CysLT2R), prostaglandin (PG)D2 type 2
receptor, and platelet activating factor (PAF) receptor
[38-40]. Eosinophil recruitment is induced by leukot-
rienes (LTB4, LTD4, LTE4), PAF, and 5-0x0-6,8,11,14-
eicosatetraenoic acid, suggesting that these lipid
mediators may play a role in eosinophil transmigra-
tion [41-43]. Eosinophils have the capacity to secrete
lipid mediators including PAF and leukotrienes such
as LTC,. The release of these lipids increase leukocyte
trafficking, endothelial adhesion, smooth muscle con-
traction, vascular permeability and mucus secretion
and are considered one of the proinflammatory activi-
ties of the eosinophil [44].
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EOSINOPHIL DEVELOPMENT

Life Cycle

Eosinophils are derived from hematopoietic stem cells
and myeloid-committed progenitors that arise within
the bone marrow. The human eosinophil progenitor
is derived from the common myeloid progenitor pool,
expresses a number of unique cell surface markers
including IL-5Ra, CD34, CD38, IL-3Ra, is CD45RA
negative, and is distinct from the human granulocyte-
macrophage progenitor (GMP) population that gives
rise to neutrophils and macrophages [45]. Two groups
of transcription factors, the C/EBP family and GATA-1,
appear to synergistically participate in eosinophil
development [46]. The importance of GATA-1 and the
C/EBP factors (C/EBPa and C/EBPs) is emphasized by
the fact that murine models with targeted deletions
(knockouts) of these three factors are all eosinophil-
deficient [47]. However, GATA-1 appears to be the
most important transcription factor for eosinophil
lineage specification, since transgenic deletion of the
high-affinity GATA-binding site in the HS-2 region of
the GATA-1 promoter itself leads to a selective loss of
eosinophils in the mouse [48]. Both GATA-1-specific
expression and activity in eosinophils appears to be
mediated by this high-affinity palindromic GATA site.
This double GATA site is present in the GATA-1 pro-
moter and in the regulatory regions of many eosino-
phil specific genes (e.g., eotaxin receptor CCR3, CLC/
Gal-10, MBP-1, and IL-5Ra) [48-50].

Eosinophil differentiation and expansion from
IL-5Ra+ common myeloid progenitor cells occurs
in response to three important cytokines, IL-3, IL-5,
and GM-CSF [51-53]. These three cytokines provide
permissive proliferative and differentiation signals
through transcription factors that include GATA-1,
PU.1, C/EBPa, and C/EBPe. IL-5 is most specific
to the eosinophil lineage of these cytokines and is
responsible for selective differentiation of eosino-
phils [54] and stimulates eosinophil release from the
bone marrow into the peripheral circulation [55]. At
these sites, eosinophils are primed by Type 2 cytok-
ines released from Th2 helper cells. IL-5, GM-CSF,
and IL-3 are important as well for eosinophil termi-
nal differentiation, activation, and are antiapoptotic,
promoting long-term eosinophil survival in vitro and
in tissues.

Eosinophils produce and store secondary granule
proteins before their exit from the bone marrow. PU.1
plays a critical role in eosinophil granule protein pro-
duction as evidenced by the fact that PU.1 null mice
show attenuated MBP and EDN expression and addi-
tion of PU.1 induces MBP expression. A synergistic
role for PU.1 in amplifying GATA-1-mediated gene
transcription has been demonstrated in the eosinophil

lineage [49]. Direct PU.1 protein—protein interaction
alters GATA-1 conformation and/or binding to high-
affinity double GATA sites present in many eosino-
phil-specific gene promoters, increasing its activity
and synergizing to strongly upregulate transcription
of eosinophil lineage-specific genes such as MBP in
developing eosinophil progenitors [49].

Eosinophil Migration

After maturation, eosinophils migrate through the vas-
cular space and traffic to mucosal surfaces includ-
ing the gastrointestinal tract (Figures 7.4 and 7.5) in
response to a variety of different chemoattractants
produced by cells present in the mucosa, particul-
arly epithelial cells. These chemoattractants or
chemokines (chemotactic cytokines) including CCL11
(eotaxin-1), CCL24 (eotaxin-2), CCL26 (eotaxin-3),
and CCL5 (RANTES) participate in the recruit-
ment of eosinophils to mucosal surfaces and sites
of allergic inflammation. Arachidonic acid metabo-
lites, especially certain leukotrienes such as (LTB,)
are synthesized in leukocytes from arachidonic acid
by 5-lipoxygenase. Leukotrienes are thought to play
a role in allergic and asthmatic reactions by stimu-
lating bronchoconstriction and increasing vascu-
lar permeability [56]. Eotaxin production can lead
to tissue eosinophilia. For instance, experimental
induction of cutaneous and pulmonary late-phase
responses in humans leads to synthesis of eotaxins
by resident cells as well as infiltrative cells such as
eosinophils [26].

Transmigration of eosinophils through the vascular
endothelium into mucosal surfaces involves rolling,
tethering, adhesion, and transendothelial migration
[57,58]. Eosinophils express the transmembrane gly-
coproteins, selectins, that regulate rolling on endothe-
lia [59]. Adhesion and transmigration of eosinophils
across the vascular endothelia to tissue is a tightly
regulated process. Of the cytokines implicated in
modulation of leukocytes recruitment, only IL-5 and
the eotaxins have been shown to selectively regulate
eosinophil trafficking [60]. Eosinophil chemoattrac-
tants alter the expression of vascular and leukocyte
adhesion molecules and receptors such as selectins,
integrins, and integrin receptors. Mucosal addressin
cell adhesion molecule (MAACAM)-1, vascular cell
adhesion molecule (VCAM)-1, and intercellular adhe-
sion molecule (ICAM)-1 present on endothelial cells
can be differentially expressed during transmigration
[61]. VLA-4 of the p-integrin family is expressed on the
surface of eosinophils [62] where it can interact selec-
tively with the activated endothelial ligand, VCAM-1
[63]. Endothelial cell products and adhesion molecules
(B1-, B2-, and P7-intergrins) [62] also participate in
eosinophil trafficking.



TABLE 7.2. Eosinophils’ chemoattractants

Platelet activating factor (PAF), complement factor C5a,
leukotriene B, (LTB,), LTC,, N-formyl-methyionyl-leucyl-
phenylalanine (fMLP), 5-oxo-15-HETE, 5,15-diHETE

Cytokines
IL-2, IL-3, IL-5, IL-16, GM-CSF, Ecalectin

Chemokines

Eotaxins 1-3, MCP-2, MCP-3, MCP-4, RANTES, MIP-1a,
IL-8, MDC

Eosinophils express the chemokine receptors CCR3
and CCR1 [64-66]. Ligation of these receptors by mac-
rophage inflammatory protein (MIP)-la, RANTES,
macrophage chemotactic protein (MCP)-2, MCP-3,
MCP-4, eotaxin-1, -2, and -3, and mucosa-associated
epithelial chemokine (MEC) leads to increased expres-
sion of these receptors. Eosinophils also express
chemokine receptor such as CXCR3, CXCR4, CCRS5,
CCR6, and CCRS8 after IL-5 activation [67-69].
RANTES as well as the acidic mammalian chitinase
participates in eosinophil chemoattraction [26,70]
(Table 7.2). Trafficking of eosinophils into inflam-
matory sites involves several cytokines such as 1L-4,
IL-5, and IL-13. These cytokines, particularly IL-5,
modulate leukocyte recruitment. IL-4 and IL-13 act as
potent inducers of the eotaxins [71,72].

ACTIVATION OF EOSINOPHIL DEGRANULATION
AND MEDIATOR RELEASE

For eosinophils to participate in the pathogenesis
of local tissue inflammation, damage, remodeling,
and fibrosis, more must occur besides their selective
recruitment and accumulation. In fact, the state of
activation of recruited eosinophils is now considered
to be a critical aspect of their participation in disease
pathophysiology. For example, a number of strains of
IL-5 transgenic mice have massively increased numbers
of eosinophils in their blood, spleen, and other tissues
and organs, but without a second signal, these mice
show little evidence of eosinophil-mediated pathology
and are relatively healthy. One major pathway by which
eosinophils are activated is through the cross-linking
of surface immunoglobulin receptors, especially those
involving IgA, and to a lesser extent IgG [73]. Although
there is general agreement that murine eosinophils do
not express the high-affinity FceRI IgE receptor, its
expression remains controversial for human eosino-
phils, which express very low levels, if any, FceRI on
their surface, and if present, clearly lack the  chain;
so significant, direct activation of eosinophils via IgE
remains highly unlikely [74-76]. Activation of eosino-
phils by a variety of cytokine and lipid stimuli leads
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to eosinophil granule protein release (e.g., ECP, EDN,
EPO, MBP), superoxide generation, and the synthesis
of LTC, [73,77], although secretion of the granule cat-
ionic proteins is difficult to induce with traditional
eosinophil-activating stimuli. Eosinophils also elabo-
rate the lipid mediator PAF and a wide range of cyto-
kines and chemokines, not the least of which include
IL-1f and TGF-f, two key players in the eosinophil-
mediated tissue remodeling and fibrosis seen in many
eosinophil associated diseases [78-81]. Although the
quantities of cytokines and chemokines released by
the eosinophil compared to other leukocytes vary
widely, GM-CSF is among the cytokines produced in
greatest quantities by eosinophils [73], and as noted
earlier, functions in part in an autocrine fashion to
prevent apoptosis and prolong eosinophil survival once
they are recruited into sites of tissue inflammation.
Eosinophil priming for increased secretory and oxi-
dative responses, for example, by IL-5 and the eotax-
ins, and subsequent activation in vitro by a number
of physiologically relevant agonists that include IL-5,
IFN-vy, sIgA, and others, has been shown to induce
secretion of the granule cationic proteins (EPO, MBP1,
EDN, ECP) and eosinophil-expressed cytokines (e.g.,
RANTES and IL-4) in a unique process termed PMD
[82,83] that involves the differential mobilization fol-
lowed by vesicular transport of these proteins to the
cell surface and into the extracellular space [84-86].
This is in marked contrast to more classical secondary
granule fusion and exocytosis, events rarely observed
for eosinophils at sites of inflammation in tissues [87]
but frequently observed in eosinophil-mediated killing
of the larval stages of parasites (helminths), for exam-
ple, schistosomula of Schistosoma mansoni. Once
secreted, the eosinophil granule cationic proteins are
reported to have multiple proinflammatory activities
that have been well-defined both in vitro and in vivo,
including membrane, cell, and tissue-damaging cyto-
toxicity [88,89], the ability to selectively activate other
inflammatory cells, such as mast cells and basophils
to release inflammatory mediators (e.g., histamine)
[90], and oxidative burst in neutrophils, potent block-
ing activity for inhibitory M2 muscarinic receptors in
the airways in allergic asthma models [91], as well as
the ability to augment TGF-f primed fibroblast elabo-
ration of the inflammatory and profibrotic IL-6 fam-
ily of cytokines including IL-6 and IL-11 [92], to name
just a few. Thus, eosinophils (1) come fully armed with
preformed mediators of inflammation, tissue dam-
age, remodeling, and fibrogenesis that are secreted at
sites of eosinophilic inflammation in tissues in many
eosinophil-associated allergic diseases such as asthma
and hypereosinophilic syndromes such as eosinophilic
esophagitis and (2) have the capacity to generate newly
formed protein (cytokines, chemokines) and lipid
mediators (LTC,, PAF) of inflammation when primed
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TABLE 7.3. Eosinophils’ activators

IL-3, IL-5, GM-CSF, IFN, PAF, LTB4, eotaxins, slgA

and further activated in the process of their recruit-
ment from the bone marrow into the tissue in response
to allergic (e.g., mast cell, basophil) and other inflam-
matory and/or Th2 T-cell stimuli [93] (Table 7.3).

SIGNAL TRANSDUCTION

The process in which eosinophils convert exter-
nal stimuli into biochemical reactions, similar to
many aspects of eosinophil biology, is understudied.
A number of factors are known to rapidly activate
eosinophils ranging from growth factors, extracel-
lular matrix proteins, cytokines, and neural factors.
For instance, fibronectin can modify cell signaling
and subsequent migratory capacity of eosinophils
[94]. This is of particular interest since fibronectin
levels from bronchoalveolar lavage fluids of asth-
matic patients increase after antigen challenge, and
correlates with eosinophilic inflammation [95,96].
The increase in airway fibronectin may contribute
to eosinophil persistence by modulating the sur-
vival, recruitment, and retention of lung eosinophils
[96,97].

While a number of factors lead to cell surface
activation of signal transduction pathways in eosino-
phils, a new body of evidence suggests that eosinophil
granules may also undergo activation with release
of preformed proteins and cytokines. Granule sur-
faces contain IFN-y receptors and G-protein—-coupled
receptors for eotaxin providing a means for rapid
release [98].

Other studies have investigated the role of eosino-
phils on activating other resident mucosal cells such
as nerves. For instance, the adhesion of eosinophils to
cholinergic nerves led to a rapid and sustained acti-
vation of the nuclear transcription factors such as
nuclear factor (NF)-xB and activator protein (AP)-1.
Eosinophil binding to neuronal ICAM-1 contributes to
arapid activation of ERK1/2 whereas eosinophil adhe-
sion to VCAM-1 results in AP-1 activation, mediated in
part by rapid activation of the p38 mitogen-activated
protein kinase signaling pathway [99].

SUMMARY

Eosinophils are multifunctional leukocytes that
likely participate in the initiation and propagation of
inflammatory responses. Much is yet to be learned
about eosinophil biology. To date, their function is
not certain but their presence at mucosal surfaces,
such as the gastrointestinal tract, in the healthy host

suggests a protective role. Their increasing recogni-
tion in increased numbers in disease states supports a
role in the pathogenesis of allergic, inflammatory, and
neoplastic diseases. As more knowledge accumulates
regarding the mechanisms of mediator production
and release, chemotaxis, and life cycle, we will begin
to understand the role of this enigmatic cell in health
and disease.

KEY POINTS

Eosinophils can synthesize a number of biologically active
mediators and contain a number of preformed proteins both
of which can be released upon appropriate stimulation.

A variety of mediators including eotaxins, PAF, LTB,,
fMLP are potent eosinophil chemoattractants.

While eosinophils occupy 1%-6% of the peripheral white
blood cell count, they are normally present in larger num-
bers within mucosal surfaces and increase during disease
states.
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INTRODUCTION

Macrophages are a major leukocyte involved in
orchestrating inflammatory responses. Their name
is derived from the Greek term “big eaters” (mak-
ros, large; and phagein, eat). This gives some insight
into the primary function of this cell in clearance of
invading pathogens, cell debris, and apoptotic cells
by a process of engulfment and digestion called
“phagocytosis.” However, the role of the macrophage
goes beyond that of what its name suggests. They
are endowed with the ability to rapidly react to and
secrete a plethora of biological agents and mediators
that can influence the initiation, progression, and res-
olution of an inflammatory response and coordinate
processes to establish acquired immunity against
specific pathogens. This chapter is an overview of the
basics of macrophage biology and function, with par-
ticular insights into the involvement of macrophages
in disease pathogenesis as well as pharmacological
modulation of macrophage responses as targets for
treatment of disease.

IDENTIFICATION

Historical Discovery

Elie Metchnikoff first used the term “macrophage”
to describe large mononuclear phagocytic cells he
observed in tissues over 100 years ago. Macrophages
are now recognized as the major phagocytic cell type
with diverse characteristics and localities around the
body where they are important for both innate and
acquired immune responses as well as maintenance
of tissue homeostasis and regulation of various pro-
cesses subsidiary to the immune defense such as
hematopoiesis.

Hematopoietic Lineage

In man, macrophages are derived from bone marrow
hematopoietic cells and constitute the terminally dif-
ferentiated cell type from the mononuclear phago-
cytic cell lineage. Monocytes are the immediate
precursor cell types of macrophages and these cells
have important functions in inflammatory responses
on their own. It is monocytes that are liberated from
bone marrow to circulate in the bloodstream where
they are recruited to sites of inflammation. Tissue
macrophages are present constitutively in the absence
of inflammation where they are thought to contribute
to the maintenance of many processes (see heteroge-
neity). During an inflammatory response, monocytes
differentiate into macrophages within the tissue
where they remain until their useful function is com-
pleted. It is thought that they either die by apoptosis
in situ or are cleared by drainage to the lymphatic
system.

Phenotypic Characteristics

Macrophages are characterized by their large size
(approx 5-50 pm in diameter) and irregular shape.
They generally contain a large kidney-shaped nuclear
lobe (mononuclear). The cytoplasm is abundant and
contains many large and small granules, which con-
tain the chemical cocktail needed to kill and digest
invading pathogens.

Cell Surface Markers, Isolation of Macrophages

Macrophages are endorsed with an impressive reper-
toire of surface receptors, which allow these cells to
have functionally diverse actions. Many of these recep-
tors are not exclusive to macrophage cell populations



and are shared by other cell types such as granulo-
cytes and lymphocytes. There are macrophage-specific
cell surface markers, which are used to identify and
isolate these cells from unpurified cell populations.
The F4/80 antibody was developed as one of the first
macrophage-specific markers and remains one of the
most common markers used for this purpose. The
F4/80 antibody recognizes human CD97, a glycoprotein
7-transmembrane domain protein receptor resembling
the G-protein-coupled peptide hormone receptor fam-
ily. It is expressed highly in tissue macrophage popu-
lations, dendritic cells (DCs), Langerhans cells, and
microglia. The receptor is also expressed in small to
moderate levels in blood monocytes and eosinophillic
granulocytes. No clear function of CD97 is apparent
although the high degree of posttranslational modi-
fication of this protein could be linked to diverse
functional characteristics of macrophages including
cell-cell recognition and adhesion. Fluorescent mark-
ers conjugated to antibodies against the F4/80 antigen
can be used to distinguish macrophages from other
cell types. In this context, a cell sorter can distinguish
those cells with higher fluorescent profiles, and due
to the relatively specific binding capacity of the anti-
body for the macrophage F4/80 antigen, a purified
macrophage population can then be singled out for
analysis.

Cell Surface Receptors; Pathogen
Recognition Receptors

The ability to discriminate between self and foreign par-
ticles by cells involves the recognition motifs expressed
on prokaryotic cells. These motifs are highly conserved
within the pathogenic organisms and are subsequently
not subjected to the high rates of mutation occurring in
other aspects of prokaryotic biology. Pathogen recogni-
tion receptors (PRRs) are receptors located both on the
cell surface and in the intracellular environment that
can recognize an array of pathogen-associated molecu-
lar patterns (PAMPs). On the cell surface, the Toll-like
receptors (TLRs) form the major class of PRRs found on
the surface of macrophages. There are 10 known TLRs
in humans and 13 in mice, and most of these TLRs are
located on the cell membrane although some are found
in intracellular membranes such as those found on
endosomes or lysosomes. These receptors endow the cell
with the ability to recognize a range of PAMPs includ-
ing lipid and carbohydrate residues from Gram-positive
bacteria (TLR1, TLR2, and TLR6), LPS from Gram-
negative bacteria (TLR4), fungal pathogens (TLR2),
bacterial proteins such as flagellin and profilin (TLR5
and TLRI11 respectively), nucleic acid and its deriva-
tives (TLR3, TLR7, TLRS, and TLRY), double-stranded
RNA (TLR3), synthetic antiviral compounds and gua-
nine nucleotide analogues (murine TLR7 and human
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TLRS8), and DNA containing unmethylated CpG-motifs
abundant in bacterial DNA (TLR9). The TLRs can also
form heterodimers with other subtypes of TLRs or form
complexes with accessory molecules (LPS-binding pro-
tein and CD14 in the case of TLR4). TLR-independent
recognition of pathogens is important particularly for
intracellular recognition of pathogens and can occur via
the nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) or retinoic acid-inducible gene I
(RIG-I)-like helicases (RLHs). Macrophages use these
receptors to form robust responses to various types of
pathogenic infection, which stimulate an array of sec-
ond messenger pathways to mount diverse functional
immune responses.

Heterogeneity

All members of the mononuclear phagocytic system
(MPS) cell lineage share homology in morphologi-
cal and ultrastructural features, expression of spe-
cific enzymes and surface receptors, and the ability
to engulf various particles. However, there are many
different morphologically and functionally diverse
subsets of macrophages that have adapted to perform
tasks ideally suited to the surrounding environment.

Bone Marrow Macrophages

Cells of the monocytes-macrophage line are recruited
into the bloodstream where they circulate and migrate
into tissues where they differentiate into specific tis-
sue macrophages or, depending on the inflammatory
status of the tissue environment, they will form acti-
vated inflammatory macrophages. However, mature
macrophages are also found within the bone mar-
row where they play an important role in support and
regulation of hematopoiesis. Release of granulocyte-
macrophage colony-stimulating factor (GM-CSF) can
stimulate maturation of granulocyte macrophage and
eosinophil colony formation in vitro.

Alveolar Macrophages

Alveolar macrophages are a distinct population of cells
found within the lung where they provide protection
against pathogens and particles inhaled from the air.
They are the only type of macrophage that are exposed
to environmental air and, as such, have developed
characteristics appropriate for the task of clearing the
abundance of potentially harmful bodies entering the
body through this route. They characteristically con-
tain a large number of membrane-bound cytoplasmic
inclusions, indicative of their ability to rapidly release
a barrage of proteolytic enzymes and reactive oxy-
gen species to kill and clear foreign bodies. Damage
to these cells is an important factor associated with
increased host susceptibility to airborne infection and
environmental toxins.
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Splenic Macrophages

Resident macrophages in the spleen are thought to
function to trap and process foreign antigens, coordi-
nate with T and B cells in the lymphoid areas, as well
as the engulfment and digestion of red blood cells in
the red pulp. The specific phenotype of macrophages
in the spleen varies between different locations and
likely reflects the degree of functional specialization
of these cells.

Kupffer Cells

The resident macrophages in the liver called Kupffer
cells are responsible for clearance of particulate and
soluble substances from the portal circulation pri-
marily by phagocytosis. They are responsible for the
detoxification of endotoxin from the portal circulation
and can present antigens to initiate T-cell lymphocyte
responses. Ingestion of microorganisms by Kupffer
cells triggers the release of a deluge of inflamma-
tory mediators that rapidly recruits monocytes to the
liver to aid in clearance of invading pathogens. Thus,
these cells are considered as an important front in the
defense against infection but also contribute to acute
liver damage sustained during liver toxicity (e.g., alco-
hol consumption) and cancer.

Microglial Cells

Microglial cells are the first and main line of defense
against pathogens of the central nervous system (CNS).
They differentiate from myeloid progenitor cells nor-
mally found within the bone marrow and differ from
macrophages in their responses to various stimuli and
their turnover rate. Microglial cells do not need to
be replaced as often as other macrophages and have
adapted a range of quiescent and activated states to
maintain their function over longer periods. They are
termed nonprofessional phagocytes due to their need
to be activated before functions such as phagocytosis
and antigen presentation are performed. They can rap-
idly respond to CNS challenges due to the ability of
these cells to use potassium channels and changes in
potassium levels as sensors of injury or infection.

Langerhans Cells

Langerhans cells are a type of DCs found predomi-
nantly and in large numbers in the epidermis where
they function to recognize and capture antigens. DCs
are the main cells responsible for antigen processing
and presentation. They are derived from activated
monocyte precursors and found in areas likely to come
into contact with antigens such as the skin, nose, lungs,
stomach, and intestines. They differ from tissue mac-
rophages in their morphology and primary function
that in the case of the latter is phagocytosis. During
an immature stage, they extend large cytoplasmic pro-
jections called dendrites (not the same as neuronal

dendrites but from which they get their name) that
increase their surface area and increase contact area
with surrounding antigens. The surface of DCs are
endowed with PRRs such as the TLRs that recognize
and uptake various bacterial and viral antigens for
processing via the major histocompatibility complex
(MHC) molecule. Upregulation of the surface chemot-
actic receptor (CCR7) encourages the transport of the
DCs to lymph nodes where phenotypic changes occur
to facilitate the presentation of the processed antigens
on their surface with naive T cells, thus orchestrating
the adaptive immune response.

Mesangial Cells

Mesangial cells are specialized phagocytic cells
located in the glomerular lobules of the kidney. They
are thought to contribute to the support of these kid-
ney structures and to aid in filtration and regulation
of blood flow to the glomerular capillaries through
contractile responses, similar to smooth muscle cells.
In fact, these cells are rare examples of phagocytic
cells derived from smooth muscle and not mono-
cytes. Mesangial cells have many other characteristics
that differ from that of the smooth muscle, they can
respond to and secrete a number of vasoactive and
immunomodulatory substances as well as antigen
presentation making these cells important in the local
response to injury in the kidney.

Other

Macrophages are present in many other areas of the
body particularly where you would expect exposure to
or processing of foreign pathogens such as the gut and
lymphoid tissues. Interestingly, macrophages can fuse
to form multinucleated cells often termed giant cells.
The giant cells tend to form two main phenotypes
(Figure 8.1): the Langhans cells (Figure 8.1A) where
the nuclei are arranged in a horseshoe or ring shape
around the outer periphery of the cell and the so-
called foreign body giant cell (Figure 8.1B) where the
nuclei are more disorganized but often form a group
of nuclei in the center of the cell. The precise functions
of multinucleated giant cells, however, are unknown
although they appear to be found in granulomatous
disease and the origin of multinucleated osteoclasts.

MACROPHAGE ACTIVATING STIMULI

The surface of the macrophage is equipped with many
receptors that stimulate macrophage function such as
adhesion, chemotaxis, secretion, and phagocytosis.
Activating stimuli are often found in the inflammatory
milieu and are commonly produced by macrophages
themselves, other inflammatory cell types, or the invad-
ing organisms. Thus, the inflammatory environment
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Figure 8.1. Multinucleated giant cells of human macrophages differentiated from
blood-derived monocytes. (A) Represents typical images of Langhans cells and (B)
depicts examples of foreign body cells. (Images derived from work by Martin F. Lister,
Charlotte M. Hamilton, and Adriano G. Rossi.)

is instrumental in determining the type and intensity
of the inflammatory response by the macrophage. It is
imperative for macrophages to be able to distinguish
between cells that are “self” and those that are “non-
self” during the inflammatory process. Surface recep-
tors expression by both macrophages and surrounding
cells are a way in which macrophages are able to do
this.

Fc and Complement

Immunoglobulin (Ig) antibody complexes and com-
plement proteins are found in abundance in the
serum. They bind to the outside of pathogenic mate-
rial to facilitate the recognition and clearance of

these particles by phagocytes. This process is called
opsonization and, thus, Ig antibodies and comple-
ment are important particle opsonins. The Fc portion
of the Ig complex is prominent upon opsonization of
a particle and it is this portion that is readily rec-
ognized by Fc receptors (FcRs) on the surface of the
macrophage. The FcRs involved in the internaliza-
tion of Ig complexes are the FcyRI, FcyRIIA, and
the FcyRIII. Particles opsonized by complement
proteins are recognized and facilitate phagocytosis
through the stimulation of the complement receptors
(CRs), also located on the surface of the macrophage.
Several CRs exist on macrophages, namely CRI,
CR3, and CR4, which recognize several complement
proteins. For example, the CR1 binds C3b, C4b, and
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C3bi. The CRs can also function to facilitate differ-
ent aspects of the phagocytic process such as particle
binding (CR1) and internalization (CR3 and CR4).
The Fc and complement pathways of particle uptake
are different in that the Fc-mediated process is con-
stitutively active whereas the complement system
can require the presence of additional stimuli, such
as tumor necrosis factor alpha (TNF-a) for phagocy-
tosis to occur. Furthermore, the initial macrophage
surface changes differ between these two receptor-
mediated phagocytic response with Fc receptors
producing membrane projections to envelop the par-
ticle, whereas the complement system does not and
the particle appears to sink into the cell. Differences
also arise in the inflammatory response of mac-
rophages following phagocytosis mediated by either
receptor; the FcR process is coupled with the release
of proinflammatory mediators such as reactive oxy-
gen species (ROS) and arachidonic acid metabolites
whereas CR-stimulated phagocytosis does not induce
the release of either of these classes of molecules and
is considered less proinflammatory.

Cytokines

During inflammation, cytokine release from inflam-
matory cells is greatly increased. Many different
cytokines exist that orchestrate a number of impor-
tant immunomodulatory roles. Macrophages can be
either classically activated or alternatively activated
depending on the cytokine profile of the surround-
ing inflammatory environment. Classically activated
macrophages are driven by cytokine activators inter-
feron gamma (IFN-y), TNF-a, and also by microbial
products such as LPS. Classically activated mac-
rophages are highly proinflammatory and microbi-
cidal cells that produce exaggerated levels of ROS
and cytokines responsible for immune defense. In
contrast, alternatively activated macrophages are a
consequence of predominant IL-4 and IL-13 produc-
tion from Th2 cells dominant during parasitic infec-
tion. They induce macrophage production of specific
chemokines, macrophage-derived chemokine (MDC)
and thymus and activation-regulated chemokine
(TARC), and upregulate the expression of receptors
responsible for endocytosis and antigen presentation
and enzymes responsible for arginase metabolism
and granuloma formation. The alternatively activated
macrophage does not produce a major respiratory
burst and ROS products are considered less proin-
flammatory but nonetheless are critical for clear-
ing of parasitic infections. Other cytokines are also
important for macrophage deactivation such as IL-10
and transforming growth factor-beta (TGF-f), which
promotes the resolution of the macrophage inflam-
matory response.

Chemokines

Chemokines are a specific group of peptide inflam-
matory mediators of the cytokine family that act as
chemoattractants to induce the recruitment of inflam-
matory cells to the site of injury or infection. There are
various subclasses of chemokines that are described as
CC (e.g., monocyte chemoattractant protein-1; MCP-1),
CXC (e.g., IL-8), and CX3C (fractalkine). They are
classed depending on the molecular structure with CC
chemokines containing two cysteine residues together
and CXC chemokines containing two cysteine residues
separated by another amino acid. A number of CC
receptors and CXC receptors have been identified on
the macrophage that can bind chemokines including
MIP-1a, MIP-13, RANTES, MCP-1, and IL-8.

Lipoproteins

Macrophages express receptors that allow them to
recognize, uptake, and digest cholesterol-containing
lipoproteins such as low-density lipoproteins (LDLs).
Macrophages are also involved in oxidation of lipopro-
teins by macrophage produced ROS, a process linked
with atherosclerotic plaque progression. The uptake of
LDLs occurs through macrophage recognition recep-
tors for apoplipoprotein E and apoplioprotein B-100
expressed on the LDL molecule. Scavenger receptors
have also been implicated in the uptake of modified
lipoproteins.

Integrins

Integrin molecules are expressed on the surface of
many cell types including neutrophils, endothelial
cells, and macrophages. They are important for cell
adhesive interactions and are commonly upregulated
on the surface of cells during inflammation. Cell
adhesion during inflammation is particularly impor-
tant during macrophage migration and cell adhesion
during phagocytosis. Integrins are recognized by
macrophage receptors to facilitate adhesion and to ini-
tiate macrophage behaviors that allow cell movement
including actin rearrangement.

Oligosaccharides

Oligosaccharide molecules terminating in fucose,
mannose, galactose, and sialic acid are recognized by
specific macrophage receptors. The discrimination of
self and nonself particles is partly due to expression of
cell specific oligosaccharide molecules. Bacterial and
fungal membranes characteristically contain terminal
monosaccharide residues that are recognized by the
macrophage mannose receptor to facilitate phagocytic
clearance of these particles.



TABLE 8.1.

Complement proteins
C1
C2
C3
C3b
C3b inactivator
C4

Enzymes
Lysozyme
Plasminogen activator
Collagenase
Elastase
Angiotensin converting enzyme
Cysteine proteinase
Proteases
Lipases
Deoxyribonucleases
Phosphatases
Glycosidases
Sulfatases
Arginase

Proteins
Alpha-proteinase inhibitor
Alpha-macroglobulin
Plasminogen activator inhibitor
IL-1 inhibitor
Neutrophil migration inhibitor
Inhibitor of fibroblast growth
Lipomodulin
Glycoproteins
Fibronectin
Transferrin
Transcobalamin ||

Major macrophage secretory products

Cytokines
Interleukin (IL)-1a and 3
IL-6
MIP-2
IFN-a and vy
TGF-B
TNF-a
IL-8
Colony stimulating factors
(G-CSF, M-CSF, and GM-CSF)

Reactive oxygen species
Superoxide anions
Hydrogen peroxide
Hydroxyl radical
Nitric oxide

Antioxidants
Glutathione

Coagulation factors
Factor V, VII, IX, and X
1,25-dihydroxyvitamin D3
Thromboplastin
Prothrombin
Prothrombinase
Tissue factor
Plasminogen activator

Bioactive lipids
Prostaglandin E, F,a
Cyclooxygenase
Thromboxane A,
Leukotriene B,, C,, D,, E
Platelet-activating factor
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Apolipoprotein A and E

Others

The above description of macrophage activating agents
is by no means an exhaustive list as there are many
other equally important mediators that have been dem-
onstrated to activate or modulate macrophage respon-
siveness. For example, there are many lipid mediators
including prostaglandins, leukotrienes, lipoxins, and
ether lipids (e.g., platelet-activating factor) which can
influence macrophage function. Other agents known
to affect macrophage function include adenosine, ATP,
neuropeptides, nitric oxide, and so on, which are cov-
ered in other chapters.

MACROPHAGE SECRETORY PRODUCTS

Much has been discovered about macrophages over
the past few decades that go beyond the phagocytic
function from which they were originally described.
These cells release many agents that influence and
orchestrate many processes including enhancement

and resolution of the inflammatory response, micro-
bial killing, antigen presentation, and wound healing
to name a few (Table 8.1). The specific profile of agents
released is dynamic and can switch from proinflam-
matory to antiinflammatory phenotypes, further dem-
onstrating the multi-faceted roles of the macrophage
in inflammation.

Enzymes

Various enzymes are released from macrophages
both constitutively and in response to Fc or comple-
ment receptor engagement, cytokines, or bacterial
products. They are generally released to aid digestion
of cell debris and pathogens by breaking down com-
ponents of cell membranes, connective tissue, and
nuclear material (DNA). Lysozyme is secreted consti-
tutively and in large amounts by macrophages where it
functions to digest bacterial cell walls. Enzymes that
are released upon macrophage stimulation include
proteases, lipases, deoxyribonucleases, phosphatases,
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glycosidases, collagenase, elastase, and sulfatases.
Enzyme secretion by macrophages also serves to acti-
vate or inhibit various pathways including the com-
plement pathway, renin-angiotensin system, and the
kinin-kallikrein system.

Cytokines

Cytokines, many of which can themselves influence
macrophage behavior (see above) are described as
soluble peptide factors that can influence cell growth,
function, and differentiation of many target cell types.
Cytokine secretion by macrophages plays a pivotal
role in orchestration of many stages of the immune
response. Most cytokines are released during an
inflammatory response when concentrations of sub-
stances such as TNF-o and IL-6 can be significantly
increased in the inflammatory environment. Although
TNF-a was one of the first cytokines discovered that
is secreted by macrophages, these cells release many
different cytokines although many share a common
target and often work in synergy to achieve their
function. Furthermore, the inflammatory milieu can
influence the function of secreted cytokines. The cell
priming phenomena is an example of how the inflam-
matory environment can affect macrophage responses.
Stimuli that do not necessarily evoke an inflammatory
response on their own, when presented with another
inflammatory stimulus can cause a reaction that is
massively increased. Such processes help explain how
macrophages can adapt their responses in a manner
appropriate to the inflammatory insult. The most well
known macrophage priming agent is IFN-y.

Complement Components

Macrophages can secrete many components of both
the classical and alternative complement systems.
These include C1, C2, C3, C4, C5, factor B, factor
D, properdin, C3b inactivator, and o-IH. In addi-
tion, proteases secreted by macrophages can gener-
ate active fragments of the complement system such
as C3a, C3b, C5a, and Bb. The complement system
is involved in many immunoregulatory functions
including lysing of foreign cells by forming C5-9 com-
plex or by acting as opsonins to promote recognition
and uptake of particles by phagocytosis. Complement
factors can also act directly to promote or suppress
the inflammatory response by binding directly to
complement receptors on the macrophage surface.
Factors C3a and C5a are well-known macrophage
chemoattractants whereas factor Bb, a product of the
alternative complement pathway, suppresses mac-
rophage migration.

Coagulation Factors

Macrophages secrete coagulation factors VII, IX, X,
and V. The coagulation cascade is a critical pathway
stimulated in response to injury or trauma where it
promotes blood clotting and through recruitment and
activation of platelets and wound healing through
deposition of fibrin.

Reactive Oxygen Intermediates

Small molecular weight molecules such as O; and
NO are released by activated macrophages. The rapid
increase in macrophage oxygen consumption and
reactive oxygen intermediate (ROI) production occurs
in response to various inflammatory stimuli. This
process is called the respiratory burst. These highly
reactive molecules are the product of macrophage
NADPH and iNOS enzyme activity. They are directly
micobicidal but can also react with surrounding
molecules to form other cytotoxic species including
H,0,, ONOO-, and OH- that also contribute to defense
against infection. The importance of these substances
during infection is shown through the use of mouse
models deficient in macrophage-derived ROS, which
show markedly increased susceptibility to infection by
various organisms.

Arachidonic Acid Intermediates

Macrophages are known to be important sources
of products of the arachidonic acid pathway such
as prostacyclin, thromboxane, PGE,, and LTB,.
Macrophages contain the necessary enzyme compo-
nents involved in synthesis, control, and metabolism
of these products such as PLA, that forms arachi-
donic acid by cleaving phospholipid precursors
and the cyclooxygenase and lipoxygenase enzymes
that control the metabolism of arachidonic acid
into active prostacyclin, prostaglandins, thrombox-
anes, and leukotrienes. The release of metabolites
of arachidonic acid has multiple functions during
inflammation including effects on macrophage func-
tions. Lipoxin A4 production increases the phago-
cytosis of neutrophils by macrophages and is thus
considered important in the resolution phase of the
inflammatory response. Macrophages are a signifi-
cant source of prostaglandin E that acts to control
body temperature through its action on the tempera-
ture regulatory organ, the hypothalamus. The eleva-
tion of body temperature is considered an important
defense mechanism that develops to create an envi-
ronment less suitable for pathogens to thrive in while
simultaneously facilitating immune functions.



FUNCTIONAL RESPONSES OF MACROPHAGES

Phagocytosis of Cell Debris and Invading
Organisms

As already mentioned, the process of engulfing and
digesting particles (phagocytosis) is the characteristic
most associated with, although not exclusive to, mac-
rophages. Most cells have some phagocytic capacity,
such as some epithelial cell types, but these cells are
not equipped with the complex repertoire of receptors
specific for recognition of a large particle range and
modulation of phagocytic rate. The process of phago-
cytosis is complex and involves a large number of rec-
ognition receptors and signaling events to initiate this
process. The fundamental steps surrounding phago-
cytosis are as follows: recognition of particles requir-
ing to be phagocytosed, rearrangement of macrophage
cytoskeleton to allow it to extend “arms” (pseudopo-
dia) and surround the particle and, lastly, to digest the
particle. Different particles can stimulate an array of
different receptors and signaling cascades and these
processes are capable of cross talk and synergy add-
ing further complexity to the regulation of phagocyto-
sis. Thus, phagocytosis is a very dynamic process that
allows for a diverse reactionary repertoire appropriate
to the inflammatory insult. For example, the ingestion
of Gram-negative microbial particles involves recep-
tors for LPS that trigger unique intracellular signal-
ing pathways to induce phagocytosis but which also
modulate transcriptional activity of the macrophage.
In particular, expression of the inflammatory mediator
TNF-a is upregulated and released into the inflamma-
tory environment, where its presence can recruit and
activate other inflammatory cells, thus allowing for an
intense inflammatory response to clear the infection.
In contrast to this, the ingestion of innate senescent
cells, such as apoptotic neutrophils, occurs in a nonin-
flammatory manner using distinct recognition mecha-
nisms that utilize surface molecules on the surface of
apoptotic cells (e.g., phosphatidylserine) and specific
receptors of the surface of the phagocytic macrophage.
Interestingly, when macrophages phagocytose apop-
totic cells (a process termed efferocytosis) their phe-
notype is changed in that the macrophage starts to
reduce the amount of proinflammatory mediator being
synthesized and liberated. Indeed, there is now strong
evidence that these macrophages start to express
mediators that can have anti-inflammatory potential
(e.g., TGF-p and IL-10) thereby aiding the resolution
of the inflammatory response. Phagocytosis in general
is a highly regulatable process that can be modulated
by endogenous mediators and by pharmacological
intervention. The clearance by macrophages of apop-
totic cells can be modulated by complement compo-
nents, CD44 ligation, certain prostaglandins, lipoxins,
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and glucocorticoids, to name a few. Enhancement of
macrophage clearance of apoptotic cells as an anti-
inflammatory strategy is a realistic target for the
pharmaceutical industry as the process is likely to be
important in the resolution of inflammation. Indeed,
convincing evidence indicates that failed clearance of
apoptotic cells contributes to the pathogenesis of dis-
eases such as systemic lupus erythematosus.

Chemotaxis

Chemotaxis is described as the movement of cells in
response to a chemical stimulus (chemokine). These
stimuli are often released by foreign pathogens or
inflammatory cells (e.g., neutrophils) allowing cells
such as macrophages to accurately migrate to the
site of infection or injury. Chemotaxis is initiated
by the stimulation of receptors on the macrophage
surface, which in turn facilitate the rearrangement of
cytoskeletal structures, resulting in movement of the
cell in the direction of the stimulus. Rearrangement
of cytoskeletal structures also allows the migration
of cells through blood vessel cell layers into tissues in
a process called transmigration. The most common
chemotactic stimuli are bacterial products including
formylated peptides and LPS although other inflam-
matory cells release factors such as IL-8, MCP-1,
RANTES, and GM-CSF which can directly stimulate or
enhance the chemotactic response of macrophages.

Antigen Processing and Presentation

In addition to the crucial role macrophages play in
innate immune defenses, these cells are also important
in orchestrating acquired immune responses. Antigen
processing and presentation by macrophages to T- and
B-cell lymphocytes allows for heightened recognition
and clearance of pathogen-infected cells and anti-
body production against the pathogen, which allows
for rapid clearance of the pathogen upon subsequent
exposure. DCs are the major cell type responsible for
antigen processing and presentation although mac-
rophages are also known to perform such duties and
are classed as professional antigen presenting cells
(APCs) along with antibody expressing B cells. These
cells process pathogenic proteins in the cytoplasm
following phagocytosis of virus or bacteria initiated
through stimulation of PRRs on the surface of the
APCs. The processing of antigens is dependent on the
MHC molecules of which there are various classes (e.g.,
MHC I and MHC II). These complexes are brought into
contact with foreign proteins within the endoplasmic
reticulum (MHC I) where they are processed into dena-
tured or peptide fragments (antigens) by catabolism.
The MHC associated with the antigen is then trans-
ported to the APC cell surface where it is recognized by



m S. Fox and A.G. Rossi

CD4+ and CD8+ lymphocytes that can initiate a rapid
cytotoxic response by initiating apoptosis of APCs that
are infected with viral or bacterial pathogens. APCs
also promote recruitment and clonal proliferation of T
cells endowed with the specific recognition motifs for
the MHC:antigen complex. Memory B cells express-
ing the antibody complex that recognizes the specific
pathogenic antigen remain in circulation following res-
olution of the infection where they can rapidly activate
T-cell-mediated responses and clearance of the patho-
gen should the host be infected again. This method of
immunity is exploited in vaccine development where
processed or fragments of bacterial or viral antigens
are given to a host along with an adjuvant to enhance
the response by activating APCs. Antibody expressing
memory B cells persist and protect the host from infec-
tion without ever being exposed to the full brunt of the
disease producing pathogen.

Secretion

Macrophages actively produce and secrete a large
number of factors that have important immunomodu-
latory effects. Macrophages generate and secrete (a)
cytokines and chemokines usually via transcriptional
activation (e.g., NF-kB and AP-1) and protein synthe-
sis dependent mechanisms, (b) de novo generation of
production of lipids and reactive oxygen species, and
(c) preformed enzymes (see earlier). These factors can
directly cause microbial killing, enhance or dampen
an immune reaction, and facilitate the wound healing
process.

Tumor Cell Control

Tumor-associated macrophages (TAMs) have recently
been shown to be important in tumor biology as they
secrete factors that can actively suppress cell prolif-
eration or cause lysis of tumor cells. There is a role
for cell-cell contact in macrophage-mediated tumor
control, which can specifically recognize and lyse neo-
plastic cells in a nonphagocytic process. Release of
cytostatic and cytotoxic agents includes prostaglan-
dins, IL-1, TNF-a, ROS, and proteases.

IMPLICATIONS OF MACROPHAGE
DYSREGULATION

The role of the macrophage in innate immunity has
evolved to protect the host against injury and infec-
tion; however, macrophage function must be very
tightly regulated to ensure minimal toxicity to host
tissue and exacerbation of the inflammatory response.
Dysfunctions in macrophage biology have been impli-
cated in many disease pathologies including arthritis
and atherosclerosis. Once the macrophage performs its

duties, it must be decommissioned by processes such
as apoptosis in situ or by drainage by the lymphatics
to the lymph nodes. Macrophages can respond to their
environment through the vast array of receptors on
their surface, which influences the behavior and tox-
icity of the macrophage. However, the complex biol-
ogy of macrophages leaves plenty of scope for things
going awry. Dysfunction in maturity, migration, and
phagocytic responses of macrophages ultimately result
in a compromised ability to clear infection. Also, the
inability to control macrophage responses can result
in host tissue damage due to increased release of toxic
substances.

EVIDENCE FOR ROLES IN DISEASES

Arthritis

Patients with arthritis have elevated levels of various
macrophage-derived products that are associated with
increased cartilage and bone degradation leading to
compromised joint function. The chronic inflamma-
tory response in the joints of patients with arthritis
is intimately associated with prolonged and continued
cytokine production by an abundant inflammatory
cell infiltrate, which includes large numbers of mac-
rophages. TNF-a, IL-1, and IL-6 have been identified
as targets for anticytokine therapies for arthritis.

Atherosclerosis

The uptake and oxidation of cholesterol containing
lipoproteins is associated with the production of foam
cells; modified lipid-laden macrophages. These cells
contribute to the progression and instability of athero-
sclerotic plaques and can promote inflammatory envi-
ronments that lead to plaque rupture and thrombus
formation, the leading cause of myocardial infarction
and stroke.

IBD

Irritable bowel disease (IBD) includes Crohn’s disease
and ulcerative colitis, which are chronic inflammatory
diseases of the gastrointestinal tract. These diseases are
caused by inappropriate or hypersensitive inflamma-
tory reactions to normal gut flora, a reduced capacity
to resolve gut inflammation, and increased inflamma-
tory cell burden. Increased levels of inflammatory cell
cytokines are found in patients with IBD, including
macrophage-produced cytokines such as TNF-a and
IL-6, which can contribute to increased tissue dam-
age (gut ulceration) and enhanced inflammatory cell
recruitment, further exacerbating the inflammatory
response. Patients with IBD have increased risk of
developing malignancies within the gut.



Lung Fibrosis

Lung fibrosis has a poor prognosis once developed.
Idiopathic pulmonary fibrosis, asbestosis, silicosis,
and interstitial lung disease all have hallmark scar-
ring and thickening of the lung tissue which leads to
impaired gas exchange in the alveolar spaces of the
lungs. Fibroblast proliferation, collagen deposition,
and interstitial tissue remodeling lead to lung fibrosis,
which is usually the result of a chronic inflammatory
reaction. Macrophages are the driving force initiating
and maintaining the fibrotic response by producing
profibrotic cytokines such as TGF-f3 and proinflamma-
tory cytokines such as IL-6, IL-18, and TNF-a.

Tumor Biology

Macrophages produce various factors important in
the regulation of cell growth, proliferation, and sur-
vival. Macrophage products can initiate neoplastic
cell death and are important in preventing cancers.
In contrast, chronic inflammatory reactions can drive
macrophage responses into “repair” mode where they
switch functions and can promote tumor growth and
progression. Tumor-associated macrophages (TAMs)
(see earlier) are found at high density in some tumors
where they support tumor growth through the pro-
duction of angiogenic factors, promotion of tissue
remodeling and repair mechanisms, and release of
growth factors. The major growth factor released
by macrophages is vascular endothelial growth fac-
tor (VEGF) that promotes angiogenesis and can also
attract monocytes to the tumor site. Many cancers
are associated with chronic inflammatory responses
such as lung cancer in asbestosis patients and stom-
ach cancer associated with Helicobacter pylori infec-
tion indicating a detrimental role for macrophages
in cancer biology. In addition, the inflammatory
microenvironment is rich is mutagenic factors such
as ROS that can stimulate neighboring cells into a
neoplastic phenotype.

Infection

Many pathogens have evolved defense mechanisms
to avoid eradication by the immune response when
invading the body. In some instances, pathogens use
macrophages and their products to facilitate infec-
tion. The human immunodeficiency virus (HIV)
enters the macrophage through receptors on its sur-
face where it can then replicate. HIV also relies on
macrophages to sustain reservoirs of virus that are
resistant to antiretroviral therapies, thereby form-
ing a continuing cycle of infection and disease pro-
gression. Increases in levels of M-CSF production by
macrophages increases macrophage numbers and
longevity associated with the maintenance of tissue
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reservoirs of HIV. M-CSF also promotes virus repli-
cation, underpinning the importance of macrophages
in the pathogenesis and persistence of HIV. Some spe-
cies of Leishmania parasites can target macrophages
by expressing phosphatidylserine (PS) residues to
encourage phagocytosis (via mechanisms evolved to
ingest apoptotic cells) of the organism where they
then establish themselves as intracellular parasites.
In addition, the PS-mediated Phagocytosis stimulates
the macrophage into an anti-inflammatory mode by
increasing release of IL-10 and TGF-f and by decreas-
ing NO production, which aid in the survival of extra-
cellular parasites and increase the susceptibility of
the host to infection.

PHARMACOLOGICAL REGULATION
OF MACROPHAGE RESPONSES

Macrophages play a pivotal role in immune defense
and resolution of inflammation. Thus, pharmaco-
logical manipulation of macrophage functions such
as enhancement of phagocytosis have become of
increasing interest in conditions of chronic inflam-
mation. In addition, we have already touched upon
how the macrophage can contribute to disease patho-
genesis, highlighting a possible route by which drugs
can dampen the effects of macrophages in these
conditions. Proinflammatory cytokines released by
macrophages, such as TNF-a, can be significantly
elevated in various diseases causing tissue damage
and exacerbation and perpetuation of the inflamma-
tory response. Although many anti-inflammatory and
immunomodulatory drugs can influence macrophage
responsiveness two major examples of such agents
are highlighted in the subsequent text.

Steroids

Pharmacological intervention in inflammatory con-
ditions is spearheaded by the use of steroidal anti-
inflammatory drugs. Glucocorticoids (GCs) are
commonly used to treat inflammation such as rheu-
matoid arthritis and asthma but have significant
drawbacks due to side effects. The primary mecha-
nism of action of GCs is the modulation of transcrip-
tion at the DNA level by activation or repression of
GC response elements or by inhibition of transcrip-
tion factors such as NF-kB and AP-1. In addition, the
effects of GC treatment on macrophage phagocytic
responses have provided further insight into the anti-
inflammatory effects of these drugs. Macrophages
treated with GCs such as dexamethasone were shown
to markedly enhance the phagocytic capacity of mac-
rophages for apoptotic cells. This function of GCs has
obvious advantages when considering the promotion
of resolution of inflammation, particularly those that
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are associated with large numbers of infiltrating neu-
trophils that require clearance following apoptosis to
avoid release of histotoxic contents and inflammatory
exacerbation.

Anti-TNF Therapy

A major inflammatory mediator associated with numer-
ous diseases including RA and Crohn’s disease is TNF-a.
This has sparked research targeting this pathway as a
novel treatment for chronic inflammatory conditions.
Monoclonal antibodies directed against TNF and solu-
ble TNF receptors have produced promising results in
this arena. They work by inhibiting the effector func-
tions of TNF-a by competitively binding the molecule in
the extracellular environment, thus reducing the bind-
ing of TNF-a to its receptors. The rationale for targeting
this cytokine came from the discovery that inhibiting
TNF-a could also downregulate the production of other
proinflammatory mediators including IL-1, IL-6, and
GM-CSF. A potential drawback to the use of anti-TNF-a
antibodies is the increased susceptibility to infection, a
side effect found in TNF knockout mouse models.

CONCLUSIONS

Knowledge about macrophage biology has been
greatly expanded over the past few decades. These
cells are now considered integral cells in the innate
immune system, involved in orchestrating many
immune functions including phagocytic clearance of
foreign materials or cell debris, secretion of a plethora
of immunomodulatory molecules that can heighten
or resolve the immune response and promote wound
healing. Furthermore, these cells are also now known
to have a role in initiation of the adaptive immune
response. In chronic inflammatory conditions, the
contribution of macrophages to the pathology of many
diseases is now widely recognized and has highlighted
many areas through which pharmacological manipu-
lation of macrophage responses can be used to treat
these diseases, which include anticytokine thera-
pies and promotion of resolution of inflammation by
stimulating the phagocytic capacity of macrophages.
There is a continued research effort focused around
these cells including using these cells as vectors for
gene or drug therapy that home to areas of inflamma-
tion or injury. The complex signaling and functional
responses of these cells leaves much to be understood,

especially surrounding the changing inflammatory
profiles of macrophages throughout an inflamma-
tory response; the so-called alternatively or classically
activated macrophages. Many new agents are being
researched that can directly or indirectly enhance the
anti-inflammatory potential of these cells by promot-
ing anti-inflammatory cytokine production or by driv-
ing apoptosis of neutrophils to enhance phagocytic
clearance using inhibitors of cyclin-dependent kinases
(CDKs). Such therapies hold significant promise in the
treatment of a number of conditions where current
therapeutic strategies are limited, such as idiopathic
lung fibrosis.
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Lymphocytes are a type of white blood cell or leuko-
cyte and are critical for the defense of the body against
invaders such as infectious pathogens and foreign
materials. There are approximately 10'2 lymphocytes
in the average human body, though this fluctuates
considerably during illness. Indeed, fluctuation from
a normal range is used as an indicator of disease. For
example, immune deficiency leads to reduced lym-
phocyte numbers in the blood whereas infection or
allergy leads to an increase. Several different types of
lymphocyte exist, and though they display highly spe-
cialized and diverse functions, they all derive from a
common hematopoietic stem cell in the bone marrow
(Figure 9.1). Mature lymphocytes are found through-
out the body: in the blood and lymphatic system;
concentrated in immune specialized regions (lymph
nodes, thymus, spleen, and Peyer’s patches); and scat-
tered in most other tissues.

Lymphocytes can be divided on the basis of size
and granularity. Natural killer (NK) cells are large and
highly granular, and there are two main types of small
lymphocyte: B lymphocytes (or B cells) and T lympho-
cytes (or T cells). As we will see in this chapter, these
are further subdivided based on their expression of
different surface molecules, their secretion of different
products important for immunity, and their ultimate
effector function. B cells (so-called because they were
originally identified in birds in the Bursa of Fabricius)
are not only produced in the bone marrow but also
mature there. However, the precursors of T cells leave
the bone marrow and mature in the thymus (which
explains the notation “T”). In general, B cells secrete
proteins called antibodies that recognize and bind for-
eign particles and toxins found free within the body
interior or protruding from an infected cell. T cells
assist other immune cells such as B cells (via secreted
proteins called cytokines) or attack body cells when
they have been infected by viruses or have become
cancerous. T and B cells differ from most other white

blood cells in that they express a variable receptor
on their surface that specifically detects foreign mol-
ecules. T cells express the T-cell receptor (TCR) and B
cells express the B-cell receptor (BCR) which is identi-
cal to their secreted antibody molecules. The method
of producing these receptors leads to enormous diver-
sity. As a result, B cells and T cells are highly specific
for pathogenic molecules but cells of each specificity
are relatively rare. B and T lymphocytes are therefore
referred to as components of acquired or adaptive
immunity. Unlike “innate” immune cells, which are
more numerous but have less specific receptors, they
“acquire” their specificity with time and are adaptable
once differentiating. The following chapter details the
function of these lymphocyte subsets, what signals
cause them to become activated and factors that assist
their development into further subtypes. This adapt-
ability is extremely important as it determines their
ultimate function and enables the human body to
eliminate a hugely diverse range of potentially danger-
ous organisms and foreign particles.

ANTIGEN-PRESENTING CELLS

Though part of the “adaptive” immune system, lym-
phocytes must interact with the “innate” immune
system and one of these interactions is antigen presen-
tation — the key event in pathogen recognition by adap-
tive immune cells. To recognize pathogenic molecules,
B cells use the BCR which binds pathogens directly.
In contrast, T cells rely on other, more innate, anti-
gen-presenting cells (APCs) to break down pathogenic
proteins into peptides, which are then presented to the
TCR by the major histocompatibility complex (MHC).
Innate APCs tend to be large, phagocytic cells that
patrol the body and constantly ingest particles, dead
cells, and other debris from tissues. Once ingested,
these particles, typically proteins, are broken down
within the cell and transferred onto carrier molecules
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Figure 9.1. T-cell and B-cell development. T and B cells derive from a common stem cell in the bone marrow.
The precursors of T cells leave the bone marrow and mature in the thymus. Here, they express different mol-
ecules which aid the maturation process. Some of these are shown in the figure. Pro B cells express VLA-4 which
binds VCAM-1 on bone marrow stromal cells. This interaction induces the expression of CD117 (also known as
Kit) on the B cell, which is the receptor for stem cell growth factor (SCF). In the bone marrow, BCR rearrangement
occurs. This process is mirrored in the thymus where pro T cells begin by expressing Kit and rearrange their TCR
to produce a highly diverse population. In the thymus, yd T cells diverge from the af T-cell lineage. Once the
TCR and BCR have been selected, T and B cells migrate from the thymus and bone marrow to the periphery.
Now the cells have reached maturity but are naive. They then circulate in the body until they encounter specific
antigen, become activated and differentiate further. The different subsets of mature T cells are shown on the
right along with internal transcription factors and other internal molecules used to identify them.

known as the major histocompatibility complexes or
MHC. The ways in which APCs process and present
antigen are illustrated in Figure 9.2.

The two main types or classes of MHC are known
as MHC class I and MHC class II. MHC class I mol-
ecules are found on the surface of all nucleated cells
and present peptides derived from the cell itself and
from intracellular pathogens such as viruses. MHC I
molecules continuously cycle from the endoplasmic
reticulum (where they pick up antigen) to the cell sur-
face and back. If the cell is uninfected, the antigens
presented on the cell surface will not be recognized
by cytotoxic T cells. However, if the presenting cell is
infected or cancerous, the T cell will target it for death
as described later.

MHC class II molecules are generally found on the
surface of professional APCs and typically present

antigen from extracellular pathogens. The pathogens
are ingested and broken down in endosomes and, in
contrast to MHC class I, MHC class II molecules are
loaded with antigen within these endosomes after
passing through the endoplasmic reticulum. Once on
the cell surface, MHC class IT molecules present anti-
gen to CD4+ T helper cells, which become activated
and provide help to other immune cells as detailed
subsequently.

For many years, it was thought that these systems
of presentation were mutually exclusive but it is now
known that MHC class IT-destined peptides can access
the MHC class I pathway by a process called cross-
presentation. This process is thought to provide a way
of presenting antigen from viruses that have evolved
mechanisms to subvert the classical MHC class I pre-
sentation pathway.
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Figure 9.2. MHC processing and presentation. MHC class | molecules typically present peptides derived from intracel-
lular sources whereas MHC class Il molecules present those from extracellular sources.

During viral replication, some proteins are released from the proteosome (1) and are taken into the endoplasmic
reticulum (2). Here, they encounter the membrane-associated transporter protein TAP which loads the peptide onto the
MHC class | binding domain. The peptide-loaded MHC | molecule then leaves the ER in a vesicle (3) and is transported
to the cell surface where it displays the peptide to passing CD8+ T cells (4).

Innate APCs can ingest proteins from the extracellular space (5). These are internalized and degraded in endosomes.
Though MHC class Il molecules are processed in the ER (6), they leave this compartment in vesicles before being loaded
with peptide. The peptide-binding site of MHC Il is protected by the CLIP fragment of the invariant chain which is
only completely removed once the MHC-containing endosome has fused with the antigen-containing endosome (7).
CLIP is removed by a related MHC class Il protein (HLA-DM or HLA-DO), allowing the foreign peptide to bind, and the
peptide:MHC complex is then transported to the cell surface where it can present antigen to CD4+ T helper cells (8).

On rare occasions, externally derived peptides can be presented by MHC class | in a process known as cross-

presentation (9).

T CELLS

T-Cell Development

T cells play multiple roles in immunity and disease
depending on their ultimate phenotype after differen-
tiation. Unlike the BCR (antibody), the TCR does not
see foreign particles or pathogens directly but requires
them to be digested and presented by MHC molecules.
The outcome of this recognition then depends on the
T cell in question and will be discussed later. The TCR
is a heterodimer of two chains but also requires a col-
lection of other membrane-proximal chains for signal-
ing (see Figure 9.3); these additional chains are known
collectively as CD3. All T cells, regardless of their end
phenotype, express CD3. However, broadly speaking
there are two different types of CD3-expressing T cells.
Helper T lymphocytes also express CD4 and cytotoxic T

lymphocytes (CTLs) express CD8. As their names sug-
gest, CD4+ T cells secrete products to help other cells
of the immune system and CD8+ CTLs cause death of
the cell with which they interact. As we will see later,
CD4+ and CD8+ cells can be further subdivided based
on the products they secrete or additional receptors
they express.

Both main T-cell subsets mature in the thymus
where rearrangement of the genes encoding the two
variable chains (a and ) of the TCR takes place. As
this rearrangement is a random process the thymus is
also a sorting factory and ensures, through a process
of selection, that T cells do not exit the thymus capa-
ble of recognizing our own proteins. If they did, then
autoimmunity would occur. Progenitor T cells (ProT)
from the bone marrow move into the outer cortex of
the thymus and proliferate. At this stage, they do not
express CD4 or CD8 but express Kit (the receptor for



m T. Hussell, M. Cavanagh, E. Wissinger, and E.G. Findlay

/
=

MHC:peptide:TCR

0
1 CD4/CD8
[ J

ITAM

Phosphorylated

tyrosine motif

APC
Lck
7 T cell
Phosphorylation
Activated
ZAP 70

= g
[
|/

Figure 9.3. TCR signaling. A T cell is activated when its TCR binds to antigenic peptide presented
by an antigen-presenting cell (APC). This peptide is bound to MHC, and a co-receptor (CD4 or CD8)
stabilizes the interaction by binding to nonpolymorphic regions of the MHC molecule. Protein tyrosine
kinases, such as Lck, quickly act to phosphorylate the immunoreceptor tyrosine—based activation
motifs (ITAMs) located on the intracellular portions of CD3 and the T chains of the TCR. The € chain-
associated protein ZAP 70 then binds and phosphorylates the membrane-bound adapter proteins,
linker of activated T cells (LAT), and SH2 domain-containing leukocyte protein of 76 kDa (SLP-76). LAT,
SLP-76 and another kinase, ITK, then activate phospholipase C (PLC)y1 and recruit guanine nucleotide
exchange factors (GEFs) to continue the signaling cascade.

stem cell growth factor [SCF]), CD44 and CD25 (part
of the receptor for the T cell growth factor interleu-
kin [IL]-2). Following a number of rounds of division,
CD25 and CD44 are lost from the surface and the TCR
gene rearrangement takes place.

The B chain genes of the TCR are first rearranged
through the actions of the recombination-activating
genes RAG-1 and -2, and combine with a pre-a chain
to generate what is known as a pre-TCR. This combina-
tion determines whether the  chain rearrangement is
successful. Successful signaling through the pre-TCR
allows the T cell to progress to the next stage. Cells

that pass the test move on to a CD4+CD8+ (double pos-
itive) stage, which is marked by rapid proliferation and
rearrangement of the o chain. With a functional a and
B chain, the TCR of the T cell is ready to be checked
for function via processes called positive and nega-
tive selection. Remember, T cells require antigen to be
presented to them via MHC molecules. Cells that only
weakly recognize self-antigen in MHC molecules die
by neglect (they do not receive sufficient stimulation
to survive); those which recognize it too strongly are
deemed dangerous and are induced to die by a process
known as apoptosis. Only those with moderate affinity



for MHC plus antigen survive (only approximately 5%
of potential T cells). Once past this selection stage
RAG-1 and -2 are downregulated and the cells become
single positive for either CD4 or CD8.

The process by which cells become helper (CD4+) or
cytotoxic (CD8+) has not been fully determined. Two
different types of MHC molecules present antigen to
CD4 or CD8 T cells (MHC class II and class I, respec-
tively) and it is possible that the CD4 or CD8 pheno-
type is determined by which MHC the functional TCR
encounters first; interaction with MHC II may induce
CD4+ T cells whereas MHC I may promote CD8+
T cells. However, the final distinction may arise as a
result of the strength of action of TCR signaling compo-
nents. For example, MHC II binding the TCR enhances
signaling to Lck compared to MHC I, and artificially
attenuating TCR signaling allows MHC II-specific
CD4+ T cells to become CD8+ over the course of the
long differentiation process. Longer interactions and
stronger TCR signals therefore favor CD4+ (helper)
T-cell development over CD8+ (cytotoxic) T cells. Other
signaling pathways, particularly involving the Notch
proteins, are also important for lineage development
(for an in-depth discussion of this, see Yang 2006).

T-Cell Receptor Signaling

The TCR is composed of several subunits that colo-
calize within the cell membrane, drawn together by
virtue of their positive and negative charges. Eight
subunits are required to form a complete TCR. The
o and B chains form the foreign peptide:MHC recog-
nition site but lack a signaling domain, which is pro-
vided by two intracellular T chains. This central affCC
structure is flanked by two other complexes each com-
posed of a heterodimer of either one y and one ¢ or
one & and one ¢ chain (collectively known as CD3). The
intracellular domains of the v, §, ¢, and ¢ chains pro-
vide the substrate for the first step in TCR signal trans-
duction. Contained within them are immunoreceptor
tyrosine-based activation motifs (ITAMs) which con-
tain tyrosine residues that, once phosphorylated by
the Src family kinases (such as Lck), recruit the 70
kDa ¢ chain-associated protein ZAP-70. On binding to
one or more ITAMs, ZAP-70 is activated setting off a
series of phosphorylation events that culminate in the
transcription of a number of genes. These pathways
are summarized in Figures 9.3 and 9.4.

The Requirement for Co-Receptors

As described earlier, T cells differentiate during
development into CD4+ and CD8+ subsets. These
subsets are defined by their expression of the CD4 or
CD8 co-receptor on the cell surface. CD4 and CD8
colocalize with the TCR and recognize invariant
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Figure 9.4. Downstream signaling following TCR or BCR acti-
vation. Signaling through SLP-76, downstream of the TCR, and
through Syk, downstream of the BCR, results in the activation
of guanine nucleotide exchange factors (GEFs) which promote
the activation of Ras-GTPases via the dissociation of GDP
allowing Ras to bind fresh cytosolic GTP. This process acts as a
molecular switch and leads to the activation, via other factors,
of MAP kinase and the eventual activation and nuclear translo-
cation of the transcription factor cFos.

LAT signaling in the T cell results in the activation of the
enzyme phospholipase C (PLC)y1. Syk in the B cell interacts
with the B cell linker Blnk and Tec kinases to activate phospho-
lipase C (PLC)y2. These enzymes convert inactive phosphati-
dylinositol bisphosphate (PIP2) into diacylglycerol (DAG) and
inositol triphosphate (IP;). IP; promotes the release of calcium
ions from the endoplasmic reticulum and thus the activation of
the phosphatase calcineurin. Calcineurin dephosphorylates the
transcription factor nuclear factor of activated T cells (NFAT)
which then translocates to the nucleus and activates the tran-
scription of genes involved in the synthesis of interleukin (IL)-2.
DAG also acts with calcium ions to activate protein kinase C
(PKC)B at the plasma membrane. This kinase also activates a
transcription factor, this time NF-kB, which translocates to the
nucleus to initiate the transcription of a wide variety of genes
involved in T-cell activation, proliferation, and survival.

motifs on the MHC molecule. CD4 recognizes MHC
class II molecules, which are mainly expressed on
professional APCs; CD8 recognizes MHC class I mol-
ecules, which are expressed on the surface of all
nucleated cells. Both receptors provide intracellular
docking sites for the kinase Lck which, as described,
initiates the phosphorylation cascade following TCR
engagement. However, CD4 and CD8 vary in their
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downstream effects on the T cell. CD4+ T cells receive
signals encouraging the production of cytokines and
chemokines and the expression of molecules such
as CD40L, which interacts with CD40 on B cells to
encourage B-cell maturation and antibody class
switching. Because CD4+ cells act, for the most part,
in this indirect manner, they are known as T helper
(T,,) cells. In contrast, CD8+ T cells receive signals
encouraging the release of cytotoxic compounds such
as perforin and granzyme. Their direct, lytic activity
means that CD8+ cells are known as CTLs.

Costimulatory Signaling

We have discussed the aff TCR that recognizes foreign
particles bound to MHC, the associated intracellular
chains that make up the CD3 complex and the co-
receptors CD4 and CD8 that bind to MHC molecules
and stabilize the interaction. Collectively this “signal 1”
is still not enough for full T-cell activation. In fact,
T cells that only receive signal 1 lose the ability to
respond to antigen and acquire a quiescent, nonprolif-
erative phenotype. This state of “anergy” is central to
the development of peripheral tolerance and ensures
that harmless antigens, encountered in the absence
of other “danger” signals, do not trigger a potentially
damaging autoimmune or allergic response. Full acti-
vation requires “signal 2,” which is delivered by the
cell that presents antigen to the T cell via MHC mol-
ecules: the APC. The additional molecules required to
provide signal 2 are called costimulatory molecules.
Evolutionarily, it is beneficial to require this second
signal as it means that only “professional” APCs (mac-
rophages, dendritic cells, and B cells) can fully acti-
vate a T cell. Without the need for costimulation, T-cell
activation could occur widely leading to bystander tis-
sue damage. The constitutively T-cell-expressed mol-
ecule CD28 provides the first, and strongest, of these
costimulatory signals. CD28 on T cells binds to B7
molecules (CD80 and CD86) on professional APCs and
results in T-cell survival and proliferation. CD28’s asso-
ciation with lipid rafts leads to the close association of
these structures with the TCR and an amplification of
the protein tyrosine phosphorylation associated with
TCR signaling. Downstream signals also increase the
amount of IL-2 produced by the T-cell. IL-2 is the main
cytokine involved in T-cell proliferation, increasing
the expression of survival factors and pushing T cells
to enter the cell cycle.

Late Costimulation

Though CD28 provides strong survival signals, further
T cell-APC interactions are required for full T-cell
effector function and to prevent T-cell death. Several
other costimulatory molecules are induced on the

surface of T cells following their initial recognition of
peptide: MHC complexes. These induced costimulatory
molecules can be divided into three families based on
their structure: the Ig-like superfamily, the integrins,
and the TNF/TNF receptor superfamily.

CD28 is itself a member of the Ig-like superfam-
ily and interacts with CD80 and CD86 (also known as
B7.1 and B7.2) on the surface of APCs. This interac-
tion results in the signaling cascades described earlier.
However, if this interaction continues, the T cell will
remain in a proinflammatory state and may be subject
to activation-induced cell death (AICD). To counter-
act this, CD28 signaling results in the production of
a related molecule: CTL antigen (CTLA)-4. CTLA-4 is
very similar in structure to CD28 and displaces it, but
instead of sending a positive signal via ITAMs, it deliv-
ers inhibitory signals to the T cell that arrest the activa-
tion cascade and “turn off” the inflammatory response.
In most circumstances, however, we would require the
T cell to continue its effector function. How then do we
override CTLA-4? If the threat persists and stimulates
T cells strongly, other “late costimulators” are induced
to bypass CTLA-4. The inducible costimulator (ICOS)
on T cells is one such molecule and another member
of the Ig-like superfamily. Integrins, such as leuko-
cyte function-associated antigen (LFA)-1, also provide
T cells with activation signals following interaction
with their ligands on APCs, but are reliant on the
presence of other costimulators, in particular CD28,
to exert this effect. The TNF receptor superfamily
(TNFRSF) includes several costimulatory molecules,
which are typically upregulated late in T-cell activa-
tion, such as 4-1BB and 0X40. These bind to equally
inducible ligands on APCs. Without these additional
late costimulators, T-cell activation would not per-
sist and certain pathogens might escape elimination.
Furthermore, these late costimulators are vital for the
development of memory T-cell populations. Without
them, T-cell activation and progression is prevented
too early to seed the memory T-cell pool. Development
of memory is vital to thwart a similar infection on re-
encounter. Memory cells are more abundant and more
easily activated than naive cells so can clear a second
infection with the same pathogen more quickly and
efficiently. A basic sequence of expression of costimu-
latory molecules on the T-cell surface and their ligands
on the APC is illustrated in Figure 9.5.

Further Differentiation of T Cells

So far, we have discussed the T-cell subcategories of
CD4+ helper and CD8+ cytotoxic T cells. CD4+ helper
T cells (and recently CD8+ T cells) are further subcat-
egorized based on the cytokines they secrete. Most
work has focused on helper CD4+ T cells and will be
discussed here. So far, the subcategories are called
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Figure 9.5. Upregulated quickly after TCR stimulation, ICOS acts to boost the sig-
nals provided by CD28. As activation continues, late costimulatory molecules begin
to appear along with the coinhibitory molecule CTLA-4. These molecules result in a
cessation of proinflammatory cytokine production and an increase in the expression of
prosurvival factors such as members of the Bcl family of antiapoptotic genes. On receiv-
ing these signals, the T cell stops proliferating, but avoids AICD and progresses into
the memory pool. Memory T cells are able to survive long term and do not continue
to express costimulatory molecules. However, the kinetics of costimulatory molecule

reexpression are much faster.

Ty, T,,2, T regulatory (Treg), and T,17 cells. T,1 cells
secrete the cytokines interferon (IFN)-y, TNF, and
IL-2; T,2 cells secrete I1L-4, IL-5, and 1L-13; T,17 cells
secrete IL-17 and TNF-q; and regulatory T cells secrete
IL-10 and/or TGF-f (although IL-10 is also produced by
T2 cells). Researchers have attempted to find surface
molecules that distinguish these different helper T-cell
subsets for many years. However, those described so
far remain equivocal and clear distinctions between
the subsets, in terms of surface molecule expression,
remain elusive.

The cytokine profiles of these cell types allow
them to induce discrete immune responses accord-
ing to the nature of the threat. T,1 cytokines enable
a cell-mediated immune response to target intracellu-
lar pathogens by activating CTLs, macrophages, and
NK cells, whereas the T,2 cytokine response induces
a humoral antibody response targeting extracellular
pathogens. T,2 cell cytokines activate mast cells and
basophils through IL-4 and eosinophils through IL-5.
T, subset polarization also dictates the final type of
antibody produced by B lymphocytes (see the subse-
quent text).

It is still unclear how these different helper T-cell
subtypes develop. The nature of the pathogen and its

dose contribute, as do the level of costimulation, sig-
nals from the tissue microenvironment and transcrip-
tion factors. At present however, there is no overriding
consensus, as it seems to vary with experimental con-
dition and/or the pathogen under investigation. Longer
contact of MHC with the TCR is reported to produce a
stable T,2 response; it is also suggested that a higher
degree of stimulation is required for T,1 polarization.
However, a number of parameters dictating cytokine
profile outcome is standard. For example, differentia-
tion of T,1 responses involves activation of the IFN-y
gene and concomitant silencing of the IL-4 gene, while
the opposite is seen on T2 differentiation. Type I and
IT interferon signaling causes the STAT1-dependent
formation of the IL-12 receptor; ligation of this IL-12R
leads to activation of T-bet, a transcription factor criti-
cal for the development of T,1 responses, and STAT4-
dependent potentiation of IFN-y production. In T2
responses, IL-4 signaling to a naive cell activates STAT6
and the master transcription factor GATA-3. GATA-3
suppresses STAT4 and the IL-12R whilst inducing posi-
tive epigenetic changes in the T, 2 cytokine cluster of 114,
115, and 1113 genes (see Figure 9.6 for a summary).

For two decades, the T,1/T,2 polarization model
was largely unaltered, until the recent description of
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Figure 9.6. Following signals from inflammatory cytokines,
naive T cells begin to polarize into T, 1 or T;2 cells. Transcription
factors, induced following cytokine signaling, direct the
changes in cell phenotype. The T,1 master transcription fac-
tor, Tbet, is induced after IL-12R ligation and STAT4 signaling.
This induces further IL-12 production and expression of IFN-y,
and inhibits the activation of GATA-3: the T,2 master regula-
tor. Similarly, GATA-3 activation in T,2 cells inhibits T-bet and
STAT4 and allows the transcription of IL-4, IL-5, and IL-13 by
inducing epigenetic changes such as induction of DNase |
hypersensitive sites.

Th2 cell

the T,17 subset of cells. These are characterized by
IL-17, IL-6, IL-22, and TNF-a production. T,17 cells
are entirely separate from the T,1 and T,2 lineages;
cytokines from Ty1 cells antagonize T,17 generation,
and it is likely that they have evolved to deal with dif-
ferent pathogens to those efficiently cleared by T,,1 and
T2 responses. IL-23 polarizes naive cells into T,17
cells in an ICOS- and CD28-dependent manner (T,1
cells are dependent on CD28 but not ICOS). Generation
of T,17 cells is independent of the STAT1, STAT4, and
STAT6 signaling proteins but does require STAT3. In
APC-free culture conditions, T,17 cells can be gener-
ated with the addition of only TGF-p and IL-6; these
cytokines induce differentiation by activation of the
nuclear receptor retinoic acid receptor-related orphan
receptory (RORY). The specific isoform RORyt and the

receptor RORa are regulated by STAT3 and are highly
expressed in T, 17 cells.

Effector Function of T Helper Cell Subsets

By virtue of their secreted cytokines (IFN-y, TNF, and
IL-2), T, 1 effector cells are very efficient at promoting
cell-mediated immunity; the cytokines they produce
help to activate macrophages and NK cells, and pro-
mote survival of CTLs. These functions make Tj1 cells
important for the clearance of intracellular pathogens
such as viruses. T,1 cytokines also induce antibody
class (or isotype)-switching in B cells, leading to the
production of IgG2a, as discussed later. However, an
excessive T,1 response is frequently associated with
immunopathology, or immune-mediated damage to
the host, and has been implicated in some autoimmune
diseases and inflammatory disorders. T2 cells have a
very different function; by producing cytokines such as
IL-4, IL-5, and IL-13, they help to activate eosinophils
and mast cells, and are important for the clearance
of extracellular pathogens, especially parasites. T;2
cytokines can also induce class switching in B cells, but
promote the secretion of IgE, IgA, and IgG1. However,
in some individuals, a disproportionate T,2 response
is mounted which is a hallmark of allergic reactions
and atopic disease such as asthma. Activated T, 17 cells
making IL-17, IL-21, and IL-22 are also important in
host defense to infection, particularly for extracellu-
lar bacteria, as T,17 cytokines efficiently recruit neu-
trophils to the site of inflammation. Once again, T,17
cells are highly inflammatory and, like T, 1 cells, play a
role in the pathogenesis of autoimmune disease. Figure
9.7 summarizes the main roles of T,1 and T,2 cells in
health, disease, and autoimmunity, and also highlights
the complications that can arise if an inappropriate
response is initiated during infection.

Regulatory T cells (Treg) comprise another impor-
tant T-cell subset that suppresses the activation of other
cells in a contact-dependent or -independent manner.
Treg interact with and suppress both T, 1 and T2 effec-
tor T cells. They can achieve this indirectly, by affect-
ing APCs, or directly through T-T interactions. There
are four main Treg subsets; natural Treg constitutively
express CD4 and CD25 as well as the transcription fac-
tor Foxp3. Their generation is dependent on TGF-f3.
Trl cells, by contrast, are induced Treg, which do not
express Foxp3 but express high levels of CTLA-4 and
require IL-10 for their differentiation and suppression.
In addition to these Treg subsets, anergic CD4+ and
CD8+ cells are capable of suppression by competing
for antigen and IL-2; they have a very high-stimulation
threshold and do not therefore become activated except
in situations of very high antigen exposure.

The main functions of each T, subset and the cytok-
ines they produce are summarized in Figure 9.8.
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Figure 9.7. The role of T helper cell responses in pathogen clearance and immunopa-
thology. Th1 and Th2 responses are important for pathogen clearance. However, both
responses can exacerbate autoimmunity and in some diseases, the type of Th response
generated can determine the outcome of infection as in the case of leprosy. The Th1/
Th2 paradigm has been at the forefront of research for many years but it is now clear
that Th17 cells take part in many Th1-based responses and that these cells are also
involved in many autoimmune diseases. Similarly, regulatory T cells can influence T cell
responses, play a role in foetal tolerance and can inhibit tumor immunity.

Intraepithelial T Cells

As with every biological system, there are a few excep-
tions to the rules. We cannot discuss lymphocytes with-
out highlighting a subset of T cells that resides among
the epithelial cells that line our mucosal surfaces (i.e.,
gut, lung, genital tract, and skin); the intraepithelial
Iymphocytes (IELs). There can be as many as 20 IELs
per 100 epithelial cells. Within this population a high
proportion (50% in humans and 90% in mice) have
an alternate TCR heterodimer of yd (do not confuse
these with the y and 6 chains within the CD3 cluster).

IELs are mostly CD8+ but some have CD3 but no CD4
or CD8. Their origin and development is unclear but
they exist in athymic mice, albeit in reduced numbers.
Unlike conventional T cells, yd IELs do not recognize
antigen presented by classical MHC molecules. Instead,
it is believed that they are primed by the surrounding
epithelial cells possibly via nonclassical MHC such as
CDI1. Despite their mucosal localization, and therefore
the vast array of antigens that they must encounter, the
v TCR is much less diverse than the o TCR. Rather
than recognizing highly specific pathogen-derived
sequences, they respond to molecules such as heat
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Figure 9.8. T helper cell subsets. CD4+ T helper cells can be subcategorized according to the cytokines they secrete. These
cytokines are primarily responsible for the effector function of each subset and these functions are listed. If the immune response
is uncontrolled or responds inappropriately to harmless antigens, for example in allergy or autoimmunity, T cells can have detri-

mental effects and can contribute to pathology.

shock proteins that are upregulated on the epithelial
cells following infection or transformation. The sug-
gestion therefore is that IEL behave more like innate
immune cells than adaptive lymphocytes.

Effector Function of Cytotoxic (Killer)
T Lymphocytes

As described previously, when an antigen-specific CD8+
T cell encounters the appropriate cognate peptide anti-
gen bound to MHC class I on a target cell, the T cell
becomes activated. For CTLs, this activation results in
two major effector functions: cytokine secretion and
targeted killing. Similar to effector CD4+ cells, there
are subsets of effector CD8+ T cells, based on the profile
of cytokines they secrete. T.1 cells produce large quan-
tities of IFN-y and TNF, and T2 cells secrete IL-4 and
IL-5. However, unlike their CD4+ counterparts, T.2 cells
are rare in vivo, and as yet no equivalent population of
Treg cells has been identified for CD8+ T cells.

As well as producing cytokines, CTLs perform a
vital function by killing infected cells and tumors.
Following the recognition step, during which the CTL
binds the antigen-bearing target cell, the TCRs, and
associated co-receptors on the T cell come together,
forming a large cluster called the supramolecular acti-
vation cluster (SMAC). This aggregation triggers a reor-
ganization of the actin cytoskeleton within the CD8+ T
cell, which allows it to correctly position its lytic gran-
ules to target the site of contact; a mechanism which
limits nonspecific damage to surrounding cells. The
highly specialized lytic granules found in CD8+ CTLs
are also found in natural killer (NK) cells and contain
several proteins important for triggering programmed
cell death. Perforin, first, polymerizes to form pores
in the target cell membrane allowing granzymes to

enter. Granzymes are a family of enzymes with ser-
ine protease activity which, after entering the target
cell, degrade its internal proteins. A specific member
of this family, granzyme B, cleaves and activates cas-
pase-3, which initiates the caspase cascade ultimately
culminating in the degradation of cellular DNA, one
of the hallmarks of cell death by apoptosis. Perforin
and granzyme are both required for efficient killing
of target cells, although some cytotoxic activity can
be mediated by perforin alone. A further component
of CTL lytic granules is granulysin, another protein,
which can induce apoptosis and has antimicrobial
properties. In killing a target cell, the CTL itself is
unharmed and is able to kill several infected targets
in rapid succession using internal stores of preformed
lytic granules. The action of inducing cell death in the
target cell via perforin/granzyme can be programmed
in as little as 5 minutes, although the process of apop-
tosis may take several hours. Controlled cell death is
required to contain infection because if cells die by
necrosis (uncontrolled death), they can release infec-
tious intracellular pathogens in the process. CD8+
T-cell killing can be measured using the method out-
lined in Figure 9.9.

Another major mechanism by which a CTL can kill
an infected cell involves interactions of cell surface
receptors rather than stores of toxic granules. Fas ligand
(FasL), a member of the TNF family, is expressed on the
surface of activated CTLs as a homotrimer. It binds to
Fas, a member of the TNFR superfamily on the target
cell, and in doing so, produces a conformational change
in Fas allowing the recruitment of death-domain con-
taining adaptor proteins such as FADD. This cluster-
ing of adaptor proteins ultimately results in activation
of the caspase cascade, as described earlier for killing
via perforin and granzyme, but is independent of these
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Figure 9.9. Measuring CTL activity in vitro. Activated cytotoxic T lymphocytes (CTLs) are programmed to kill cells that have been
infected by viruses or that have become cancerous. However, not all CTLs are able to kill with equal efficiency and not all stimuli
induce equally strong CTL responses. The assay outlined above can be used to quantify CTL killing in vitro and thus give an indica-

tion of the strength of the CTL response in vivo.

enzymes. Since activated effector T cells can express
both Fas and FasL, this is one of the major mechanisms
by which CTLs can kill off other CTLs (a process known
as fratricide) at the end of a robust immune response to
reduce cell numbers back to homeostatic levels (known
as the contraction phase).

B CELLS

B-Cell Development

B cells develop in the bone marrow in adults (the
liver in foeti) and are continually produced through-
out life. The stromal cells present in the marrow are
vital for B-cell differentiation owing to their produc-
tion of adhesion molecules, which bind to and activate
the progenitor cells, and to their secretion of prodif-
ferentiation mediators such as SCF, IL-7, IL-11, and
chemokines such as CXCL12. Development of a B cell
in the bone marrow is marked by the expression of
molecules which interact with these stromal cells, and
in the periphery by the expression of immunoglobu-
lin genes. ProB (progenitor-B) cells are distinguished
from the hematopoietic stem cells from which they are
derived by the upregulation of B220 (CD45R) and the
integrin VLA-4. These allow the B cell to bind VCAM-1

on the stroma, which induces the expression of Kit on
the B cell. Kit (CD117) is able to bind SCF, which is a
proliferation factor.

The BCR is composed of two identical heavy chains
(pink in Figure 9.10), of which there are five different
alternatives or isotypes; and two identical light chains
(green in Figure 9.10), of which there are two types
(k or A). The two heavy and two light chains are held
together by disulfide bonds. Different regions of the
antibody have different functions in host defense.
The two Fab portions (derived from fragment antigen
binding) are shown at the top of the antibody mole-
cule and recognize foreign antigen. Unlike the TCR,
the Fab portion of the BCR can do this directly with-
out the need for presentation. The Fc portion (derived
from fragment crystalizable) binds to Fc receptors
that are present on a wide variety of other immune
cells including NK cells, macrophages, and dendritic
cells (discussed later). This binding of soluble antibody
to Fc receptors has significant consequences for the Fc
receptor-bearing cells and different heavy chain iso-
types have different effects. Though antibody has sig-
nificant functions as a secreted molecule, B cells also
retain it on their cell surface where it functions as the
BCR. As with the TCR, the development of the BCR is
a random process leading to a diverse and extensive
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Figure 9.10. Antibody structure. The BCR is composed of an
antibody molecule which itself has four chains. Two of these are
the identical heavy chains and two are the identical light chains.
Light and heavy chains are composed of variable and constant
regions. The variable regions colocalize in the two Fab fragments
at the top of the molecule and recognize antigen. The lower Fc
fragment is composed of the constant regions of the heavy chains
and varies between antibody isotypes allowing each to perform a
different function. When tethered in the B-cell membrane as the
BCR, the Fc fragment loses this function and instead associates
with CD79 to transduce signals to the B cell.

repertoire capable of directly binding to a vast array of
foreign proteins. Each B cell selectively expresses only
one type of antibody and therefore recognizes one
antigen. The specific nature of foreign protein binding
by the B cell means it also functions as a highly sensi-
tive and specific antigen-presenting cell.

During development, immunoglobulin expression
depends on functional gene rearrangement, which is
dependent, like TCR production, on the recombinase
genes RAG-1 and RAG-2. ProB cells rearrange the n
heavy chain gene to form an early BCR (preBCR). This
surrogate allows testing of the ability of heavy chains
to associate with light chains and other molecules
important for BCR signaling such as CD79 o/p. If rear-
rangement of this initial heavy chain is unsuccessful
or results in autoreactivity, secondary rearrangements
are induced. During development in the bone mar-
row, signaling through the surrogate preBCR lowers
the threshold for IL-7 responses, meaning cells which
have productively rearranged the BCR are able to pro-
liferate and outnumber cells which have not. All imma-
ture B cells express IgM, and strong signals received
through self-antigen binding to IgM in the bone mar-
row deletes self-reactive B cells in the same way that
self-reactive T cells are deleted in the thymus. Some of
these cells can be rescued by “receptor editing,” which
allows the light chain recombination to continue until
the self-reactive light chain has been replaced. Once
the B cell has passed the test in the bone marrow, the
RAG genes are no longer expressed and the light chain

present at that time remains. These cells are now com-
mitted to the B-cell lineage and mature further in
the bone marrow until the need for interaction with
stromal cells is lost; the cells can then move into the
center of the bone and finally out into the periphery as
mature but naive B cells.

The functional maturation of the B cell, so that it is
capable of recognizing antigen, begins from the ear-
liest pro—B-cell stage and continues once the cell has
left the bone marrow and moved out into the periph-
ery. This maturation involves swapping to different
heavy chain isotypes and the expression of membrane
immunoglobulins. The expression of different mem-
brane and surface immunoglobulins is the key differ-
ence between subsets of B cells, which do not diverge
and mature separately as do T cells. However, the site
at which B cells settle does affect their role and the
molecules they express. Once they have left the bone
marrow, B cells can either circulate the body in the
lymphatics, or they can settle in a defined site such as
the peritoneum, the pleural cavity, the lymph nodes, or
the spleen. Cells in these sites are long-lived and have
varied characteristics depending on the role they are
required to play. Like the IEL T-cell population, a sepa-
rate subset of B cells exists that expresses the CD5 mol-
ecule. CD5+ B cells (also known as Bl-cells) are found
in the peritoneal and pleural cavities of mice, and the
tonsils and blood in humans. Like IEL they are of a
separate lineage to all other B cells, are dominant early
in life, and gradually decline with age. Also like IEL,
they have limited receptor diversity (in this case Ig).
They respond to polysaccharide, rather than protein,
antigens and produce IgM very early (within 48 hours)
during inflammation. A key role of CD5+ B cells is to
produce “natural” antibodies; these polyreactive low-
affinity antibodies bind a number of antigens including
DNA and al-3 dextran, and may thus provide a first
line of defense against bacterial infection.

B-Cell Receptor Signaling

As mentioned earlier, the BCR consists of membrane-
tethered immunoglobulin (mlIg): a tetramer consist-
ing of a heavy (H) chain homodimer and two K or two
A light (L) chains. Like the TCR, the BCR requires
additional molecules to facilitate signal transduction
via immunoglobulin. In the case of a B cell, this is
a heterodimer of Iga/Igf (CD79 o/f) subunits, which
is noncovalently bound to surface immunoglobulin.
Antigen binding to the Fab portion of mlg causes
rapid phosphorylation of the ITAMs in the intracel-
lular domains of CD79 o/p by Src-family kinases, such
as Lyn, leading to the activation of Syk (Figure 9.11).
Syk, in turn, activates B-cell linker (Blnk) which phos-
phorylates and activates phospholipase Cy2 (PLCy2)
and leads to the recruitment of guanine nucleotide
exchange factors (GEFs). These then utilize the same
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Figure 9.11. BCR signaling. Like the T cell, the B cell needs a signal through its BCR to
become activated. However, unlike the T cell, the B cell does not need an APC to pres-
ent processed peptides. B cells can recognize and respond to native foreign antigens.
Like the TCR, the BCR lacks any significant intracellular signaling domains and must
associate with accessory molecules in order to signal. In this case, signals are trans-
mitted by CD79, the a and f chains of which associate with the BCR and also contain
ITAMs. When the BCR encounters antigen, Src family kinases, such as Lyn, quickly act to
phosphorylate the ITAMs located on the intracellular portions of CD79. Another kinase,
Syk, is then able to bind and becomes activated going on to phosphorylate the B cell
linker (BInk) and recruiting Tec kinases and guanine nucleotide exchange factors (GEFs)

to continue the signaling cascade.

signaling pathways as PLCy1 and the GEFs involved
in T-cell signaling (see Figure 9.4) to induce a vari-
ety of cellular processes, including regulation of gene
expression, reorganization of the cytoskeleton, and
immunoglobulin-mediated internalization of antigen
complexes. Antigen internalized through the BCR is
then processed in endosomal compartments and pre-
sented by MHC class II molecules to specific T cells.

The Requirement for Co-receptors

As with TCR signaling, simple stimulation through
membrane immunoglobulin and its associated co-
receptors does not provide the full picture. Both mIg
and CD79 interact with elements of the cytoskeleton
causing an accumulation of immunoglobulin-antigen
complexes in a central SMAC (cSMAC). In estab-
lished activation (but not required for immediate early

signaling) this is encircled by a ring of integrins form-
ing the peripheral SMAC (pSMAC).

CD19 is an essential co-receptor on the surface of
the B-cell membrane and its cytoplasmic domains con-
tain a number of binding sites for intracellular signal-
ing and adaptor molecules. It colocalizes with CD21
and CD81 to function as an adaptor-like protein that
facilitates the recruitment and activation of signal-
ing molecules such as Vav and PI3K, to the BCR (for a
review of BCR signaling, see Hasler and Zouali, 2001).

B-Cell Effector Function

All naive B cells express IgM and IgD. However, differ-
ent antigens require different responses, and to fulfill
these, the surface immunoglobulin isotype is changed
in a process known as class switching. This involves a
heavy chain gene rearrangement in the mature B cell
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resulting in a different immunoglobulin class becom-
ing expressed.

It is one of the functions of activated T helper cells to
promote immunoglobulin production and class switch-
ing in B cells. One of the most important of these inter-
actions is binding of CD40L (CD154) on the activated T
cell to CD40 on the B cell. This ligation promotes B-cell
proliferation, and drives the B cell to terminally differ-
entiate into a plasma cell that secretes large quantities
of immunoglobulin or antibody. Furthermore, differ-
ent T-cell subsets will cause the expression of different
immunoglobulin isotypes in response to the cytokines
the T-cell secrete (see Table 9.1).

The primary functions of antibodies are neutral-
ization and opsonization of pathogens; sensitization of
effector cell types, such as NK cells, phagocytes, and
mast cells; and activation of complement. Opsonization
is the coating of foreign particles by antibodies to facil-
itate their uptake via Fc receptors (see Figure 9.12).
Similarly, neutralization involves the coating of patho-
gens or the toxic compounds they release rendering
them harmless to the host (see Figure 9.13). Each iso-
type varies in its efficiency for each of these functions,
largely determined by the anatomical location of the
antibody class. For example, IgM, the only isotype of
antibody that can be produced without immunoglob-
ulin class switching, is found primarily in the blood.
Its large pentameric structure makes it difficult for
the IgM molecule to diffuse into tissues, but means
it is very effective at activating complement proteins,
which are plentiful in the blood. In contrast, IgG and
IgE are always found as monomers, and diffuse easily
into tissues. The method for detecting soluble levels of
secreted antibody is shown in Figure 9.14.

IgG is the most abundant immunoglobulin isotype
in plasma, largely as a result of its long half-life in

TABLE 9.1. The influence of different cytokines on the

immunoglobulin expressed and secreted by B cells

Cytokines
lg isotype IFN-y IL-4 TGF-B
IgM N ! l
IgG1 ! 1
IgG2a 1 !
IgG2b 1
IgG3 1 l !
IgE ’ T
IgA 1
*| indicates an inhibitory effect on that immunoglobulin isotype,
1 a stimulatory effect, and no arrow indicates no known effect.

the circulation, and is important for neutralization,
opsonization, and complement fixation. IgA can be
found as a monomer or dimer, and is the most abun-
dant isotype found at mucosal epithelia, such as the
gastrointestinal and respiratory tracts — sites of fre-
quent pathogen exposure. IgA molecules are produced
in very large quantities (measured in grams each day
in humans) and are actively transported through epi-
thelial cells of the mucosa (as are pentameric IgM
molecules). Because of its location at the front line of
immune defense, IgA is highly efficient at neutralizing
invading organisms. Very little IgD is produced in the
body, and it has a negligible role in humoral responses.
Only small quantities of IgE are produced and yet it
fulfills an important biological role. It is found at very
low concentrations in the blood or tissues because once
secreted it is tightly bound to the surface of mast cells,
via their high-affinity Fc receptors (discussed later).

Opsonization

Antibodies that have

“opsonized” a pathogen

bind to the surface of a phagocyte
via the cell’s Fc receptors

Signaling through the Fc
receptors triggers the cell
to engulf the bound pathogen

The pathogen enters a
phagosome within the cell,
which will fuse with a
lysosome and destroy the
pathogen

Figure 9.12. Opsonization of pathogens by antibody. Another major role of antibody is to 'opsonize' foreign par-
ticles. The variable chains of antibodies can bind specific foreign peptides on the surface of pathogens. Once the
variable regions have bound, the constant regions of the antibodies are recognized by Fc receptors on phagocytes,
which engulf the antibodies along with the pathogen to which they have bound. The antibody/pathogen complex is

then degraded in a phagolysosome within the phagocyte.
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Figure 9.14. Enzyme-linked immunosorbent assay.
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TABLE 9.2. The dominant effector function (denoted in red) of secreted immunoglobulin isotypes

Neutralization Opsonization

lg isotype

NK cell
activation (ADCC)

Mast cell
activation

Complement
activation

IgE is therefore the primary activator of mast cells,
which are important for T;,2-driven immune responses
and feature in allergic reactions. (See Table 9.2 for a
summary of antibody isotype functions.)

In addition to direct neutralization, activation of
complement (leading to pore formation and lysis of
the pathogen), and immune exclusion of pathogens
(in which antibodies bind to and inactivate the micro-
organism, or block its binding to the host cell), anti-
bodies can also exert protective effects via binding to
Fc receptors (FcR) on the surface of immune cells. At
least eight different FcR have been identified, includ-
ing several splice variants of a single receptor. FcR are
named based on the isotype of immunoglobulin they
bind, so FceR binds IgE, FcyR binds IgG, and so on.
FcR vary in their distribution on cells and their bind-
ing affinity, but at least one type of FcR is expressed on
DCs, macrophages, NK cells, neutrophils, eosinophils,
basophils, mast cells, and B cells.

In most cases, binding of an immunoglobulin to an
FcR via the Fc region results in cross-linking and sig-
naling that activates the FcR-bearing cell. In the case
of macrophages, this binding via the FcR stimulates
phagocytosis and increases the antimicrobial proper-
ties of the macrophage, allowing destruction of any
engulfed pathogens. FcR and complement receptors
are both found on the surface of many phagocytic
cells such as macrophages and neutrophils, and sig-
naling through both of these pathways has a synergis-
tic effect on uptake and killing by the phagocyte. This
process of coating a pathogen (with antibody and/or
complement) to increase its uptake by phagocytic cells
is called opsonization. Cross-linking of FcR on other
cell types, such as mast cells and NK cells, can trigger
exocytosis of toxic mediators stored in granules within
the cell. Parasitic worms are frequently too large to
be engulfed by phagocytes, but when coated with IgE,
become targets for activated eosinophils, which bind
via their FceR. This binding causes release of granules
containing destructive enzymes and toxic proteins,
helping to clear the pathogen. NK cells can be trig-
gered to kill an infected cell by a similar mechanism.
During a viral infection, viral peptides can be displayed
on the surface of the infected cell and recognized by

circulating immunoglobulin. The exposed Fc regions
are recognized by FcRs on NK cells, triggering them
to release toxic granules that result in apoptosis of
the target cell, using the same mechanism as that
employed by CTL discussed earlier. This NK cell
activation through FcR via immunoglobulin bound
to the surface of an infected cell is called antibody-
dependent cell-mediated cytotoxicity (ADCC) and is
shown in Figure 9.15.

NATURAL KILLER CELLS

NK cells, so called because it was initially thought that
they did not require activation in order to kill cancer-
ous cells, are a type of lymphocyte involved in innate
immunity against pathogens and tumors. They arise
from a common lymphocyte progenitor but are larger
and more granular than T cells and B cells. NK cells
account for up to 15% of peripheral blood lympho-
cytes and are located in several organs including the
liver, peritoneal cavity, and placenta in homeostasis.
However, numbers increase during disease because
they are recruited and activated in response to inter-
ferons and other macrophage-derived cytokines pro-
duced during infection. By inducing apoptosis in
infected cells, NK cells act early during the immune
response and are able to limit viral spread until the
adaptive immune response has developed. The impor-
tance of this role is apparent in patients with NK cell
deficiency who are more susceptible to viral infection.

NK Cell Function

NK cells were originally defined by their ability to kill
tumor cells in vitro. They sit between the innate and
adaptive arms of the immune response and detect the
presence of “altered self” by scrutinizing cells for the
presence of MHC class I: the “missing self hypothesis.”
In health, all nucleated cells express MHC class 1. As
discussed earlier, MHC class I molecules can present
viral proteins to CTLs which then recognize the cell as
infected and induce apoptosis. To escape recognition
by CTLs, a number of viruses and tumors downregu-
late MHC class I. It is thought that NK cells evolved
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Figure 9.15. Antibody-dependent cell-mediated cytotoxicity (ADCC).

MHC class |

Healthy cell Infected cell

Figure 9.16. NK cell killing. NK cells have evolved to recognize MHC class | molecules.
When a NK cell interacts with a healthy cell, it receives signals through both killer
activating receptors (KARs) and killer inhibitory receptors (KIRs). The balance of these
signals suppresses the killing response and the healthy cell is released. If, however, the
cell is infected with a virus or becomes cancerous, it loses MHC class | from its surface.
The NK cell no longer receives an inhibitory signal through its KIRs so the KAR signal
promotes the release of cytotoxic granules from the NK cell which induces apoptosis
in the infected cell.
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to counter this escape mechanism by recognizing the
absence of MHC class I as a hallmark of infection
and inducing apoptosis in the manner of CTLs (see
Figure 9.16). In response, a number of viruses have
now evolved to produce proteins that mimic MHC
class I on the surface of the infected cell and thus
avoid NK cell-mediated killing.

To control their cytotoxic activity, NK cells possess
two types of surface receptor: killer activating recep-
tors (KARs) and killer inhibitory receptors (KIRs).
On encountering a healthy cell, KIRs recognize and
bind to MHC class I molecules on the cell surface.
KIRs contain immunoreceptor tyrosine-based inhib-
itory motifs (ITIMs) in their cytoplasmic domains
that recruit intracellular tyrosine phosphatases and
inhibit NK cell activation. If MHC class I is absent,
then positive signals through a KAR drive the NK cell
to perform its cytotoxic duties and secrete inflamma-
tory cytokines; principally IFNy. NK cell killing is
mediated by the same factors involved in CTL kill-
ing: perforin, which polymerizes to form pores in the
infected cell; granzymes, which enter the target cell
and activate the caspase cascade; and the Fas-FasL
interaction. In the case of KARs, the ligands induc-
ing the killing response are still unclear though one
KAR, NKG2D, has been shown to recognize a stress-
induced protein with similar structure to MHC
class I.

Some NK cells express the TCR. These are known
as NKT cells and can recognize antigen presented by
APCs. However, the TCR they express is only semivari-
ant and recognizes a limited number of antigens on
the nonpolymorphic CD1 molecule. As a result, they
are also more “innate” than other T cells.
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WHAT IS A STROMAL CELL?

The architecture of organs and tissuesis closely adapted
to their function to provide microenvironments in
which specialized functions may be carried out effi-
ciently. The nature and character of such microenvi-
ronments are primarily defined by the stromal cells
that reside within the tissues. The most abundant cell
types of the stroma are fibroblasts, which are respon-
sible for the synthesis and remodeling of extracellular
matrix (ECM) components. In addition, their ability to
produce and respond to growth factors and cytokines
allows reciprocal interactions with adjacent epithelial
and endothelial structures and with infiltrating leu-
kocytes. As a consequence, fibroblasts play a critical
role during tissue development and homeostasis and
have often been described as having a “landscaping”
function. In this chapter, we concentrate on fibro-
blasts as the prototype stromal cell. However, the
stroma also consists of blood and lymphatic vessels,
and a wider definition of stromal cells might include
endothelial cells, specialized cells such as pericytes
(blood vessel supporting cells), and even tissue resi-
dent macrophages.

Stromal Cell Identity and Microenvironments

Tissue resident macrophages in the liver (Kupffer
cells) and lung (alveolar macrophages) perform very
different functions compared to macrophages in the
brain (glial cells) or skin (Langerhans cells), yet they
are all members of the monocyte/macrophage fam-
ily. Until recently, fibroblasts had been thought of as
ubiquitous, generic cells with a common phenotype
even within different tissues. However, we now know
that fibroblasts from different organs are more like
their macrophage counterparts, with unique mor-
phology and repertoires of ECM proteins, cytokines,
costimulatory molecules, and chemokines specialized

to the different microenvironments in which they are
found (Figure 10.1). Furthermore, when their tran-
scriptional profiles are examined using microarray
techniques, fibroblasts hold a strong memory of their
position and function in the body. Early studies dem-
onstrated that fibroblast transcriptomes (the global
picture of transcribed genes measured using microar-
rays) could be clustered into peripheral (synovial joint
or skin fibroblasts) versus lymphoid (tonsil or lymph
node) groups according to their organ of origin, with
the potential to shift their transcriptional profiles
by treatment with inflammatory mediators such as
tumor necrosis factor alpha (TNF-a), interleukin-4
(IL-4), or interferon-y. More extensive analysis of
expression profiles from primary human fibroblasts
by Rinn et al. has shown large-scale differences
related to three broad anatomical divisions: anterior—
posterior, proximal-distal, and dermal-nondermal.
Genes involved in pattern forming, cell-signaling,
and matrix remodeling were found to predominantly
account for these divisions. The gene expression
profile of adult fibroblasts may therefore play a sig-
nificant role in assigning positional identity within
an organism. This in turn provides evidence for the
concept of a stromal address code, analogous to the
endothelial area post code. According to this hypoth-
esis, chemokines, cytokines, and adhesion molecules
produced by stromal cells control the accumulation,
retention, survival, and differentiation of leukocytes
in a site or organ-dependent manner, providing a
plausible explanation for the well described but as
yet poorly understood clinical finding that relapses in
chronic inflammatory diseases are often tissue and
site specific. For instance, despite some similarities
at the level of leukocyte infiltrates rheumatoid arthri-
tis (RA) affects predominantly the joints, whereas
multiple sclerosis affects the central nervous system.
Support for this hypothesis also comes from the
cancer field, where defective or altered stromal cell
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Figure 10.1. Fibroblast phenotype. (A) staining of live fibroblast cells in culture illustrating typical morphology and marked differ-
ences between synovial fibroblasts of the rheumatoid arthritis joint and skin fibroblasts. Red stain fibronectin demonstrates matrix
production. (Blue stain = nuclear stain.) (B) Stromal cell status is confirmed by fluorescence microscopy of cells showing collagen
synthetic enzymes (prolyl-4-hydroxylase) and matrix production (fibronectin) in skin fibroblasts. (C) Production of IL-6 measured by
ELISA in unstimulated and TNF-a-stimulated fibroblasts is constitutively higher in synovial than skin cells. (D) A similar high basal
CCL2 (MCP-1) chemokine production is seen in synovial fibroblasts; this is obliterated by TNF-a stimulation.

function has been strongly associated with tumori-
genesis and progression of tumors to metastasis.

Stromal Cells and Inflammation

Inflammatory reactions proceed against the back-
drop of specialized stromal microenvironments. The
response to tissue damage involves a carefully choreo-
graphed series of interactions between diverse cellu-
lar, humoral, and connective tissue elements. For an
inflammatory lesion to resolve, dead or redundant cells
that were recruited and expanded during the active
phases of the response must be removed. In addition,
resident stromal cells, largely defined by fibroblasts,
attempt to repair damaged tissue. It is becoming
increasingly clear that fibroblasts are not just passive
players in immune responses, but that they play active
roles in determining the switches that occur govern-
ing progression from acute to chronic inflammation,
and also those governing resolution or the progression
to chronic, persistent inflammation. The “switch to

resolution” is an important signal that permits tissue
repair to take place and enables immune cells to return
to draining lymphoid tissues (lymph nodes) for immu-
nological memory to become established. However,
in immune-mediated inflammatory diseases, stromal
cells contribute to the inappropriate recruitment and
retention of leukocytes, leading to chronic persistent
inflammation. Research on the roles of stromal cells
in inflammation and cancer medicine and specifically
the parts played by fibroblasts in physiological and
pathological inflammation will be examined later.

Stromal Cells: In Vitro and In Vivo

By virtue of their role in defining the geography of
specialized tissues, fibroblasts and other stromal
cells exist in living organisms within 3-dimensional
environments, whereas the majority of experiments
performed using fibroblasts in the laboratory are
conducted within 2-dimensional environments.
Furthermore, fibroblasts are frequently grown in
nonphysiological stimuli such as serum, to which
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fibroblasts would not normally be exposed unless
tissue damage were to occur. It has been shown that
the behavior of fibroblasts is different when cultured
in artificial 3-dimensional environments. It is there-
fore all the more remarkable that fibroblasts cultured
using conventional 2-dimensional techniques retain
characteristics such as positional memory and unique
cytokine profiles. This suggests a degree of epigenetic
imprinting may account for the persistent changes in
gene expression seen in these cells.

EMBRYOLOGICAL ORIGINS OF FIBROBLASTS

As mentioned earlier, even within a single tissue
there is growing evidence that fibroblasts are not
a homogeneous population, but exist as subsets of
cells, much like tissue macrophages and dendritic
cells (DCs). It is likely that connective tissue contains
a mixture of distinct fibroblast lineages with mature
fibroblasts existing side by side with more immature
fibroblasts that are capable of differentiating into
other connective tissue cells. Stromal cells have been
defined in terms of their embryological origins and
lineage relationships, and are generally considered to
be mesenchymal in origin. However, the embryologi-
cal mesenchyme, from which fibroblasts are derived,
is not in itself a germ layer (usually defined as ecto-,
endo-, and mesoderm), but is variably considered to
be either wholly composed of embryonic mesoderm,
or a combination of the mesoderm and ecto- or endo-
derm layers. For instance, in the head and neck some
mesenchyme is derived from neural crest cells (and

hence from ectoderm). Moreover, cell populations
have now been identified which appear to blur the dis-
tinction between hemopoietic and nonhemopoietic
populations. In addition, other unexpected shifts in
lineage have been reported, including differentiation
from neural stem cells into myeloid and lymphoid
hemopoietic lineage. Classification by such lineages
that are no longer as restrictive as previously thought
is therefore becoming increasingly awkward.

The problem of distinguishing fibroblasts of dif-
fering origin or maturity has historically been very
difficult due to a lack of cell surface specific markers.
Whereas the cluster of differentiation (CD) markers
have revolutionized the isolation and study of leuko-
cyte subsets, there have been relatively few, poor qual-
ity discriminatory markers allowing the identification
of fibroblast subpopulations. Fibroblasts have fre-
quently been identified by their spindle-shaped mor-
phology (Figure 10.1), elaboration of ECM, and lack
of positive markers for endothelium, epithelial, and
hemopoietic cells. However, recent studies have begun
to identify novel markers which demarcate distinct
subpopulations of stromal cells during development
and which have the potential to act as markers for dif-
ferent subpopulations of fibroblasts each with differ-
ent roles. Such markers include smooth muscle actin,
which marks out a population of secretory, activated
cells termed myofibroblasts, and more recently discov-
ered markers such as CD248 and GP38 (podoplanin)
(Table 10.1). The question of the origin of fibroblasts
is an important one. Both inflammation and wound
healing are characterized by the formation of new

TABLE 10.1. Comparison of phenotypic expression of blood-borne mesenchymal precursors and RA synovial fibroblasts

Marker MSC/MPC RA synovial fibroblasts Tissue myofibroblasts Fibrocytes
Collagen | + + +
Collagen Il + + +
Fibronectin + + +
Vimentin + + +
HLA-DR + - +
CD44 + + +
CD45 - - +
CD34 - - +
VCAM-1 + - -
Smooth muscle actin + + ok
Bone morphogenic + - Not known
protein receptors
DAF (CD55) + - Not known
BST-1 + - Not known
* Rapidly lost in culture; **, fibrocytes differentiate into SMA; —, positive fibroblasts.
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Figure 10.2. Routes of differentiation to tissue fibroblasts. In response to wounding or inflammation,
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tissue. However, recent findings have suggested that
the new cells that form the remodeled tissues are not,
as was hitherto assumed, necessarily derived from the
proliferation of cells that are resident in the adjacent
noninjured tissue.

Sources of Tissue Fibroblasts

It is widely accepted that the principle origin for fibro-
blasts is from primary mesenchymal cells and that
upon appropriate stimulation fibroblasts can prolif-
erate locally to generate new fibroblasts. Though an
increase in fibroblast numbers caused by local prolif-
eration does occur, fibroblasts may arise from other
sources (Figure 10.2). The first of these is local epithelial
to mesenchymal transition (EMT). This is an essential,
physiologically important developmental mechanism
for diversifying cells in the formation of complex tis-
sues. However, fibroblasts also appear to be derived by
this process in adult tissue following epithelial stress
such as inflammation or tissue injury. EMT disaggre-
gates epithelial cells and reshapes epithelial cells for
movement. The epithelium loses polarity as defined
by the loss of adherens junctions, tight junctions, des-
mosomes, and cytokeratin intermediate filaments.

Epithelial cells also rearrange their F-actin stress fibers
and express filopodia and lamellopodia. A combination
of cytokines and matrix metalloproteinases (MMPs)
associated with digestion of the basement membrane
is believed to be secreted and important in the process.
The transition of epithelial to mesenchymal cell popu-
lations has been shown to occur in diseases of the lung
and kidney where the process has been implicated in
fibrotic disease (see Kalluri et al.).

An alternative explanation for the accumulation of
stromal cells in chronic inflammatory conditions such
as RA lies in the possibility of blood borne precursors.
In the mid 1990s it was shown that vascular precursors
(angioblasts) could be found circulating in the blood of
normal individuals, and that they could be recruited to
sites of vasculogenesis in a rabbit ischemic hind limb
model. This demonstrated that circulating mesenchy-
mal precursors exist outside the hemopoietic system.
Subsequent work has confirmed the presence of cir-
culating cells of a mesenchymal phenotype in human
subjects. These cells bear a remarkable resemblance to
the synovial fibroblasts found in the joints of patients
with RA, which accumulate in enormous quantities in
the joint lining despite little evidence of proliferation.
Interestingly, Marinova-Mutafchieva et al. showed
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that an influx of such cells preceded inflammation in
a mouse collagen-induced arthritis model, suggesting
that there may be a role for blood-borne stromal cell
precursors in the initiation of inflammatory diseases.

Another circulating precursor cell that could
account for the accumulation of fibroblasts in some
diseases is a cell called the fibrocyte. Fibrocytes
appear to comprise 0.1%-0.5% of nonerythrocytic
cells in peripheral blood, and have been shown to rap-
idly enter sites of tissue injury and contribute to tissue
remodeling in models of inflammatory lung disease.
They are adherent cells with a spindle-shaped mor-
phology which express MHC class II as well as type
I collagen and which arise from within the CD14-
positive (monocyte) fraction of peripheral blood.
Fibrocytes are capable of matrix elaboration, and
have been proposed to differentiate along a fibroblast
lineage under the influence of cytokines, particularly
TGF-p. The mere fact that a cell type apparently aris-
ing from within the monocyte lineage may become
a “mesenchymal” stromal cell such as a fibroblast
implies a further degree of plasticity and blurring of
the apparently clear line between hemopoietic and
nonhemopoietic lineages.

Fibroblasts versus Mesenchymal Precursor Cells

The potential role of circulating mesenchymal cell
precursors (variously termed mesenchymal stem
cells [MSC], mesenchymal stromal cells or mesenchy-
mal precursor cells [MPC]) as sources of tissue fibro-
blasts is highlighted by the remarkable capacity of
these cells to differentiate into other members of the
connective tissue family including cartilage, bone,
adipocyte, and smooth muscle cells. This ability was
initially demonstrated in bone marrow stromal cells,
RAL synovial fibroblasts, and circulating mesen-
chymal cells, and was therefore suggested to define
a characteristic mesenchymal phenotype, based on
the hypothesis that the rheumatoid synovium could
become populated by a large proportion of circulating
mesenchymal precursor cells exported from the bone
marrow. However, the property of trilineage differ-
entiation (“pluripotentiality”) has now been shown to
be a property of many adult tissue fibroblasts, though
varying somewhat between fibroblasts from differ-
ent tissues, implying a hitherto unsuspected degree
of plasticity in the body’s stromal cell populations.
The two previously separate fields of mesenchymal
precursor cell biology and largely disease-centered
fibroblast biology have therefore rapidly converged.

STROMAL CELLS IN IMMUNE RESPONSES

Physiological inflammation is not a stable state. Such
inflammation either resolves, and the tissue reverts

to normal, or develops into chronic persistent inflam-
mation. Once established, chronic inflammation is
hard to “cure” as evidenced by the fact that despite
increasingly focused approaches to suppressing
active inflammation within tissues, a cure for chronic
immune-mediated inflammatory diseases such as RA
remains elusive, since on the withdrawal of effective
anti-inflammatory therapies the disease inevitably
relapses.

As an inflammatory process reaches its conclu-
sion, the resolution of inflammatory leukocyte infil-
trates within a microenvironment is governed by a
number of dynamic factors: first, the balance between
cell recruitment and emigration; second, the balance
between cell death and proliferation; and third, the
coordinated release of proresolution factors such as
resolvins and adenosine (which will not be discussed
further in this chapter). Recent evidence suggests that
tissue stromal cells are able to determine the type and
duration of leukocyte infiltrates in an inflammatory
response. At the resolution of such responses, stromal
cells contribute to the withdrawal of survival signals
and normalization of chemokine gradients, allow-
ing infiltrating cells to undergo apoptosis or leave via
draining lymphatics (Figure 10.3). Subversion of these
pathways results in a switch to persistent inflamma-
tion that remains remarkably stable over time. We
shall use the stromal microenvironment of the rheu-
matoid joint as a model to illustrate the role played in
persistence of inflammation by stromal cells.

Stromal Cells as Innate Immune Sentinels

Classically, macrophages have been studied as sources
of inflammatory cytokines and chemokines in response
to innate immune stimuli, and portrayed as immune
sentinel cells accordingly. However, when activated
by substances released during tissue injury or the
products of invading microorganisms, fibroblasts are
capable of elaborating a broad repertoire of inflamma-
tory mediators which fully justifies their classification
as immune sentinel cells. Through expression of toll-
like receptors, fibroblasts respond to bacterial prod-
ucts such as LPS by generating chemokines capable
of recruiting inflammatory cells. Furthermore, fibro-
blasts are capable of bridging the innate and adaptive
immune responses through expression of the mol-
ecule CD40. This molecule was initially assumed to
be restricted in its expression to antigen-presenting
cells such as macrophages and DCs. However, it is
widely expressed by fibroblasts within discrete tissues.
Engagement of CD40 by its ligand CD40L expressed
on a restricted population of immune cells including
activated T lymphocytes (Figure 10.4) is critical for
the further induction of proinflammatory cytokines
and chemokines during an immune response, as well
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lymphatics.

as for antibody production by CD40 expressing B
Iymphocytes.

In some pathological states, activation of fibroblasts
becomes persistent, leading to the hypersecretion of
cytokines, chemokines, and matrix, which contribute
to disease. The rheumatoid synovial fibroblast is a
prime example of such persistent activation of fibro-
blasts. In RA, the fibroblasts take on a characteristic
activated phenotype that remains stable even after
culturing in vitro for many months. These cells play a
direct role in tissue damage through secretion of mul-
tiple MMPs and cathepsins that degrade cartilage and
bone tissues in the joint (Figure 10.4). Attachment to
and direct, autonomous invasion of fibronectin-rich
matrix such as cartilage has been demonstrated in
the SCID mouse model of arthritis, in which cultured
rheumatoid, but not osteoarthritis synovial fibroblasts
invade and destroy co-implanted human cartilage. In
vitro models such as the matrigel invasion assay pro-
duce corresponding results, in which the degree of
invasion correlates with the degree of damage seen in
the joints of patients from whose samples the fibro-
blast were initially grown. These models demonstrate
the remarkably stable and disease-specific phenotype
of cultured RA synovial fibroblasts which includes

high basal and stimulated expression of signature
cytokines such as IL-6, and chemokines (discussed
later). RA synovial fibroblasts also express characteris-
tic adhesion and immune modulating molecules such
as VCAM-1, galectin-3, and a specific repertoire of
Toll-like receptors, which initiate innate immune cel-
lular responses. A satisfactory molecular explanation
for the stable phenotype of RA synovial fibroblasts has
until recently evaded the field. However, epigenetic
changes including DNA methylation, histone modi-
fications such as acetylation, and microRNA expres-
sion have now been suggested to underlie the observed
persistent changes in fibroblast gene transcription and
posttranscriptional repression.

Signal Transduction Processes

Both innate and adaptive immune responses triggered
in synovial fibroblasts initiate characteristic signal
transduction events. These result from stimulation
such as Toll-like receptor engagement, or exposure to
a proinflammatory cytokine network within a persis-
tent chronic inflammatory infiltrate, as is seen in the
case of RA. Many of the genes activated by such stim-
uli belong to the classical proinflammatory signaling
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has a primary role in promoting vasculogenesis. Fibroblasts are a rich source of other growth factors which
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growth factors (EGF, FGF).

pathways such as NF-kB and the mitogen-activated
protein kinases (MAPK) with increasing recognition
of the importance of the phosphatidylinositol 3-kinase
(PI3K) signaling pathways, particularly of the delta
and gamma subtypes.

All three subpathways within the MAPK system
(JNK, ERK-p42/p44, and p38) are heavily implicated
in inflammatory signaling cascades of fibroblasts
in the rheumatoid synovium. Furthermore, MAPK
activation frequently overlaps with proinflammatory
NF-kB pathways. Activation of these pathways leads
to further induction of proinflammatory cytokines
and chemokines, as well as regulating the survival
of stromal cells by inhibiting apoptosis. Work using

knockout mice has demonstrated that JNK MAPK is
crucial to the elaboration of MMPs such as the col-
lagenases, while P38 MAPK has also been implicated
in regulation of other MMPs by synovial fibroblasts.
The importance of these signaling pathways has
led to the suggestion that MAPK should be targets
for rational drug design. PI3K is frequently impli-
cated in production of mononuclear cell attracting
chemokines such as CCL2 and CCLS5 in stromal cells.
For instance, PI3K and JNK are involved in IL-18
regulation of CCL2 production by synovial fibro-
blasts. PI3K signaling frequently lies upstream of
NF-kB activation, which plays an important role in
regulating the cellular response to proinflammatory



stimuli. Furthermore, signaling due to IL-6 binding
results in activation of the JAK-STAT pathways (Janus
kinases [JAKs] and signal transducers and activators
of transcription [STATs], particularly STAT-3). These
pathways govern cell proliferation, differentiation,
and apoptosis.

Fibroblasts also express chemokine receptors and
respond to chemokine ligands. All functioning
chemokine receptors appear to signal through per-
tussis toxin-sensitive heterotrimeric G proteins.
Shape changes, firm adhesion, and chemotaxis, which
involve restructuring of the cytoskeleton, utilize the
Rho GTPase and phosphatidylinositol-3-OH kinase
(PI3K) pathways. Other pathways downstream from
PI3K include the modulation of gene transcription
via the MAPK. Activation of pertussis toxin insensi-
tive pathways such as the JAK-STAT pathway has
been proposed to result from either hetero- or homo-
oligomerization of chemokine receptors, leading to a
range of functional outcomes such as cellular adhe-
sion. A further emerging signaling pathway of note is
PLC-y (phospholipase-C-y). This phospholipid hydro-
lase phospholipase plays a major role in regulation of
cell proliferation, development, and cell motility. It has
been implicated in the control of stromal cell apop-
tosis and production of MMPs, which are important
both in progression of cancer mediated by stromal
cells and in damage to structures within the rheuma-
toid joint. PLC-y downstream effects are usually medi-
ated through the ERK MAPKinases.

STROMAL CELL-LEUKOCYTE INTERACTIONS
AND PERSISTENT INFLAMMATION

The maintenance of a persistent leukocyte infiltrate
at sites of chronic inflammation reflects a distorted
balance between those factors that enhance cellular-
ity (leukocyte recruitment, proliferation, and reten-
tion) and those that decrease cellularity (cell death
and emigration) (Figure 10.3). While the mechanisms
responsible for the recruitment of leucocytes into and
their proliferation within tissues have been well stud-
ied, those responsible for their survival, retention, and
emigration within tissues have attracted much less
attention.

Recruitment of Inflammatory
Infiltrates into the Joint

Stromal elements such as synovial fibroblasts are sub-
ject to a proinflammatory cytokine network within
the inflamed synovium. Direct contact interactions
with other infiltrating cells such as T lymphocytes
leads to high levels of expression of many inflamma-
tory chemokines (Figure 10.3). Neutrophil-attracting
chemokines are expressed at high levels by stimulated
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fibroblasts and include CXCL8 (IL-8), CXCL5 (ENA-78,
epithelial-cell-derived neutrophil attractant 78), and
CXCL1 (GROalpha, growth-related oncogene alpha).
Monocytes and T cells are recruited by a range of
chemokines found at high levels in the synovium;
CXCL10 (IP-10) and CXCL9 (Mig) are highly expressed
in synovial tissue and fluid. CXCL16 is also highly
expressed in the RA synovium and acts as a potent
chemoattractant for T cells. CCL2 (MCP-1) is found in
synovial fluid and known to be produced by synovial
fibroblasts; it is considered to be a pivotal chemokine
for the recruitment of monocytes. CCL3 (Mip-lalpha),
CCL4 (Mip-1beta), and CCL5 (RANTES) are chemot-
actic for monocytes and lymphocytes, and are known
products of synovial fibroblasts. CCL20 (Mip-3alpha) is
also overexpressed in the synovium, and has a similar
chemoattractant profile via its specific receptor, CCR6.
CX3CL1 (Fractalkine) is also widely expressed in the
rheumatoid synovium. A number of chemokine recep-
tors have been shown to differ between peripheral
blood and synovial leucocytes, suggesting that they are
enriched in the synovium either though their selective
recruitment by endothelial expressed chemokines, or
following upregulation by the microenvironment after
their recruitment.

Stromal Support for Leukocyte Survival

Stromal cell support for the survival of leukocyte
populations fulfills a physiological role in certain
organs within the body. The selective recruitment and
support of hemopoietic subsets is an essential physi-
ological function of stromal cells in specific microen-
vironments. For instance, immature B lymphocytes
are completely dependent on factors such as IL-6 pro-
duced by bone marrow stromal cells. Though the bone
marrow niche plays a critical role in the early devel-
opment of all hemopoietic leukocyte populations, it
also acts as an active reservoir for terminally differ-
entiated leukocyte subpopulations, including CD4
and CD8 T cells and neutrophils. The bone marrow
stromal microenvironment therefore maintains not
only the selective survival, differentiation, and prolif-
eration of all lineages of immature hemopoietic cells,
but, in some cases, also the survival of their mature
counterparts. The stromal microenvironment plays
a crucial role in the maintenance of such survival
niches, which are not generic, but highly specific to
certain organs and tissues, resulting in site-specific
differences in the ability of different stromal cells to
support the differential accumulation of leukocyte
subsets.

In the case of an inflammatory response, success-
ful resolution requires the removal of the vast major-
ity of immune cells that were recruited and expanded
during the active phase of the inflammation. A
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Figure 10.5. Inappropriate survival and retention of T lymphocytes mediated by synovial fibro-
blasts. Interferon-B, produced by synovial fibroblasts, has been identified as one of the principal
factors responsible for prolonged T-cell survival in the rheumatoid joint. Similar mechanisms exist
for stromal-induced survival of B cells. It is likely that these mechanisms of stromal cell-induced
leukocyte survival occur in many chronic inflammatory conditions in which lymphocytes accumulate.
In addition, aberrant ectopic expression of constitutive chemokines such as CXCL12 by synovial
stromal cells contributes to the retention of T cells within the RA synovium. CXCL12 (SDF-1) and its
receptor CXCR4 plays an important role, both in the constitutive traffic of lymphocytes and in the
recruitment and retention of hemopoietic cells within the bone marrow. In the rheumatoid joint,
fibroblast-derived TGF-f induces high levels of CXCR4 receptors in T cells, leading to retention of
cells. CXCL12 is highly expressed on endothelial cells and fibroblasts at sites of T-cell accumula-
tion. Positive feedback loops enhance CXCL12 production by fibroblasts via CD40-CD40 ligand

interactions.

number of studies have shown that during the resolu-
tion phase of viral infections, the initial increase in T
cell numbers in peripheral blood that is seen within
the first few days is followed by a wave of apoptosis
occurring in the activated T cells. This situation is
mirrored within tissues, where apoptosis induced by
the molecule Fas occurs at the peak of the inflam-
matory response and may be responsible for limiting
the extent of the immune response. In contrast, the
resolution phase appears to be principally triggered
by cytokine-deprivation-induced apoptosis, during
which leukocytes compete for a shrinking pool of
survival factors provided by the microenvironment,
leading to programmed death of those cells that are
surplus to requirements.

In RA, the resolution phase of inflammation
becomes disordered. Recent studies have shown
that a failure of synovial T cells to undergo apopto-
sis or programmed cell death contributes to the per-
sistence of the inflammatory infiltrate. The T-cell

survival pathway shares all the essential hallmarks of
a stromal cell, cytokine-mediated mechanism (high
Bcl-X;, low Bcl-2, and lack of cell proliferation). Type I
interferons (interferons alpha and beta), produced
by synovial fibroblasts and macrophages, have been
identified as one of the principal factors responsible
for prolonged T-cell survival in the rheumatoid joint
(Figure 10.5). Interestingly while type I interferon has
been shown to be beneficial in multiple sclerosis (a dis-
ease in which tissue scarring and low levels of T-cell
infiltrates are observed) these results suggest that type
I interferon is not likely to be a successful therapy
for RA patients, a prediction which has been borne
out in clinical trials. It is likely that this mechanism
of stromal cell-induced leukocyte survival occurs
in many chronic inflammatory conditions in which
T cells accumulate. Not surprisingly, other leukocyte
subpopulations have been shown to derive support
from stromal cells. While fibroblast support for T-cell
and B-cell survival exhibits site-specific properties,



neutrophil survival is dependent on prior cytokine
activation of fibroblasts, and shows no differences
between fibroblasts taken from different anatomical
sites.

Stromal Cell Retention of Leukocytes
in Persistent Inflammatory Disorders

While the inhibition of T-cell death by stromal cells
at sites of chronic inflammation contributes to T-cell
accumulation, it is unlikely to be the only mecha-
nism, because lymphocytes should be able to leave
the inflamed tissue during the resolution of inflam-
mation, even if their death is inhibited. A number
of studies have recently reported that the synovial
microenvironment contributes directly to the inap-
propriate retention of T cells within the joint, by an
active chemokine-dependent process. The presence
of high levels of inflammatory chemokines, produced
by stromal cells, is a characteristic of environments
such as the rheumatoid synovium. However, recent
data suggest that paradoxically constitutive chemok-
ines, which are involved in the recruitment of lympho-
cytes to secondary lymphoid tissues, are ectopically
expressed in immune-mediated inflammatory dis-
eases. The constitutive chemokine CXCL12 (SDF-1)
and its receptor CXCR4 emerged as unexpected but
crucial players in the accumulation of T lymphocytes
within the rheumatoid synovial microenvironment
(Figure 10.5). This chemokine receptor pair plays
an important role, both in the constitutive traffic
of lymphocytes and in the recruitment and reten-
tion of hemopoietic cells within the bone marrow.
Unexpectedly, CD45RO+ T lymphocytes in the rheu-
matoid synovium were found to express CXCR4 recep-
tors at high levels in the rheumatoid synovium. Its
ligand CXCL12 was highly expressed on endothelial
cells at the sites of T-cell accumulation. In addition,
stromal cell-derived TGF-§ is responsible for upregu-
lation of CXCR4 receptors on T cells in the synovium.
Evidence also suggests that the stability of lympho-
cyte infiltrates is reinforced by a positive feedback
loop, whereby tissue CXCL12 promotes CD40 ligand
expression on T cells, which in turn stimulates fur-
ther CXCL12 production by CD40 expressing synovial
fibroblasts. Furthermore, levels of CXCL12 secreted
by synovial fibroblasts have recently been shown to be
controlled in part by T cell derived IL-17.

There is therefore clear evidence in support of the
hypothesis that aberrant ectopic expression of consti-
tutive chemokines such as CXCL12, CCL19, and CCL21
by synovial stromal cells contributes to the retention
of T cells within the RA synovium.

Other cell constituents of the rheumatoid inflam-
matory infiltrate may be affected by the CXCL12/
CXCR4 axis. Blades and colleagues have shown
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increased expression of CXCL12/CXCR4 by monocyte/
macrophage cells in RA compared with osteoarthritis.
In addition, using implanted human synovial tissue
in SCID mice, they demonstrated that monocytes are
recruited into transplanted synovial tissue by CXCL12.
Contact-mediated B-cell survival induced by synovial
fibroblasts has also been shown to depend on CXCL12
and CD106 (VCAM-1)-dependent mechanisms which
are independent of TNF-a. Overexpression of CXCL12
has also been identified as a distinct feature of rheu-
matoid, as opposed to osteoarthritis synovia using
cDNA arrays. Data validating these findings in vivo
have come from a collagen-induced arthritis model
of RA in DBA/1 (interferon-y receptor deficient) mice,
where administration of the specific CXCR4 antagonist
AMD3100 significantly ameliorated disease severity.
In another murine collagen-induced arthritis model,
the small molecule CXCR4 antagonist 4F-benzoyl-
TN14003 ameliorated clinical severity and suppressed
DTH (delayed type hypersensitivity) responses. The
CXCL12/CXCR4 constitutive chemokine pair therefore
seems to play an important role in lymphocyte reten-
tion in RA.

Constitutive Chemokines and Lymphoid
Neogenesis

Rheumatoid arthritis is one of a number of inflamma-
tory diseases in which the organization of the inflam-
matory infiltrate shares characteristics of lymphoid
tissue. Follicular hyperplasia with germinal center
formation can occur in autoimmune thyroid disease,
myasthenia gravis, Sjogren’s disease, and RA, and
may occur during infection with Helicobacter pylori
and Borrelia burgdorferi. The lymphoid infiltrates in
the rheumatoid synovium can be divided into at least
three distinct histological groupings, varying from
diffuse lymphocyte infiltrates through organized lym-
phoid aggregates to clear germinal center reactions.
Moreover, there is conflicting evidence that such dis-
tinct histological types correlate with other serum
indicators of disease activity. This form of inflamma-
tory lymphoid neogenesis relies upon inappropriate,
but highly organized temporal and spatial expression
by stromal cells of the constitutive chemokines, par-
ticularly CXCL13 and CCL21, which are required for
physiological lymphoid organogenesis (Figure 10.6).
The elegant choreography of lymphocyte-stromal
interactions within lymph nodes is organized by
expression of adhesive and chemotactic cues in over-
lapping and combinatorial fashions. Once they have
encountered new antigen, DCs specialized in the pre-
sentation of antigen to lymphocytes undergo a process
of maturation under the local influence of inflam-
matory cytokines and bacterial and viral products.
As a result inflammatory chemokine receptors are
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Figure 10.6. Inappropriate expression of constitutive chemokines leads to lymphoid neogenesis. Homeostatic
chemokines (CXCL12, CXCL13, CCL19, CCL21) are components of the stromal code that help define niches such as the
lymph node and bone marrow, governing leukocyte accumulation, differentiation, and survival. Stromal cells produce/
express the appropriate cytokine/chemokine/adhesion receptor that is recognized by cognate receptors on infiltrating
leukocytes. During physiological inflammation, inflammatory chemokines (CCL2-5, CX3CL1, and CXCL1-11 and inflam-
matory mediators such as IFN-y, TNF-a, and IL-1 are produced by stromal cells and lead to the recruitment of inflamma-
tory cells (lymphocytes, neutrophils, and monocytes). However, in persistent, pathological inflammation occurs in RA,
stromal cells begin to aberrantly produce/express components of the physiological stromal code normally associated

with lymphoid tissues, leading to lymphoid neogenesis.

downregulated, and upregulation of the constitutive
receptors CCR4, CCR7, and CXCR4 occurs, causing
DCs to migrate into local draining lymphatics and
thereby into peripheral lymph nodes. Trafficking of
B and T cells is regulated by CXCL13 (BCA-1, B cell-
attracting chemokine 1), its receptor CXCRS5, and
CCL21 and CCL19 (EBL-1-ligand chemokine, ELC),
which are both CCR7 agonists. Within the lymph node
CXCR5-bearing B cells are attracted to follicular areas,
while T cells and DCs are maintained within parafol-
licular zones by local expression of CCL21 and CCL19.
Some T cells which have been successfully presented
with their cognate antigen by DCs then upregulate
CXCRS5, allowing them to migrate toward and interact
with B cells.

The genesis of lymphoid follicular structures in
diseases such as diabetes and RA appears to rely
upon expression of such constitutive chemokines,
in association with the lymphotoxins alpha and
beta (LT-a and LT-p) and TNF-a. In this context, it
is important to note that transgenic animals over-
expressing the TNF-a gene display increased for-
mation of focal lymphoid aggregates and develop a

chronic arthritis similar to RA. Clearly one of the
many mechanisms of action of anti-TNF therapy
may be the dissolution of such aggregates. In trans-
genic mouse models, expression of CXCL13 in the
pancreatic islets was sufficient for the development
of T- and B-cell clusters, but as they lacked follicu-
lar DCs, was not sufficient for true germinal cen-
ter formation. CCL21 does appear to be sufficient
in some cases for lymph node formation; murine
pancreatic islet models have demonstrated forma-
tion of lymph node like structures in the presence
of CCL21, and lymphoid infiltrates in response to
CCL19 expression. Weyand and colleagues used the
histological heterogeneity seen in RA to identify
those factors critical to the formation of lymphoid
microstructures, showing that transcription levels
of CXCL13 and CCL21 were increased 10-20 times
in tissues with germinal centers compared to tis-
sues with other histological patterns. Multivariate
analysis showed that LT-f and CXCL13 were neces-
sary, but not sufficient for lymphoid neogenesis. It
has also been shown that CXCRS5 is overexpressed in
the rheumatoid synovium, consistent with a role in



recruitment and positioning of B and T lymphocytes
within lymphoid aggregates of the RA synovium. It
therefore seems likely that expression of lymphoid
constitutive chemokines contributes significantly
to the entry, local organization, and exit of lympho-
cytes in the RA synovium. It also seems that the
ectopic expression of chemokines is a general char-
acteristic of a number of chronic rheumatic condi-
tions, since another B-cell attracting chemokine
CXCL13 (BCA-1) is inappropriately expressed by
stromal cells in the salivary glands of patients with
Sjogren’s syndrome.

MULTIPLE CELL-CELL INTERACTIONS
INVOLVING FIBROBLASTS

A further pathological model in which fibroblasts
become shifted into an activated phenotype is that
of liver fibrosis. Models of hepatic fibrosis suggest
that resident populations of hepatic macrophages
are able to modulate the processes of fibrotic pro-
gression and subsequent liver recovery. Stellate cells
(specialized liver fibroblasts) are known to differenti-
ate during the process of hepatic injury and fibrosis
toward a profibrotic, secretory myofibroblast pheno-
type under the influence of cytokines such as TGF-f31,
of which hepatic macrophages are a potentially
important source. High expression of tissue inhibi-
tor of metalloproteinase-1 (TIMP-1) by stellate cells/
myofibroblasts appears to maintain their survival
and inhibit degradation of matrix leading to fibro-
sis. During recovery from fibrosis in animal models,
myofibroblasts undergo apoptosis accompanied by a
fall in TIMP-1 expression and degradation of scar-
ring matrix. Expression by macrophages of TNF-
related apoptosis-inducing ligand (TRAIL) is one
mechanism by which stellate cell apoptosis has been
proposed to occur. Using a transgenic mouse model
of fibrosis that allowed the conditional depletion of
macrophage lineage cells, Duffield et al. were able to
demonstrate a fascinating divergence of regulation
of these processes. Depletion of macrophages during
the induction/progression phase of fibrosis resulted
in decreased scarring and fewer myofibroblasts,
implying a role for macrophages in the activation
of myofibroblasts. However, when macrophages
were depleted in the early phases of recovery, sus-
tained accumulation of scarring matrix occurred
(Figure 10.7), suggesting that at this stage of the
inflammatory response macrophages are required to
inactivate myofibroblasts.

These experiments demonstrate that modeling
the behavior of stromal cells and leukocytes within
microenvironments necessarily requires that we take
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Figure 10.7. Macrophage-stromal cell interactions in the
regulation of fibrotic liver disease. Hepatic fibroblasts induce
divergent effects on liver stellate cell activation in models
of fibrosis. During fibrosis progression, TGF-f1 is a poten-
tial macrophage-derived stimulator of stellate cell activa-
tion. Depletion of macrophages during this phase results in
decreased scarring and fewer myofibroblasts. During fibrosis
regression, stellate cell apoptosis may occur under the influ-
ence of TRAIL. Depletion of macrophages early during fibrosis
regression results in sustained accumulation of scarring matrix.
Depletion of macrophages during the healing phase leads to
sustained fibrosis.

into account the interactions of both leucocytes and
stromal cells. A very elegant example of this approach
in vitro is the work of Smith and Lally, who developed
a model of cellular recruitment to the rheumatoid syn-
ovium. Models of recruitment in which leukocytes
adhere and migrate beneath cultured endothelial cells
under flow conditions are well established as a means
of investigating the mechanisms governing recruitment
to tissues from the blood, and will be considered else-
where. Coculturing fibroblasts from skin and RA syn-
ovial membrane with endothelial cells showed that IL-6
released from synovial (but not skin) fibroblasts was
able to induce production of chemokines and adhesion
molecules, resulting in greater neutrophil recruitment
by synovial fibroblasts. Subsequent work interrogating
the system using low-density gene arrays demonstrated
that the effect of neutrophil attracting chemokines such
as CXCL5 released from synovial fibroblasts was depen-
dent on the function of the chemokine transporter mol-
ecule DARC (Duffy antigen receptor for chemokines)
which was also induced by coculture (Figure 10.8).
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Figure 10.8. Three cell model of recruitment to the inflamed rheumatoid synovium. A
multicellular coculture model of RA synovium was used to reconstruct the persistently
inflamed RA microenvironment in vitro, by coculturing RA synovial fibroblasts or skin fibro-
blasts with human endothelial cells (EC). After a period of conditioning, fibroblasts and EC
were isolated and screened using microarray analysis. Recapitulating the RA environment
upregulated message for several CXC chemokines in ECs and RASFs, an effect that was
absent in cocultures of ECs and skin fibroblasts. Flow adhesion assays demonstrated that
only CXCL5 was functional on ECs cocultured with RASFs and recruited flowing neutro-
phils. EC expression of DARC was induced by coculture with RASFs, and antibody-blocking
CXCLS5 interactions with DARC or small interfering RNA (siRNA) targeting DARC expression
abolished neutrophil recruitment. Thus, DARC edits the leukocyte recruitment code in a
chemokine-specific manner in a model of human inflammatory disease, demonstrating the

impact of inflammatory “cross-talk” between cells of the stromal microenvironment.

SUMMARY

The demonstration of inflammatory “cross-talk”
between cells of the stromal microenvironment result-
ing in recruitment of inflammatory cells illustrates the
significant contribution within microenvironments of
cells such as fibroblasts. Populations of leukocytes
recruited to sites of inflammation should not there-
fore be considered or studied in isolation, but should
be considered in the context of their complementary
stromal microenvironment, which provides survival,
differentiation, and positioning cues upon which the
formation and persistence of leukocyte infiltrates
depends.

KEY POINTS

What Is a Stromal Cell?

¢ Fibroblasts are a heterogeneous population of stromal
cells with specialized roles within different organs and
tissues.

¢ Fibroblasts have a role in determining the location of
tissue-specific diseases.

Embryological Origins of Fibroblasts
e Stromal cells in tissues may differentiate from a variety
of precursor cells.
¢ Fibroblast precursor cells may have important roles in
initiation of disease.

Stromal Cells in Immune Responses

¢ Stromal cells function as innate immune sentinels elabo-
rating cytokines and chemokines in response to innate
stimuli such as bacterial products and CD40 ligand.

¢ Persistent activation of fibroblasts may lead to pathological
disease via an inflammatory stromal microenvironment.

e Classical inflammatory signal transduction pathways
including NF-xB, MAPK, and PI3K are activated in fibro-
blasts during inflammation.

Stromal Cell-Leukocyte Interactions
and Persistent Inflammation

¢ Fibroblasts play an active role in recruiting leukocytes to
persistently inflamed sites.

e Infiltrating leukocytes are rescued from apoptosis by
fibroblasts in persistent inflammation.

e Inappropriate expression of constitutive chemokines by
stromal cells results in recruitment and retention of leuko-
cytes within persistently inflamed microenvironments.



e Lymphoid neogenesis in inflammatory disorders results
from a stromal defect in chemokine expression.

Multiple Cell-Cell Interactions
Involving Fibroblasts

¢ A shift into a profibrotic fibroblast phenotype regulated
by tissue macrophages accounts for disease progression
in models of liver fibrosis.

¢ Inflammatory cross-talk between fibroblasts and endothe-
lial cells drives recruitment of neutrophils in three cell
coculture models.
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INTRODUCTION

Neutrophils (polymorphonuclear leukocytes, PMN)
have a clearly defined role in inflammation. In response
to injury or infection, PMN migration across vascular
endothelial cells is a first line of defense against infec-
tious agents, and defects in such PMN-endothelial
interactions contributes to fulminate microbial infec-
tions, mucosal ulcerations, and delayed tissue healing.
The protective aspects of PMN in disease are objectively
exemplified by the clinical observation that patients
with primary defects in PMN function, including neu-
tropenia and genetic PMN immunopathologies (e.g.,
leukocyte adhesion deficiencies, chronic granuloma-
tous disease, Chediak-Higashi syndrome, myeloper-
oxidase deficiency, etc.), exhibit ongoing mucosal
infections.

This chapter focuses on our current understanding
of how PMN interact with vascular endothelial cells
under physiologic and pathophysiologic conditions
(Figure 11.1).

MOLECULAR MECHANISMS OF PMN
ADHESION AND TRANSMIGRATION

PMN migration across the endothelial surface is a
result of an orchestrated series of events, ultimately
resulting in PMN accumulation at sites of tissue injury.
The recruitment signals, the cell-cell interaction steps,
and the regulatory pathways for these events have
been an area of extensive exploration in the past two
decades. A number of recent reviews have addressed
these steps in detail [1-4]. Here, we will summarize
some of the major steps and guide the reader to the
primary literature for more insight into this dynamic
process.

It is now appreciated that adhesion-based inter-
actions involving specific cell adhesion epitopes are
the primary means by which PMNs interact with

endothelial cells. For example, PMN B2 integrins are
required for PMN to migrate across both endothelial
and epithelial surfaces. These integrins, like others, are
heterodimeric glycoproteins that exist in four forms
on the PMN. Each displays a unique a-subunit (CD11a,
b, ¢, or d) and an identical f2-subunit (CD18). These
receptors are best demonstrated in the genetic disorder
leukocyte adhesion deficiency (LAD), in which patients
lack normal expression of the CD18 (3-subunit, and as
a result, show increased susceptibility to infection due
to abnormal leukocyte function [4]. These patients
manifest severe mucosal disease, characterized pri-
marily by severe bacterial infections.

At the level of the vasculature, P-selectin (induced
in acute injury) and E-selectin (upregulated in inflam-
matory conditions) mediate the initial capture and
subsequent rolling of neutrophils along the wall of
postcapillary venules. The selectins bind to special-
ized fucosylated sialoglycoconjugates, including the
tetrasaccharide sialyl Lewis X (sLex), that decorate
selected surface glycoproteins. P-selectin glycopro-
tein ligand-1 (PSGL-1) interacts with all selectins
under physiological inflammatory situations. This
molecule is expressed as a dimer on most leukocytes,
and binding activity of PSGL-1 is conferred by the
N-terminal region. Like the integrins, the importance
of functional selectins is illustrated by the human
genetic disease LAD type II, observed as recurrent
infections as a result of deficiency in selectin ligands
as a result of a mutation in the GDP-fucose trans-
porter gene [4].

Slow rolling on selectins allows neutrophils to sam-
ple chemokines presented at the surface of the endothe-
lium. Chemokines and their receptors provide cell- and
tissue-specific activation signals that selectively regu-
late recruitment. Neutrophils as best characterized to
bind to interleukin-8 (CXCL8) through their surface
receptors CXCR1/2. Other leukocytes utilize a differ-
ent chemokine repertoire. T cells, for example, use
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Figure 11.1. Graphical overview of this chapter, highlighting the areas of focus during neutrophil-endothelial

interactions.

CCRT7 for directed migration toward CCL21 and CCL19,
while monocytes respond most avidly to CCL2 through
its receptor CCR2, though they also bind CXCL8. The
relative importance of chemokine signaling is further
substantiated by the genetic disorder LAD type III, a
defect wherein chemokine-triggered integrin activa-
tion on platelets and leukocytes is impaired due to
defective Rapl activation by the guanine nucleotide
exchange factor CalDAG-GEFI [4].

The anatomical location of leukocyte extravasa-
tion within the vasculature has been the topic of much
debate. Electron microscopy analyses and numerous
in vitro studies using human umbilical vein endothe-
lial cells have supported the opinion that leukocytes
emigrate between endothelial cells (i.e., the paracellu-
lar route). The determinants that mediate paracellular
transmigration have been characterized and shown to
involve adhesion molecules expressed and distributed
at intercellular junctions. These molecules include
platelet-endothelial adhesion molecule-1 (PECAM-1),
junctional adhesion molecules (JAMs), and CD99 [5].
Conversely, migration directly through individual
endothelial cells (i.e., the transcellular route) has
been suggested. Electron microscopy of transmigrat-
ing PMNs in vivo have indicated that transcellular
migration occurs in certain physiological settings,
representing the route of emigration for 5%-20% of
transmigrating PMNs. These more recent studies have
supported the possibility that both the transcellular

and paracellular pathways likely coexist. Table 11.1
summarizes the steps and the molecules mediating
leukocyte transmigration across endothelial cells.

BALANCE OF PRO- AND ANTIADHESIVE FORCES

Endothelial cells play a critical role in the regulation
of leukocyte adhesion and trafficking into inflamed or
injured tissues. Alterations in shear patterns and mul-
tiple cytokines and growth factors present at the sites
of inflammation can potentially influence these events
and therefore development and outcome of the inflam-
matory response. Leukocyte adhesion can be limited
by anti-inflammatory counter-regulatory mechanisms
that maintain the integrity and homeostasis of the
vessel wall. Consistently, impaired protective mecha-
nisms (e.g., decreased endothelial NO production or
changes in laminar shear stress) would facilitate leu-
kocyte adhesion even in the presence of low amounts
of proinflammatory stimuli. The endothelium inte-
grates the signals generated by proadhesive and anti-
adhesive forces.

Endothelial cell activation is predominantly medi-
ated through the NF-xB and JNK-AP-1 signaling path-
ways. Unlike physiological laminar shear stress, low or
turbulent blood flow patterns evoke sustained oxida-
tive stress, resulting in activation of NF-xB and redox-
sensitive gene expression. Exposure of endothelial cells
to proinflammatory cytokines, including IL-1, IL-8,
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TABLE 11.1. Leukocyte adhesion cascade

Leukocytes

Endothelial cells

Major role

PSGL-1, E-selectin ligand-1

P-selectin, E-selectin

Capture and rolling

Glycosylated CD44

Sialyl Lewis X

(neutrophils, monocytes, T cells)

L-selectin GlyCam-1

Lymphocyte homing

Selectin signaling

Selectin signaling

Slow rolling

Chemokines — leukocyte activation

Integrin affinity modulation

Migration arrest

LFA-1 ICAM-1
VLA4 VCAM-1
a4fB2 integrin MADCAM-1
outside-in signaling through
LFA-1 and Mac-1: Ser kinases, PI3K, Adhesion strengthening and spreading
VAV1, VAV2, VAV3
Transendothelial cell migration
Mac-1 ICAM-1
Intravascular crawling (neutrophils,
monocytes crawl, seeking preferred
sites of transmigration)
Junctional molecules
LFA-1 JAM-A, JAM-1, ICAM-2 Paracellular route
Mac-1 JAM-C, ICAM-2
PECAM-1 PECAM-1
CD99 CD9%9
Unknown ESAM

Membrane protrusions into endothelial cells

Vesiculo-vacuolar organelles

Transcellular route

ICAM-1 translocation to caveolae

The original three steps are shown in bold: (1) rolling that is mediated by selectins; (2) arrest that is mediated by integrins; and (3) transendothelial
migration. The table summarizes advances that have been made in defining additional steps.

Abbreviations: ICAM-1, intercellular adhesion molecule-1; ICAM-2, intercellular adhesion molecule-2; ESAM, endothelial cell-selective adhe-
sion molecule; JAM, junctional adhesion molecule; LFA-1, lymphocyte function-associated antigen 1; Mac-1, macrophage receptor 1; PECAM-1,
platelet/endothelial cell adhesion molecule 1; PSGL-1, P-selectin glycoprotein ligand 1; PI3K, phosphoinositide 3-kinase; MADCAM1, mucosal
vascular addressin adhesion molecule 1; VCAM-1, vascular cell-adhesion molecule 1; VLA4, very late antigen 4.

interferon-y and tumor necrosis factor (TNF), vaso-
active peptides, neuropeptides, minimally oxidized
low-density lipoprotein, hyperglycemia and advanced
glycosylated end products or smoking enhances pro-
duction of reactive oxygen species (superoxide in par-
ticular), peroxynitrite formation, triggers activation
of JINK, leading to transcription of proinflammatory
genes (Figure 11.2). Altered hemodynamic forces and
proinflammatory signals, such as oxidized lipopro-
teins are likely to act in concert to induce expression of
a proadhesive endothelial cell phenotype as illustrated

by permanent NF-xB activation and VCAM-1 expres-
sion seen in endothelial cells located in atherosclerosis-
prone regions of the aorta of experimental animals.
The antiadhesion, anti-inflammatory mechanisms
in the vascular wall involve antiadhesion external sig-
nals and intracellular mediators. Physiological laminar
shear stress is of particular importance in protect-
ing the endothelium against inflammatory activation.
Endothelial cells are constantly exposed to hemody-
namic forces generated by the pulsatile blood flow,
hydrostatic pressure, cyclic strains, and wall shear
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stress [6]. The antiadhesive and anti-inflammatory
actions of pulsatile unidirectional flow may also
prevail in conditions of activated endothelial cells.
Prolonged exposure of endothelial cells to lami-
nar flow occurs in vivo, results in downregulation
of ICAM-1, VCAM-1, and E-selectin expression and
inhibition of leukocyte adhesion. Molecular mecha-
nisms of antiadhesive actions of laminar shear stress
involve protection against oxidative stress and inhibi-
tion of the NF-kB and JNK-AP-1 signaling pathways
(Figure 11.3). Laminar shear stress evokes expression
of Cu/Zn superoxide dismutase (SOD), thereby effec-
tively reducing superoxide. Laminar shear stress is
known to be the physiological activator/inducer of NO
formation by endothelial NO synthase. Besides its role
in the regulation of vascular tone and permeability,
endogenous NO inhibits MCP-1 and IL-6 release and
cytokine-induced expression of ICAM-1 and VCAM-1
as well as leukocyte rolling and adhesion. These
actions of NO are mediated by scavenging superoxide
and through inhibition of NF-kxB-dependent gene tran-
scription. NO increases transcription, expression, and
nuclear translocation of IkBa, resulting in acceleration
of p50/p65 nuclear deactivation. Laminar shear stress
specifically abrogates cytokine-induced JNK activity
(Figure 11.3).

Anti-inflammatory cytokines that exert antiadhesive
effects include transforming growth factor-p (TGF-f),
interleukin-10 (IL-10), and IL-1 receptor antagonist

(IL-1ra). TGF-p is secreted as an inactive complex with
a latency-associated peptide (LAP). Cytokine activa-
tion of endothelial cells or coculture of endothelial
cells with pericytes or smooth muscle cells results in
the formation of active TGF-B. TGF-p downregulates
cytokine-induced E-selectin, ICAM-1 and VCAM-1
expression, inhibits MCP-1 and IL-8 release, and
attenuates the IL-8-dependent adhesion and trans-
migration of PMNs through the activated endothe-
lial cell monolayer. The TGF-p actions are mediated
through three types of cell-surface receptors coupled
to their downstream effectors, known as Smad pro-
teins. Smad proteins interact with the cAMP response
element-binding protein (CREB)-binding protein
(CBP), thereby blocking the association of CBP with
the p65 subunit of NF-xB that is required for maxi-
mal transcriptional NF-xB activity. IL-10 is a pleiotro-
pic cytokine produced by Th2 lymphocytes, B cells,
monocytes, and macrophages. IL-10 is thought to
act as a negative feedback to inhibit the production
of proinflammatory cytokines, but it can also inhibit
leukocyte-endothelial cell interactions in vivo. IL-10
attenuates leukocyte extravasation through decreas-
ing endothelial expression of P-selectin, E-selectin,
and ICAM-1. Conversely, IL-10-deficient mice exhibit
markedly elevated expression of ICAM-1 and VCAM-1
in the vasculature and increased leukocyte adhesion
in the mesenteric circulation in response to bacte-
rial LPS. The protective effects of IL-10 are mediated
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through the prevention of IxB degradation, suppres-
sion of NF-kB DNA binding activity [7], and desta-
bilization of mRNA of proinflammatory genes with
clustered AU-rich element motifs. IL-1ra is a secreted
protein that binds to the IL-1 receptors without sig-
naling. IL-1ra exhibits vascular protective effects in
vivo and IL-1ra gene polymorphism is associated with
coronary artery disease [8].

Peroxisome  proliferators-activated  receptors
(PPARSs) are transcription factors that regulate gene
expression by forming a heterodimer with the retinoid
receptor RXR that binds to specific DNA sequence ele-
ments termed PPAR-responsive elements. Activation
of PPARa with its natural ligands n-3 fatty acids, or
synthetic ligands, such as the lipid-lowering drugs
fibrates, represses cytokine-stimulated expression
of VCAM-1 and other proinflammatory mediators in
human endothelial cells, resulting in reduced mono-
cyte adhesion. PPARa activators reduce the oxidative
stress and induce expression IkBa, and as a result, may
inhibit NF-kB activation, in addition to direct protein—
protein interactions between PPARa and NF-xB and
AP-1 proteins involved in transrepression.

Endothelial cells may also acquire an autoprotec-
tive phenotype during inflammation by expressing

cytoprotective genes, including the Bcl-2 family mem-
ber A1, A20, as well as heme oxyganase-1 (HO-1). Al
and A20 inhibit adhesion molecule and IL-8 expression
in endothelial cells by suppressing NF-kB activation.
Gene transfer of HO-1 protects against hyperoxia-
induced PMN infiltration and lung injury [9]. HO-1
deficiency in humans is associated with the presence
of severe persistent endothelial damage [10]. Hypoxia
or vascular injury induces upregulation and secretion
of the glycoprotein Del-1 (developmental endothelial
locus-1) that has been implicated in vascular remod-
eling during angiogenesis. Del-1 has recently been
identified as an endogenous inhibitor of inflammatory
cell recruitment. Indeed, endothelial Del-1 deficiency
increased LFA-1-dependent PMN and monocyte adhe-
sion in vitro and in mice, whereas soluble Del-1 inhib-
ited LFA-1-dependent adhesion of PMN to immobilized
ICAM-1 [11].

PMN INFLUENCES ON VASCULAR ENDOTHELIAL
PERMEABILITY

Macromolecule transit across blood vessels has
evolved to be tightly controlled. Relatively low macro-
molecular permeability of blood vessels is essential for



m J.G. Filep and S.P. Colgan

maintenance of a physiologically optimal equilibrium
between intravascular and extravascular compart-
ments. Disturbances of endothelial barrier during dis-
ease states can lead to deleterious loss of fluids and
plasma protein into the extravascular compartment.
Such disturbances in endothelial barrier function are
prominent in disorders such as shock and ischemia-
reperfusion and contribute significantly to organ
dysfunction. The direct relationship between PMN
activation and increased endothelial permeability is
not clear. While PMN accumulation and increased
vascular permeability are often coincidental, PMN
activation can occur with limited or no net changes in
endothelial permeability. Moreover, while PMN deple-
tion has been demonstrated to decrease organ injury
in some models of ischemia and reperfusion, other
models have suggested that PMN can exert protective
influences in other models. Therefore, further infor-
mation regarding PMN-endothelial cell interactions
and their influence on endothelial permeability may
provide a better understanding of the regulation of
endothelial permeability.

Approximately 70 million PMN exit the vascu-
lature per minute. These inflammatory cells move
into underlying tissue by initially passing between
endothelial cells that line the inner surface of blood
vessels. This process, referred to as transendothe-
lial migration (TEM), is particularly prevalent in
inflamed tissues. Understanding the biochemical
details of leukocyte-endothelial cell interactions
is currently an area of concentrated investigation.
Recent studies of genetically modified animals
have suggested that specific molecules may estab-
lish “bottlenecks” to the control of the inflamma-
tory response. For example, detailed studies have
revealed that the process of leukocyte TEM entails
a concerted series of events involving intimate inter-
actions of a series of leukocyte and endothelial gly-
coproteins that include selectins, 2 integrins, and
members of the immunoglobulin supergene family
(e.g., ICAM-1). Moreover, histological studies of TEM
reveal that PMN initially adhere to the endothelium,
move to nearby inter-endothelial junctions via dia-
pedesis, and insert pseudopodia into the interen-
dothelial paracellular space. Successful TEM is
accomplished by temporary PMN self-deformation
with localized widening of the interendothelial
junction. Following TEM, adjacent endothelial cells
appear to “reseal,” leaving no residual interendothe-
lial gaps. These histological studies are consistent
with the observation that leukocyte TEM may result
in little or no change in endothelial permeability to
macromolecules. In the absence of this tight and
dynamic control of endothelial morphology and
permeability, interendothelial gap formation dur-
ing leukocyte TEM could lead to marked increases

in endothelial permeability. However, only limited
information exists regarding the biochemical events
that maintain and dynamically regulate endothelial
permeability in the setting of either PMN activation
or TEM. A number of studies revealed that activated
PMN release soluble factor(s) that support main-
tenance of endothelial permeability during PMN-
endothelial interactions.

The predominant barrier (~90%) to movement of
macromolecules across a blood vessel wall is pre-
sented by the endothelium [12]. Passage of macro-
molecules across a cellular monolayer may occur via
either a paracellular route (i.e., between cells) or a
transcellular route (i.e., through cells). In nonpatho-
logic endothelium, macromolecules such as albumin
(molecular weight ~40 kDa) appear to cross the cell
monolayer by passing between adjacent endothe-
lial cells (i.e., paracellular) although some degree of
transcellular passage may also occur. Endothelial
macromolecular permeability is inversely related
to macromolecule size. Permeability is also depen-
dent on the tissue of origin. For example, endothelial
cells in the cerebral circulation (i.e., blood-brain bar-
rier) demonstrate an exceptionally low permeability.
Endothelial permeability may increase markedly upon
exposure to a variety of inflammatory compounds
(e.g., histamine, thrombin, reactive oxygen species
(ROS), leukotrienes, bacterial endotoxins) or adverse
conditions (e.g., hypoxia, ischemia). Mechanisms
also exist to maintain or balance endothelial perme-
ability during leukocyte TEM. For example, activated
PMN release a number of soluble factors, such as
ATP, AMP, adenosine, and glutamate, which promote
endothelial barrier function.

Endothelial permeability is determined by cytoskel-
etal mechanisms that regulate lateral membrane
intercellular junctions. Tight junctions, also known
as zona occludens, comprise one type of intercellular
junction and include the proteins zona occludens-1
(ZO-1), Z0-2, cingulin, and occludin. Tight junc-
tions form narrow, cell-to-cell contacts with adjacent
cells and comprise the predominant barrier to tran-
sit of macromolecules between adjacent endothelial
cells. Disruption of cytoskeletal microfilaments (for
instance, with cytochalasin B) produces reversible
increases in endothelial permeability. JAMs represent
another family of proteins important in the transit of
PMN across the vascular interface. JAMs immuno-
globulin superfamily (IgSF) proteins expressed at cell
junctions in epithelial and endothelial cells as well
as on the surface of leukocytes, platelets, and eryth-
rocytes. The JAMs (JAM-A, -B, and -C) are variably
expressed in endothelial and epithelial cells and medi-
ate homophilic and heterophilic interactions within
various tissues. Evidence suggests JAM proteins are
important for a variety of cellular processes, ranging



from tight junction permeability, leukocyte transmi-
gration, platelet activation, and angiogenesis.

As alluded to earlier, activated PMN release a num-
ber of soluble factors that promote structural changes
within the endothelium. One of the better understood
pathways is nucleotide metabolism at the endothelial
surface. Activated PMN can release nanomolar quan-
tities of ATP, and it is now accepted that the major
pathway for extracellular hydrolysis of ATP and ADP
is the ecto-nucleoside triphosphate diphosphohydro-
lase (NTPDase), previously identified as ecto-ATPase,
ecto-ATPDase or CD39 [13]. CD39 is expressed on the
vascular endothelium and its role to date has been
to modulate platelet purinoreceptor activity by the
sequential hydrolysis of extracellular ATP or ADP
to AMP. This thromboregulatory potential of CD39
has been recently demonstrated by the generation of
mutant mice with disruption of the CD39 gene, and by
a series of experiments where high levels of ATPDase
expression are attained by adenoviral vectors in the
injured vasculature [13]. Ecto-5-nucleotidase (CD73)
is a membrane bound glycoprotein that functions
to hydrolyze extracellular nucleotides into bioactive
nucleoside intermediates. Surface-localized CD73 con-
verts adenine nucleotides (e.g., AMP) into adenosine,
which in turn, can activate transmembrane adenosine
receptors or can be internalized through dipyridamole-
sensitive carriers. Activation of these pathways has
been shown to enhance endothelial barrier function.
Endothelial cells of many origins express constitutive
CD73. The primary function attributed to endothelial
CD73 has been catabolism of extracellular nucleotides,
although CD73 may also mediate lymphocyte binding
under some circumstances. Taken together, studies
in vitro and in murine models define CD39 and CD73 as
gatekeepers for the metabolic fine tuning of endothe-
lial permeability. Such innate protective pathways
share the common strategy of increasing extracellular
adenosine concentrations and promoting adenosine
signaling at the cell surface.

In addition to factors, which preserve barrier func-
tion during transmigration (e.g., adenosine), PMN also
release factors, which increase endothelial permeabil-
ity. For example, activation of PMN through (2 integ-
rins elicits the release of soluble factor(s) that induce
endothelial cytoskeletal rearrangement, gap formation,
and increased permeability [14]. This PMN-derived
permeabilizing factor was subsequently identified as
HBP (also called azurocidin and CAP37), member of
the serprocidin family of cationic peptides. HBP, but
not other PMN granule proteins (e.g., elastase, cathep-
sin G), was shown to induce Ca2?*-dependent cytoskel-
etal changes in cultured endothelia and to trigger
macromolecular leakage in vivo. Interestingly, HBP
regulation of barrier may not be selective for PMN,
and in fact, endothelial cells themselves are now a
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reported source of HPB. As such, it is possible that the
endothelium may self-regulate permeability through
HBP under some conditions, and that mediators found
within the inflammatory milieu may also increase
endothelial permeability.

OUTSIDE-IN SIGNALING EVENTS IN
PMN-ENDOTHELIAL CELL INTERACTIONS

Outside-in signaling via f§, integrins is required for
PMN adhesion and transmigration across the activated
endothelium as discussed earlier, as well as for other
adhesion-dependent PMN function, including phago-
cytosis of complement-opsonized pathogens, binding
to fibrinogen, immune complexes, and platelets. The
biological importance of B, integrins is highlighted
in patients with a mutation in the f, integrin sub-
unit shared by the LFA-1 and Mac-1 integrins. Thus,
patients with LAD1 exhibit peripheral blood neutro-
philia, increased susceptibility to bacterial infections,
and delayed wound healing [15]. PMN adherence to
Mac-1 ligands also affects the fate of PMNSs.

Mature PMNs are terminally differentiated cells
that have the shortest half-life (~7 hours) among leu-
kocytes and die rapidly via apoptosis. This constitu-
tively expressed cell death program renders PMNs
unresponsive to proinflammatory stimuli and pro-
motes their removal from inflamed areas by scavenger
macrophages with minimal damage to the surround-
ing tissue, thereby facilitating the resolution of inflam-
mation. The fate of PMNs is profoundly influenced by
signals from the inflammatory microenvironment.
Inflammatory mediators, such as lipopolysaccharide,
IL-8 and acute-phase proteins prolong PMN survival
by suppressing apoptosis, whereas proapoptotic stim-
uli, such as TNF or Fas ligand reduce PMN longevity.

PMN transmigration across the endothelium sig-
nals a delay of PMN apoptosis through engagement of
Mac-1 with its endothelial cell ligand ICAM-1. Likewise,
PMN adherence to another Mac-1 ligand fibrinogen
also extends their life span. The delay in apoptosis
is mediated through activation of the Ser-Thr kinase
Akt, and, to a lesser degree, the MAPK-ERK signal-
ing cascade, leading to inhibition of the mitochondrial
pathway of apoptosis.

Although cross-linking Mac-1 alone provides sur-
vival signals, engagement of Mac-1 in the presence of
proapoptotic TNF or Fas ligand accelerates apopto-
sis. Phagocytosis of opsonized bacteria by PMNs also
evokes programmed cell death by a Mac-1-dependent
pathway. This process is referred to as phagocytosis-
induced cell death or PICD [16]. Proapoptotic stimuli
promote NADPH oxidase-stimulated release of ROS,
which leads to activation of SHIP (Src-homology
2 [SH2]-containing inositol 5-phosphatase) that
hydrolyzes products of phosphoinositide 3-kinase
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Figure 11.4. Model of coordinated nucleotide metabolism and nucleoside signaling in inflammation. In areas of
ongoing inflammation, CD39 and CD73, expressed on the surface of endothelial cells, coordinate the metabolism of
ATP to adenosine. Activated PMN provide a readily available extracellular source of ATP that through two enzymatic
steps results in the liberation of adenosine. Adenosine generated in this fashion is available for activation of surface
endothelial adenosine receptors, particularly the A2BR. Activation of A2BR leads to increases in intracellular cyclic
AMP, thereby enhancing endothelial barrier function. As such, this protective mechanism may provide an innate
mechanism to preserve vascular integrity and prevent intravascular fluid loss.

through the Src kinase Lyn. This signaling path-
way would ultimately lead to decreased activation of
the survival factor Akt. This purported mechanism
of apoptosis might be particularly relevant in vivo
under conditions of high PMN accumulation in tis-
sues. Phagocytosis also results in generation of ROS
within the phagolysosomes through NADPH oxidase.
NADPH oxidase-derived ROS contribute to microbi-
cidal activity and are also key intracellular trigger of
PICD. ROS are required for activation of caspase-8, a
signature of receptor-mediated cell death. Caspase-8,
in turn, triggers activation of caspase-3, the main
effector of apoptosis. Activated caspase-3 and -8
overcome Mac-1 ligation-generated survival signals,
eventually favoring cell death. Additional exogenous
stimuli, such as TNF or granulocyte/monocyte colo-
ny-stimulating factor, present at inflammatory sites,
may interfere with phagocytosis-activated intracel-
lular signals to shift the life-death balance of PMNs
to either enhanced apoptosis or prolonged survival
(Figure 11.4).

Upon leukocyte adhesion, ICAM-1 is capable of initiat-
ingoutside-insignalingeventsinendothelial cells. ICAM-1
binding to its ligands 2-integrins or fibrinogen, leads to
activation of Src tyrosine kinases, which in turn results
in phosphorylation of cortactin, an actin-binding protein
that modulates the F-actin cytoskeleton and endothelial
cell locomotion. Following engagement, apical ICAM-1
is recruited to caveola- and F-actin-rich regions close

to endothelial cell-cell borders, and translocates, with
caveolin-1, to the basal plasma membrane. As caveolin-1,
ICAM-1 and F-actin surround the transcellular chan-
nels around transmigrating lymphocytes, leukocyte-
induced ICAM-1 recruitment to caveolae may initiate the
formation of a transcellular passage for lymphocytes to
cross endothelial cells [17].

Signaling pathways initiated by ICAM-1 binding
to PMN LFA-1 or Mac-1 include enhanced ROS pro-
duction and activation of p38 MAPK, activation of the
transcription factors AP-1 and NF-kB, induction of
VCAM-1 gene transcription and increased expression
of VCAM-1 on the cell surface and increased produc-
tion of IL-8 and RANTES. Ligation of constitutive or
induced ICAM-1 increases intracellular glutathione
level, thereby controlling endothelial redox status.
Fibrinogen binding to ICAM-1 activates the survival
signal ERK that has anti-apoptotic actions. This
mechanism may be important in maintaining vascu-
lar integrity during ischemia/reperfusion injury, when
fibrinogen is deposited on ECs.

INFLUENCE OF THE INFLAMMATORY MILIEU
ON PMN-ENDOTHELIAL CELL INTERACTIONS

In intact tissues, endothelial cells lie anatomically
positioned adjacent to and physiologically juxtaposed
to number of cell types, including leukocytes, fibro-
blasts, and smooth muscle cells. Such a setting makes



paracrine cross-talk pathways an important part of
cell-cell communication. Locally generated mediators
can bind to endothelial surface receptors, and medi-
ate both physiologic and pathophysiologic functional
responses.

A somewhat surprising observation in the past
decade has been the finding that inflammatory set-
ting can be quite oxygen deficient (hypoxic). Ongoing
inflammatory responses are characterized by dra-
matic shifts in tissue metabolism. These changes
include lactate accumulation with resultant meta-
bolic acidosis and diminished availability of oxygen
(hypoxia). Such shifts in tissue metabolism result
from profound recruitment of inflammatory cell
types, particularly PMN, which when activated can
consume copious amounts of oxygen in the formation
of oxygen radicals. At the tissue and cellular level,
hypoxia induces an array of genes pivotal to survival
in low oxygen states. As a global regulator of oxy-
gen homeostasis, the aff heterodimeric transcription
factor hypoxia-inducible factor (HIF) facilitates both
oxygen delivery and adaptation to oxygen depriva-
tion. Genes induced by HIF include those necessary
for cell, tissue, and whole animal adaptive responses
to hypoxia. These proteins include enzymes involved
in erythropoiesis, anaerobic metabolism, angio-
genesis, and vasodilatation. More recently, it is
appreciated that a number of inflammatory genes
relevant to PMN-endothelial interactions are also
HIF-regulated. For example, the CD18 chain of the
B2 integrin complex is transcriptionally regulated by
HIF, providing a prime example of how the inflam-
matory milieu might impact local PMN-endothelial
responses.

With regard to paracrine signaling, an area of
intense investigation is lipid mediator generation
and signaling at inflammatory sites. Important in
the regard, both endothelial and nonendothelial cell
populations express enzymes (e.g., lipoxygenases,
cyclooxygenases) capable of utilizing arachidonic acid
substrates to generate bioactive lipid mediators. Such
lipid mediators can signal via autocrine or paracrine
pathways and depending on the tissue, microenviron-
ment can convey a pro- or anti-inflammatory message.
Of particular interest are a group of lipid mediators
termed lipoxins and resolvins. Lipoxins are tetraene
eicosanoids derived from membrane arachidonic acid
through the combined action of 5-lipoxygenase (LO)
and 12-LO or 15-LO (i.e., transcellular biosynthesis).
A number of in vitro and in vivo studies revealed that
lipoxins, and specifically lipoxin A4 (LXA4), function
as an innate “stop signals,” acting to control local
inflammatory processes. At nanomolar concentrations,
LXA4 has been demonstrated to inhibit PMN transmi-
gration across confluent epithelia and endothelia. It is
likely that the action(s) of LXA4 are predominantly on
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leukocytes and involve the activation of protein kinase
C, since LXA4 inhibition required preincubation and
PMN responses were sensitive to the protein kinase C
inhibitor staurosporine. Additional mechanistic stud-
ies have revealed that LXA4 inhibit PMN 2 integrin
(CD11/18) expression, and thus also block Mac-1 out-
side-in signaling. Lipoxins are rapidly (within minutes)
converted to inactive compounds by myeloid cells. For
this reason, stable lipoxin analogs have been synthe-
sized and biochemically and functionally studied in
detail. In vivo, both native LXA, and its metabolically
stable have been demonstrated to block PMN traffick-
ing, to facilitate removal of apoptotic neutrophils by
macrophages, and to serve as potent anti-inflammatory
and proresolution molecules in a number of vascular
injury models.

More recent studies have focused on omega-3 fatty
acid-derived resolvins [18]. Increasing evidence sug-
gests that resolvin E1 (RvE1: 5S,12R,18R-trihydroxy-
eicosapentaenoic acid) contributes to resolution of
inflammation via interactions with the resolvin El
receptor (termed chemR23). RVE] is generated at sites
of inflammation through transcellular biosynthesis
and has been shown to potently inhibit PMN TEM and
to promote PMN clearance from the epithelial cell sur-
face in vitro. In vivo, RvE1 has been documented to
attenuate colonic mucosal inflammation in vivo and
to resolve oral inflammation in a rabbit periodontitis
model.

PMN-ENDOTHELIAL INTERACTION
AS A THERAPEUTIC TARGET

The multistep paradigm of leukocyte recruitment
implies that inhibition of any of these steps, in par-
ticular rolling and firm adhesion, should interrupt the
extravasation process and therefore prevent leukocyte
trafficking into inflamed or injured tissues. Indeed, the
anti-inflammatory effects of glucocorticoids and many
nonsteroidal anti-inflammatory drugs can be attrib-
uted, in part, to inhibition of adhesion molecules on
PMN or endothelial cells [19,20]. More selective thera-
peutic approaches include receptor-ligand blockade,
allosteric inhibitors, inhibitors of inside-out and out-
side-in signaling pathways, and targeting expression
of immunoglobulin superfamily ligands [19,21]. Thus,
inhibition of the rolling and adhesion events using
monoclonal antibodies against selectins and integ-
rins resulted in reduced leukocyte accumulation and
striking protection against tissue injury in a variety
of experimental models, including reperfusion injury,
myocardial infarction, stroke, colitis, asthma, and
rheumatoid arthritis [21]. Despite promising preclini-
cal results, the outcome of clinical trials that followed
in these indications has been disappointingly incon-
sistent. With the exception of some beneficial effects
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in asthma, ulcerative colitis, and psoriasis, treatment
with humanized antiselectin or anti-CD18 antibod-
ies had no overall benefit compared with placebo in
patients with myocardial infarction, stroke, rheuma-
toid arthritis, traumatic shock, or renal transplant
[21]. Considering the redundancy and overlapping
functions of adhesion molecules, the negative results
point toward alternative pathways that might govern
leukocyte recruitment in these disorders. However,
more selective targeting of adhesion molecules (e.g.,
targeting LFA-1 instead of CDI18) or leukocyte sub-
types resulted in positive clinical results. Thus, efa-
luzimab, a humanized antibody against LFA-1 (CD11a)
decreased severity index by >75% in psoriasis [22] and
inhibition of a,-integrin with natalizumab resulted
in significant improvements in the clinical remission
rates in patients with Crohn’s disease or multiple scle-
rosis most likely through preventing lymphocyte infil-
tration [23,24]. Unfortunately, natalizumab therapy
longer than 1 year had severe complications associated
with lack of lymphocyte surveillance. The therapeutic
potential of interfering with cell surface expression of
adhesion molecules using antisense oligonucleotides,
RNA silencing, or small molecule modifiers of intrac-
ellular signaling pathways remains to be investigated
in the clinical setting.

Preclinical data indicate that downregulation
of CD11b/CD18 expression on PMN and inhibition
of PMN transmigration across endothelia and epi-
thelia are among the central events underlying the
anti-inflammatory proresolution actions of LXA4,
aspirin-triggered 15-epi-LXA4, and RvE1 [18]. Thus,
PMN-specific signals, which also include reduced
production of proinflammatory cytokines and attenu-
ation of oxidative and peroxidative stress, would lead
to dampening of inflammation, whereas monocyte/
macrophage-specific signals would promote inflam-
matory resolution by enhancing removal of apoptotic
PMN and production of anti-inflammatory cytokines/
chemokines. Accumulating evidence suggests an
important role for impaired PMN apoptosis or mac-
rophage phagocytosis in modulating the outcome of
inflammation [20,25]. Consistently, induction of PMN
apoptosis with cyclin-dependent kinase inhibitors [26]
or overriding the potent survival signal generated by
the acute-phase protein serum amyloid A with aspirin-
triggered 15-epi-LXA4 [27] would enhance resolution
of inflammation.

CONCLUSIONS

Our current understanding of PMN interactions with
the vascular endothelium has evolved immensely
in the past two decades. New technologies, bet-
ter models, and the identification of human patients
with genetic mutations within these pathways have

provided unprecedented opportunities to define pre-
cise details of how PMN interact with endothelial cells
at the molecular level. In particular, the leukocyte
adhesion cascade has been augmented by several more
steps, and the signaling network linking neutrophil
and endothelial cell responses to activation of adhe-
sion molecules is beginning to emerge. More detailed
signaling studies on leukocytes and endothelial cells
may identify new targets for therapeutic interventions.
Indeed, these studies promise to provide a rational
basis to develop therapies with higher selectivity for
leukocyte subsets for the treatment of inflammatory
diseases.
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PART Ill. CHEMICAL MEDIATORS

Lipid Mediators in Acute Inflammation

and Resolution: Eicosanoids, PAF, Resolvins,

and Protectins

Charles N. Serhan and Jesper Z. Haeggstrom

INTRODUCTION

Autacoids are locally acting substances that are rap-
idly biosynthesized in response to specific stimuli, act
quickly, and are usually deactivated by metabolism.
Eicosanoids are a chemically diverse family of arachi-
donic acid-derived autacoids that have critical roles in
cardiovascular, inflammatory, and reproductive physi-
ology. Pharmacologic interventions in eicosanoid path-
ways — including the nonsteroidal anti-inflammatory
drugs (NSAIDs), COX-2 inhibitors, and leukotriene
inhibitors — are useful in the clinical management
of inflammation, pain, and fever. Given the many
important bioactivities of lipid mediator eicosanoids,
resolvins, and protectins, future research may lead to
the development of new therapeutics for the treatment
of inflammatory conditions, autoimmune diseases,
asthma, glomerulonephritis, cancer, sleep disorders,
and Alzheimer’s disease.

BIOSYNTHESIS OF EICOSANOIDS

Eicosanoids are crucially involved in a number of met-
abolic pathways that have diverse roles in inflamma-
tion and cellular signaling. These pathways center on
reactions involving the metabolism of arachidonic acid
(Figure 12.1). The following considers the biochemical
steps leading to arachidonic acid synthesis, then dis-
cusses the cyclooxygenase (COX), lipoxygenase (LOX),
epoxygenase, and isoprostane pathways of arachidonic
acid metabolism. Arachidonic acid (cis-,cis-,cis-,cis-5,
8,11,14-eicosatetraenoic acid), the common precursor
to eicosanoids, must be synthesized from the essen-
tial fatty acid precursor linoleic acid (cis,cis-9,12-
octadecadienoic acid), which can be obtained only
from dietary sources. In cells, arachidonic acid is
esterified to the sn2 position of the membrane phos-
pholipids predominantly in phosphatidylcholine phos-
phatidylethanolamine, and phosphatidyl inositol.

Arachidonic acid is released from cellular phospho-
lipids by the enzyme phospholipase A, (Figure 12.1),
which hydrolyzes the acyl ester bond. This important
reaction, which represents the first step in the arachi-
donic acid cascade, is the overall rate-determining
step in the generation of eicosanoids produced by most
effector and immune cells.

Membrane-bound and soluble isoforms of phos-
pholipase A, are classified as secretory (sPLA,) and
cytoplasmic (cPLA,), which are differentiated based
on molecular weight, pH sensitivity, regulation and
inhibition characteristics, calcium requirements, and
substrate specificity. The existence of multiple iso-
forms allows for tight control and regulation of the
enzyme in different tissues to achieve selective bio-
logic responses. Phospholipases relevant in inflam-
mation are stimulated by such cytokines as TNF-a,
GM-CSF, and IFN-y, such growth factors as EGF, and
the MAPK-PKC cascade. Glucocorticoids were once
thought to act via the direct inhibition of phospho-
lipase A, activity. More recent findings indicate that
glucocorticoids act by inducing the biosynthesis of
lipocortins, a family of phospholipase A,-regulatory
proteins that comprise Annexin 1, which mediates
part of the anti-inflammatory actions of glucocorti-
coids (see later and Chapter 10).

Cyclooxygenases: Biosynthesis of Prostanoids

The unbound form of intracellular arachidonic acid
(unesterified: not bound to phospholipids) is rapidly
converted in a cell type-specific manner by COX,
LOX, or epoxygenase (cytP450) enzymes that dic-
tate the class of local eicosanoids generated. The
COX pathway leads to the formation of prostaglan-
dins, prostacyclin, and thromboxanes (Figure 12.2);
the LOX pathways lead to leukotrienes and lipoxins;
and the epoxygenase pathways lead to epoxyeicosa-
tetraenoic acids (Figure 12.1). Cyclooxygenases (also
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donic acid. Unesterified arachidonic acid is substrate for the cyclooxygenase, lipoxygenase, and
epoxygenase pathways. The cyclooxygenase pathways produce prostaglandins, prostacyclin, and
thromboxane. The lipoxygenase pathways produce leukotrienes and lipoxins. The epoxygenase
pathway produces epoxyeicosatetraenoic acids (EETs) and nonenzymatic oxidation of arachidonic
acid can produce isoprostanes.
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Figure 12.2. Prostaglandin and thromboxane biosynthesis, and major functions. The biosynthetic pathways from
arachidonic acid to prostaglandins, prostacyclin, and thromboxane are shown. Note that tissue-specific enzyme
expression determines the tissues in which the various PGH, products are produced. NSAIDs and COX-2 inhibitors
are the most important classes of drugs that modulate prostaglandin and TXA, production.

Thromboxane antagonists and PGE, synthase inhibitors are each potential new pharmacologic strategies cur-
rently in development. COX, cyclooxygenase; PG, prostaglandin; TX, thromboxane.

GPCR specific for eicosanoids: denoted DP, PGD, receptor; EP, PGE, receptor; FP, PGF,, receptor; IP, PG, recep-
tor; TP, TXA, receptor. Each of these receptors specifically and stereoselectively signals with its cognate ligand

eicosanoid. NSAID, nonsteroidal antiinflammatory drug.

(A) Prostanoid biosynthesis: cell type specific formation of PGE,, PGF,,, and PGD,.
(B) Prostacyclin and thromboxane biosynthesis in the vessel wall and platelets.

known as prostaglandin H or endoperoxide synthases)
are glycosylated, homodimeric, membrane-bound,
heme-containing enzymes that are virtually ubiqui-
tous in animal cells from invertebrates to humans.
Two COX isoforms, denoted COX-1 and COX-2, are
found in humans. Although COX-1 and COX-2 share
60% sequence homology and near superimposable
three-dimensional structures, the genes are located
on different chromosomes, and the enzymes differ in
cellular, genetic, physiologic, pathologic, and pharma-
cologic profiles (Table 12.1). Each COX catalyzes two
sequential reactions, that is, an oxygen-dependent
cyclization of arachidonic acid into prostaglandin G,
(PGG,) followed by a peroxidase reaction that reduces
PGG, to PGH,.

As a result of differences in cellular localization,
regulatory profile, tissue expression, and substrate

requirement, COX-1 and COX-2 ultimately produce
different sets of eicosanoid products. Constitutively
expressed COX-1 is believed to function in physiologic,
or “housekeeping,” roles such as vascular homeosta-
sis, maintenance of renal and gastrointestinal blood
flow, renal function, intestinal mucosal proliferation,
platelet function, and antithrombogenesis. A number
of “as-needed,” or specialized, functions are attrib-
uted to the inducible COX-2 enzyme, including roles in
inflammation, fever, pain, transduction of pain stim-
uli in the spinal cord, mitogenesis (particularly in the
gastrointestinal epithelium), vascular hemodynamics,
deposition of trabecular bone, ovulation, placentation,
and uterine contractions of labor. The role of constitu-
tive COX-2 expression in areas of the nervous system
as the hippocampus, hypothalamus, and amygdala
remains to be elucidated.
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TABLE 12.1. COX-1 and COX-2

General properties COX-1

COX-2

Expression Constitutive

Inducible
Constitutive in parts of nervous and vascular systems

Tissue location Ubiquitous expression

Inflamed and activated tissues, tumor cells

Subcellular localization  Endoplasmic reticulum

ER and nuclear membrane

Substrate selectivity

Arachidonic acid, eicosapentaenoic acid

Arachidonic acid, y-linolenate, a-linolenate, linoleate,
eicosapentaenoic acid

Role Gastroprotection and renal maintenance Proinflammatory, mitogenic, and growth factors
functions
Inducers Generally not induced LPS, TNF-a, IL-1, IL-2, EGF, IFN-y mRNA rises 20- to

80-fold upon induction in many tissues regulated
within 1-3 hours

Inhibitors NSAIDs low-dose aspirin

Endogenous glucocorticoids, IL-16, IL-4, IL-10, IL-13
NSAIDs, COX-2 inhibitors

Prostanoids: The Prostaglandins

Prostaglandins are a relatively large class of structur-
ally similar compounds that each carries potent and
stereospecific biological actions that are important in
host mechanisms in acute inflammation. The name
derives from their initial identification in the genitouri-
nary system of male sheep. Prostaglandins all share a
chemical structure, called a prostanoid, consisting of
a 20-carbon carboxylic acid containing a cyclopentane
ring and a 15-hydroxyl group, and are divided into
three major subseries — PG,, PG,, and PG,. The sub-
script numeral indicates the number of double bonds
present in each molecule. The PG, series is the most
prevalent because these are direct products of arachi-
donic acid. The PG; series derive from the arachidonic
acid precursor dihomo-y-linolenic acid (DHGLA), an
eicosatrienoic acid, while the PG, series derive from
eicosapentaenoic acid (EPA).

Prostaglandin (PG)H, is central to the COX pathway
(see Figure 12.2) because it is the unstable transient
precursor to PGD,, PGE,, PGF,,, and thromboxane
A, (TxA,), as well as prostacyclin (PGI,). The distri-
bution of these eicosanoids in tissues is determined
by the expression pattern of the different enzymes of
prostaglandin synthesis (i.e., PG synthases) present
in specific cells in the tissues (see Figure 12.2), which
gives rise to a cell type—specific biosynthesis profile of
eicosanoids.

The prostaglandins are important in many physio-
logic processes; most are not directly related to inflam-
mation (highlighted in Table 12.2). Note especially the
important housekeeping functions of PGE,, broadly
referred to as cytoprotective roles, in which organs
such as gastric mucosa, myocardium, and renal paren-
chyma are shielded from the effects of ischemia by
PGE,-mediated vasodilation and regulation of blood

flow. PGE, is also involved in inflammatory cell activa-
tion, and PGE, that is biosynthesized by COX-2 and
PGE, synthase in endothelial cells at the blood-brain
barrier appears to have a role in fever.

Thromboxane and Prostacyclin

Platelets express high levels of the enzyme thrombox-
ane synthase, but do not contain prostacyclin synthase.
TxA, is the chief eicosanoid product of platelets. TxA,
has a half-life of only seconds (~10-20 seconds) before
it is nonenzymatically hydrolyzed to the inactive form
TxB,. TxA,, which signals via a 7-transmembrane
G-protein—coupled G, mechanism, is both a strong
vasoconstrictor and an agonist of platelet adhesion
and aggregation. In contrast, the vascular endothelium
lacks thromboxane synthase but expresses prostacyclin
synthase. PGI, is, therefore, the primary eicosanoid
product of the vascular endothelium. PGI,, which sig-
nals via G, functions as a vasodilator and inhibitor of
platelet aggregation. In other words, PGI, is a physio-
logic antagonist of TxA,. The vasodilatory actions of
PGI,, as with those of PGE,, also confer cytoprotective
properties (Figure 12.2A and 12.2B).

The local TxA, and PGI, levels are critical in the reg-
ulation of systemic blood pressure and thrombogen-
esis. Imbalances can lead to hypertension, ischemia,
thrombosis, coagulopathy, myocardial infarction, and
stroke. In certain populations of the Northern lati-
tudes (including Inuit, Greenlander, Irish, and Danish
populations), the incidence of heart disease, stroke,
and thromboembolic disorders is less than in Western
populations. The diet of these Northern people is
richer in whale and fish oils as compared to Western
diets and, as a result, it contains relatively smaller
amounts of arachidonic acid precursors but relatively
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TABLE 12.2. Prostanoid specific enzymes, receptors, and key immune bioactions

Prostaglandin Synthetic enzyme Tissues expressing Receptor type and Bioactions
synthetic enzyme signaling mechanism
PGD, PGD, isomerase Mast cells Neurons DP1 G, Bronchoconstriction (asthma),
(a) Lipocalin type DP2 resolution
(b) Hematopoietic Sleep control functions
PGE, PGE, isomerase Many tissues, including EP1 G, Potentiation of responses
(a) Cytosolic macrophages and EP2 G, to painful stimuli
(b) Microsomal 1 mast cells EP3 G; Vasodilation
(c) Microsomal 2 EP4 G, Bronchoconstriction
Other Cytoprotective: modulates
gastric mucosal acid
secretion, mucus, and
blood flow
Vasodilation
Bronchoconstriction
Inflammatory cell activation
Pyrexia
Mucus production
PGF,, PGF,, reductase Vascular smooth FP G, Vascular tone
muscle Reproductive physiology
Uterine smooth (abortifacient)
muscle Bronchoconstriction
The prostanoid receptors are G-protein—coupled receptors (see Brink et al. for further details).

larger amounts of EPAs. As a result, the thromboxane—
prostacyclin levels tip toward vasodilation, platelet
inhibition, and antithrombogenesis. These combined
effects and change in balance of TX-PGI represent
one possible explanation for the observation that these
populations have a lower incidence of cardiovascular
diseases and is one rationale for increasing dietary
fish consumption in Western diets.

Lipoxygenase Pathways

The LOX pathways (Figure 12.3A and 12.3B) are a
major route for converting arachidonic acid to bioac-
tive mediators, namely formation of both leukotrienes
and lipoxins. Lipoxygenases are enzymes that catalyze
insertion of molecular oxygen into arachidonic acid
using nonheme iron generating specific hydroperox-
ides. Three lipoxygenases, 5-, 12-, and 15-lipoxygenases
(5-LOX, etc.), are the major LOX found in humans. The
lipoxygenases are named for the position of the inserted
molecular O, in arachidonic acid. The immediate prod-
ucts of LOX reactions are hydroperoxyeicosatetraenoic
acids (HPETEs). HPETEs can be reduced to the cor-
responding hydroxyeicosatetraenoic acids (HETEs) by
enzymes using glutathione peroxidase (GPx). The 5-LOX
produces 5-HPETE, the direct precursor to LTA,, which
in turn is the precursor intermediate for the potent
bioactive leukotrienes (Figure 12.3). Lipoxygenases
are also involved in converting 15-HETE and LTA, to
lipoxins (see later). 5-LOX requires translocation to the
nuclear membrane for activity. The 5-LOX-activating
protein (FLAP) helps 5-LOX translocate to the nuclear

membrane, form an active enzyme complex, and accept
the arachidonic acid substrate.

Leukotriene Biosynthesis

Leukotriene biosynthesis is initiated by the 5-LOX-
mediated conversion of arachidonic acid into 5S-HPETE
and further into leukotriene A, (LTA,). Note that 5-LOX
catalyzes both the steps in leukotriene biosynthesis in
a concerted manner (Figure 12.3). Depending on the
cell type, LTA, is next converted to either LTB, or LTC,.
The enzyme LTA, hydrolase converts LTA, to LTB, in
neutrophils as well as erythrocytes, macrophages, and
monocytes. LTA, conversion to LTC, occurs in mast
cells, eosinophils, basophils, and macrophages by the
addition of a y-glutamylcysteinylglycine tripeptide (glu-
tathione), which may be cleaved by peptidases to gen-
erate LTD, and LTE,. Together, LTC,, LTD,, and LTE,
represent the cysteinyl leukotrienes (Figure 12.3).

LTB,actsviatwo G-protein—-coupled receptors, BLT1
and BLT2. Binding of LTB, to BLT1, which is expressed
on tissues involved in host-defense and inflammation
(leukocytes, thymus, spleen), leads to proinflammatory
sequelae, most importantly neutrophil chemotaxis,
aggregation, and transmigration across epithelium
and endothelium. LTB, upregulates neutrophil lyso-
somal function and free radical production, enhances
cytokine production, and potentiates the actions of
natural killer cells. The role of the second LTB, recep-
tor denoted BLT2 remains unknown.

The cysteinyl leukotrienes (LTC,, LTD,, and LTE,)
bind to CysLT1 receptors to cause vasoconstriction,
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Figure 12.3. Leukotriene biosynthesis and function. The biosynthetic pathways from arachidonic acid to the leukot-
rienes are shown. (A) Leukotriene B, biosynthesis. Zileuton and 5-lipoxygenase-activating protein (FLAP) inhibitors
prevent the conversion of arachidonic acid to 5-HPETE and LTA,; zileuton is used in the chronic management of
asthma. BLTR = BLT1 (and BLT2), LTB, receptor(s).

(B) Cys-Leukotriene C,, D,. Receptors are denoted as CysLTR compromising CysLT1, CysLT2, and GPR17, receptors for
cysteinyl-leukotrienes. Zafirlukast and montelukast are antagonists at CysLT1, a receptor for all cysteinyl leukotrienes;
these drugs are used in the chronic management of asthma.
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bronchospasm, and increased vascular permeabil-
ity. Cysteinyl leukotrienes are responsible for airway
and vascular smooth muscle contraction that occurs
in asthma, allergic, and hypersensitivity processes.
Leukotrienes are powerful lipid mediators that exert
their bioactions already in low nM concentrations,
and together, both arms of the leukotriene pathways,
that is, LTB,, and the cysteinyl leukotrienes, are held
to play key roles in psoriasis, arthritis, and various
inflammatory responses. More recent findings also
place them as local mediators in vascular disease as
well as atherosclerosis.

Lipoxin Biosynthesis

Lipoxins (LOX interaction products) are derived from
arachidonic acid and contain four conjugated double
bonds and three hydroxyl groups. The two main lipox-
ins are LXA, and LXB, (Figure 12.4). The lipoxins

modulate the actions of leukotrienes and cytokines. LX
are important in resolution, serving as agonists and
counter-regulating mediators.

At sites of inflammation, there is typically an inverse
relationship between the amounts of lipoxin and leu-
kotriene present. LXA, receptors are present in the
lung, spleen, and blood vessels, and on neutrophils.
Lipoxins stop neutrophil chemotaxis, adhesion, and
transmigration through endothelium (by decreasing
P-selectin expression), inhibit eosinophil recruitment,
stimulate vasodilation (by inducing synthesis of PGI,
and PGE,), inhibit LTC,-and LTD,-stimulated vasocon-
striction, inhibit LTB, inflammatory effects, and inhibit
the function of NK cells. Lipoxins are potent (active
at similar concentrations as leukotrienes) agonists of
resolution mechanisms, which include stimulating
the uptake and clearance of apoptotic neutrophils by
macrophages. Lipoxin production may, therefore, be
important in the resolution of inflammation, and an
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Figure 12.4. Lipoxin biosynthesis. Two main routes lead to biosynthesis of the lipoxins. In each pathway, sequential lipoxygenase
reactions are required, followed by hydrolysis. The immediate precursor of the lipoxins is epoxytetraene; hydrolysis of epoxytetra-
ene yields the lipoxins. Left pathway: Arachidonic acid is converted to 15-HETE by sequential activity of 15-LOX and peroxidase.
15-HETE is converted by 5-LOX to the chemical intermediate 5-hydroperoxy, 15-hydroxyeicosatetraenoic acid, and 5-LOX acts
on this intermediate to form epoxytetraene. LTA, route: Arachidonic acid is converted to 5-HPETE by 5-LOX, and 5-HPETE is con-
verted to LTA, by further action of 5-LOX. LTA, is converted to epoxytetraene by 15-LOX (see text for further details).
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imbalance in lipoxin-leukotriene homeostasis may
be a key factor in the pathogenesis of inflammatory
disease.

Epoxygenase Products

Microsomal cytochrome P450 epoxygenases are
able to oxygenate arachidonic acid, resulting in the
formation of epoxyeicosatetraenoic acid (EET) and
hydroxyacid derivatives (Figure 12.1). These are major
pathways in tissues that do not express COX or LOX,
for example, certain cells of the kidney. The epoxy-
genation of arachidonic acid results in four different
EETs, depending on which double bond in arachi-
donic acid is modified. Dihydroxy derivatives of EETs,
formed by hydrolysis, may have roles in the regulation
of smooth muscle cells and vascular tone by inhibit-
ing the Na*/K*-ATPase, as well as in renal function by
regulating ion absorption and secretion. With respect
to inflammation, dihydroxy EETs inhibit platelet COX
and expression of intercellular adhesion molecules
(ICAMs). Downregulation of ICAMs inhibits plate-
let and inflammatory cell aggregation. Thus, specific
EETs (i.e., 11,12-EET at micromolar levels) may play
a role in regulating inflammation at certain sites and
within select tissues. Future research may reveal more
definitive functions for EETs in inflammatory cells
and immune system.

Isoprostanes: Markers of Oxidative Stress

Phospholipid-esterified arachidonic acid is susceptible
to free-radical-mediated peroxidation; cleavage of
these modified lipids from the phospholipid by phos-
pholipase A, gives rise to the isoprostanes (Figure 12.1).
During oxidative stress, isoprostanes are found in the
blood at levels much higher than those of COX prod-
ucts. Two isoprostanes in particular, 8-epi-PGF,a and
8-epi-PGE,, are potent vasoconstrictors. Isoprostanes
may function in activating NF-xB, phospholipase Cy,
protein kinase C, and calcium flux. Because the for-
mation of isoprostanes depends on cellular oxidation
conditions, isoprostane levels may be indicative of oxi-
dative stress and a wide range of pathologies. Urinary
isoprostane levels are used as a marker of oxidative
stress in ischemic syndromes, reperfusion injury, ath-
erosclerosis, and hepatic diseases. Isoprostanes are not,
however, known to have direct roles in host defense.

Metabolic Inactivation of Eicosanoids

Following their local actions, the prostaglandins, leu-
kotrienes, thromboxanes, and lipoxins are inactivated
locally by hydroxylation, B-oxidation (resulting in a
loss of two carbons), or w-oxidation (to dicarboxylic
acid derivatives). These degradation processes render

TABLE 12.3. Pathophysiology: human diseases with

dysregulated eicosanoids

Asthma Atherosclerosis

Inflammatory bowel disease Cardiovascular diseases

Arthritis Skin disorders

Glomerulonephritis Reperfusion organ injury

Alzheimer's disease Periodontal disease

Cancer

the molecules more hydrophilic and, therefore, excre-
table in the urine.

Pathophysiology

The immune response and subsequent inflamma-
tion are the body’s mechanisms for combating for-
eign invaders. This overall response is designed to
remove the inciting stimulus and resolve tissue dam-
age. In some cases, the response mechanism itself
causes local tissue damage, such as when activated
neutrophils inadvertently release proteases and
reactive oxygen species (ROS) to the local milieu. In
other settings, if the inflammatory reactions persist
for too long, each counter-regulation, or the immune
system misidentifies a part of self as foreign; these
abnormal, misdirected immune responses can cause
significant and chronic tissue injury. Eicosanoids
are implicated in selected inflammatory diseases,
including asthma, inflammatory bowel disease,
rheumatoid arthritis, atherosclerosis, and glomeru-
lonephritis (see Table 12.3).

MODULATORS AND INHIBITORS

Given the extensive and diverse roles of the many
eicosanoids, the complexity of the pathways offers a
variety of targets for controlling inflammation and
aberrant immune responses. Strategies considered
include altering the expression of key enzymes, com-
petitively and noncompetitively inhibiting the activity
of specific enzymes (i.e., PGE, synthases), activating
receptors with exogenous receptor agonists, and pre-
venting receptor activation with exogenous receptor
antagonists. As with all other approaches, the thera-
peutic benefits must be weighed against the potential
unwanted side effects.

Phospholipase Inhibitors: Inhibition of phos-
pholipase A, prevents the generation of arachidonic
acid, the rate-limiting step in eicosanoid biosynthe-
sis. In the absence of proinflammatory mediators
derived from arachidonic acid, inflammation is lim-
ited. Glucocorticoids (also known as corticosteroids,
of which prednisone is a member) are a mainstay of
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therapy in a multitude of autoimmune and inflam-
matory diseases. Glucocorticoids induce a family of
secreted calcium- and phospholipid-dependent pro-
teins called lipocortins. Lipocortin interferes with the
action of phospholipase A,, and thus limits the release
of arachidonic acid. Annexins, such as Annexin 1- and
Annexin 1-derived peptides, are also induced by glu-
cocorticoids that, in turn, act at GPCR on leukocytes
to block proinflammatory responses and enhance
endogenous anti-inflammatory mechanisms including
activation of the lipoxin A, receptor. Small molecule
inhibitors of specific phospholipases are in develop-
ment; they may offer the potential for reducing some
adverse effects associated with glucocorticoid use.

Cyclooxygenase Inhibitors: A number of COX
pathway inhibitors are currently in wide use. These
are some of the most frequently prescribed over-the-
counter drugs. NSAIDs are important because of their
combined anti-inflammatory, antipyretic, and analge-
sic properties. The ultimate goal of most NSAID thera-
pies is to inhibit COX generation of proinflammatory
eicosanoids and to limit the extent of inflammation,
fever, and pain. The drugs’ antipyretic activity is likely
related to their decreasing the levels of PGE,, particu-
larly in the region of the brain surrounding the hypo-
thalamus. Despite the benefits of current NSAIDs,
these drugs only suppress the signs of the underlying
inflammatory response.

A multitude of NSAIDs have been developed over
the past century. All NSAIDs, except aspirin, act as
reversible, competitive inhibitors of COX. Generally,
these drugs block the hydrophobic channel in COX in
which the substrate arachidonic acid binds, thereby
preventing access of arachidonic acid to the active
site of the enzyme. Traditional NSAIDs inhibit both
COX-1 and COX-2 to different degrees. Because of
inhibition of COX-1, long-term NSAID therapy has
many deleterious effects. The cytoprotective roles
of the COX-1 eicosanoid products are eliminated,
leading to a spectrum of NSAID-induced gastropa-
thy including dyspepsia, gastrotoxicity, subepithelial
damage and hemorrhage, gastric mucosal erosion,
frank wulceration, and gastric mucosal necrosis.
Regulation of blood flow to the kidney is likewise
perturbed, potentially causing renal failure.

Aspirin is the first and the oldest of the NSAIDs and
is widely used to treat mild to moderate pain, head-
ache, myalgia, and arthralgia (see Figure 12.5). In con-
trast to other NSAIDs, aspirin acts in an irreversible
manner by acetylating the active site serine residue in
both COX-1 and COX-2. Acetylation of COX-1 destroys
the enzyme’s COX activity and thereby prevents the
formation of COX-1-derived prostaglandins, throm-
boxanes, and prostacyclin.

Daily low-dose aspirin is used as an antithrombotic
agent for prophylaxis and postevent management of

myocardial infarction and stroke. Recall that aspirin
is antithrombotic because of its irreversible inhibition
of COX that prevents platelets from biosynthesizing
TxA,. Within an hour of oral aspirin administration,
the COX-1 activity in existing platelets is irreversibly
destroyed (vide supra). The importance of this lies in
the fact that platelets circulate in the bloodstream for
~10 days but cannot synthesize new protein. Therefore,
irreversibly acetylated COX-1 is not replaced by freshly
synthesized proteins. These platelets are irreversibly
inhibited for their lifetime. Although aspirin also irre-
versibly inhibits vascular endothelial cell COX-1, the
endothelial cells can synthesize new COX-1 protein,
as well as possess constitutively expressed COX-2, and
thus can rapidly resume synthesis of PGI,. A single
administration of aspirin decreases the amount of
thromboxane that can be generated for several days,
shifting the vascular local TxA,~-PGI, levels toward
PGI,-mediated vasodilation, platelet inhibition, and
antithrombogenesis.

Aspirin-mediated inhibition of COX-2 prevents the
generation of prostaglandins. Unlike COX-1 which is
totally inactivated, aspirin-modified COX-2 retains
a part of its catalytic activity that forms a new prod-
uct, 15R-HETE, from arachidonic acid. By analogy to
lipoxin biosynthesis (Figure 12.4), 5-LOX then converts
15R-HETE to 15-epi-lipoxins, which are stable epim-
ers (carbon 15 position epimers) of native lipoxins.
These epimers are collectively called aspirin-triggered
lipoxins (ATLs). 15-Epi-lipoxins mimic the functions of
lipoxins as anti-inflammatory and proresolving media-
tors. 15-Epi-lipoxins or 15R-epi-lipoxins may represent
an endogenous mechanism of anti-inflammation, and
their production is believed to mediate at least part of
the anti-inflammatory effects of aspirin. Development
of 15-epi-lipoxin analogues could lead to new anti-
inflammatory drugs that do not have the unwanted
side effects associated with COX-1 inhibition. There
are several additional classes of NSAIDs that include
ibuprofen, naproxen, ketoprofen, and flurbiprofen.
The acetic acid NSAIDs include indole acetic acids —
indomethacin, sulindac, and etodolac — and the phe-
nylacetic acids diclofenac and ketorolac (a substituted
phenylacetic acid derivative).

Acetaminophen, although sometimes classified
along with NSAIDs, is by definition not an NSAID.
Although acetaminophen has analgesic and antipyretic
effects similar to aspirin, the anti-inflammatory effect
of acetaminophen is insignificant because of its weak
inhibition of cyclooxygenases. Acetaminophen ther-
apy can, however, be valuable in patients, for exam-
ple children, who are sensitive to the side effects of
aspirin. The key side effect of acetaminophen is hepa-
totoxicity. Modification of acetaminophen by hepatic
cytochrome P450 enzymes produces a highly reac-
tive molecule that is detoxified by conjugation with
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Figure 12.5. Aspirin mechanism of action. (A) Aspirin mechanism with COX-1: inhibition of prostanoid intermediates.
(B) Aspirin and the biosynthesis of the aspirin-triggered Lipoxins (ATL) via COX-2.
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glutathione. An overdose of acetaminophen can over-
whelm glutathione stores. This can lead to cellular
and oxidative damage and, in some settings, to acute
hepatic necrosis.

The anti-inflammatory, analgesic, and antipyretic
effects of the NSAIDs do vary somewhat among the
many drugs in this group. Hence, successful NSAID
therapy is still considered more of an art than a sci-
ence for each patient, and therapy should be directed
toward achieving the desired anti-inflammatory,
analgesic, and antipyretic effects while minimizing
the unwanted side effects from relative inhibition of
COX-1 and COX-2.

COX-2 Selective Inhibitors: COX-2 was identified
in the early 1990s, and intense research swiftly led to
the development of COX-2 selective inhibitors for clin-
ical use. Compared with COX-1, COX-2 has a larger
hydrophobic channel through which substrate enters
the active site. Subtle structural differences between
COX-2 and COX-1 topography allowed development
of drugs that act preferentially on COX-2 rather than
COX-1. The COX-2 selective inhibitors including cele-
coxib, rofecoxib, valdecoxib, and meloxicam are sul-
fonic acid derivatives that display 100-fold selectivity
for COX-2 compared to COX-l. The relative inhibition
of the two COX isozymes by these drugs in any given
tissue is also a function of drug metabolism, pharma-
cokinetics, and possibly enzyme polymorphisms. The
COX-2 selective inhibitors have similar anti-inflamma-
tory, antipyretic, and analgesic properties as the tradi-
tional NSAIDs, but they do not share the antiplatelet
actions of the COX-1 inhibitors.

Currently, it is not clear if they are less safe
than other NSAIDs, and only celecoxib remains
an approved drug. The long-term safety profiles of
COX-2 inhibitors are in question. There is concern
that COX-2 inhibitors - in particular, rofecoxib, a
widely marketed COX-2 inhibitor — have deleterious
effects on the cardiovascular and renal systems by
inducing hypertension, renal failure, and cardiac
failure. Prolonged inhibition of vascular COX-2
within endothelial cells reducing PGI, formation may
account for the increased thrombogenesis uncovered
in clinical trials. In addition, inhibition of COX-2 may
generate potential problems in resolution, wound
healing, and angiogenesis. Also, COX-2 selective
inhibitors are much more expensive than equivalent
doses of many NSAIDs, especially aspirin.

Lipoxygenase 5-LOX Inhibitors: Selective inhi-
bition of the 5-LOX has the potential to represent a
major therapeutic modality in diseases involving
leukotriene-mediated  pathophysiology, including
asthma, inflammatory bowel disease, and possibly
atherosclerosis and rheumatoid arthritis. Drugs that
impair or alter the ability of LOX to utilize its non-
heme iron properly would be expected to inhibit the

activity of the enzyme. The only iron chelator drug
in clinical use is zileuton, a benzothiophene deriva-
tive of N-hydroxyurea that inhibits 5-LOX. In asthma,
zileuton induces bronchodilation, improves symptoms,
and generates long-lasting improvement in pulmonary
function tests. Interfering with the role of FLAP could
represent an approach to the selective inhibition of
5-LOX activity and leukotriene function. Recall that
5-LOX is activated after the enzyme localizes to the
nuclear membrane and docks with FLAP; FLAP also
binds arachidonic acid released by phospholipase A,
and shuttles it to the 5-LOX active site. FLAP inhibi-
tors that both prevent and reverse LOX binding to
FLAP are in clinical development.
CysLT Receptor Antagonists:
receptor antagonism represents the receptor-based
mechanism for inhibiting leukotriene-mediated bron-
choconstriction and smooth muscle actions. Cysteinyl
leukotriene receptor (CysLT1) antagonists are effective
against antigen-, exercise-, cold-, and aspirin-induced
asthma. These agents significantly improve bronchial
tone, pulmonary function tests, and asthma symp-
toms. Montelukast and zafirlukast are the currently
available cysteinyl leukotriene receptor antagonists;
the main clinical application is in asthma treatment.

Leukotriene

Crystal Structures in the Eicosanoid
Cascade - Basis for Rational Drug Design

Over the past decade, crystal structures have been
determined for several important enzymes in the eico-
sanoid cascade. In many instances, these structures
have been used to perform rational, structure-based
drug design, a process in which lead compounds are
developed and optimized through repeated cycles of
structure determinations of enzyme-inhibitor com-
plexes and chemical refinement.

Starting from the top of the cascade where arachi-
donic acid is released from membrane phospholip-
ids by the high-molecular weight cPLA2, a “master”
enzyme which funnels substrate to both the COX and
LOX pathways. The structure of cPLA2 has been solved
and revealed an N-terminal calcium-dependent lipid-
binding/C2 domain and a catalytic unit with a Ser-Asp
dyad. Interestingly, there is a lid that must move to
allow substrate access to the active site, explaining the
interfacial activation of the enzyme.

As mentioned, crystal structures of the membrane
associated COX-1 and COX-2 are available and have
been instrumental for development of the second gen-
eration COX-2 inhibitors that exploit the small struc-
tural differences of a side pocket in the two isoenzymes.
In addition, several downstream prostaglandin syn-
thases have been structurally characterized, including
PGD, PGI, and PGF synthases, as well as cytosolic and
microsomal PGE synthase type 2.
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Figure 12.6. Overall structure of LTA, hydrolase. The N-terminal, catalytic, and
C-terminal domains are colored in blue, green, and red, respectively. The active site is
indicated as a gray volume in the central parts of the protein. Figure created by Fredrik

Tholander.

To date, only a single mammalian LOX has been
structurally characterized, viz. rabbit 15-LOX. This
enzyme has an N-terminal B-barrel domain resem-
bling the C-terminal domain of certain lipases, and a
catalytic domain with an active site pocket starting at
the protein surface that puts the fatty acid substrate in
an optimal position relative to the catalytic iron. This
structure has been used to create model structures
of 5-LOX. However, the inherent limitations of these
models preclude their use in rational drug design.

Continuing along the 5-LOX/leukotriene pathway,
the soluble, 70 kDa, LTA, hydrolase has also been crys-
tallized. The protein is folded into three domains and
the L-shaped active site goes all the way from the sur-
face deep into the protein (Figure 12.6). The structure
reveals the molecular background of the enzyme’s abil-
ity to convert LTA, into LTB, and also to cleave peptide
bonds. Moreover, the 3-D structure offers a chemical
terrain that is almost ideal for structure-based drug
design.

The other branch of the leukotriene pathway lead-
ing to the cysteinyl-leukotrienes is governed by LTC,
synthase, an integral membrane protein. This enzyme
is a member of a larger protein family denoted
MAPEG, which also includes FLAP (five-lipoxygenase
activating protein) and mPGES-1 (microsomal PGE
synthase type 1), believed to synthesize proinflamma-
tory PGE,. Recently, high-resolution crystal structures
of LTC, synthase were presented revealing a trimeric
enzyme, with a GSH binding site composed of resi-
dues from two neighboring monomers and a hydro-
phobic, superficial cleft, presumably accommodating
the substrate LTA, (Figure 12.7). These structures will
certainly enable the molecular characterization of the

catalytic machineries as well as the design of potent
and specific inhibitors of LTC, synthase, a hitherto
unexploited drug target. Furthermore, crystal struc-
tures of FLAP with bound inhibitors have been pre-
sented, demonstrating the protein sites at which this
class of antileukotrienes interact. Also, another 5-LOX
supporting protein, the 16kDa CLP (coactosin-like
protein), was structurally determined by both NMR
and crystallography. The next step in the structure
biology of the eicosanoid cascade will be the structure
determinations of eicosanoid receptors, a huge chal-
lenge that requires enormous human and financial
efforts. If successful, it will certainly have a profound
impact on drug development.

PLATELET-ACTIVATING FACTOR

Biosynthesis and Actions

In the early 1970s, the name platelet-activating fac-
tor (PAF) was coined to describe a bioactivity or sub-
stance(s) that, when released from basophils during
IgE-induced anaphylaxis, activated platelets. This
bioactive substance was subsequently isolated and its
structure elucidated as a group of molecules charac-
terized by the structure 1-O-alkyl-2-acyl-sn-glycero-3-
phosphocholine (Figure 12.8). Individual molecules
of PAF differ only within the number of carbons
in the alkyl group. Like the eicosanoids, PAFs are
derived from membrane phospholipids by phospho-
lipase A,. Upon cellular activation, phospholipase A,
also affects the deacylation of 1-O-alkyl-2-acyl-glycero-
3-phosphocholine yielding lyso-PAF plus unester-
ifed fatty acid. Lyso-PAF can then be acetylated by
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Figure 12.7. Structure of the integral membrane protein LTC, synthase. Transmembrane
a-helices are shown as dark blue cylinders. The architecture of the lipid bilayer is com-
puter designed. Figure created by Fredrik Tholander.
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Figure 12.8. Biosynthesis of PAF and its major actions.

acetyl-coenzyme A (acetyl-CoA) transferase to give by activated inflammatory cells is often accompanied
PAF. As much as 40% of the fatty acid released from the by the generation of eicosanoids.
sn-2 position during PAF biosynthesis by human neu-

A number of different cell types generate PAF,
trophils is arachidonic acid. Hence, PAF biosynthesis

including leukocytes (neutrophils, basophils, and
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eosinophils), macrophages, and mast cells, as well as
platelets. Of interest, PAF biosynthesis can also occur
in some noninflammatory and resident cells, such as
endothelial and epithelial cells, suggesting that PAF
may serve a physiologic function in addition to its role
as a mediator of inflammation. A wide range of stimuli
can activate PAF biosynthesis. For example, PAF bio-
synthesis by neutrophils is stimulated by phagocytosis
of serum-treated zymosan, C5a fraction of comple-
ment and formyl-methionyl-leucyl-phenylalanine (a
synthetic peptide that mimics the action of the formy-
lated peptides contained in bacterial cell walls), as
well as the divalent cation ionophore A23187. These
stimuli increase the levels of intracellular calcium and
lead to activation of phospholipase A,. The stimuli for
PAF biosynthesis are cell-type specific. For example,
thrombin, angiotensin II, and vasopressin do not trig-
ger the generation of PAF in inflammatory cells, but
stimulate PAF formation in vascular endothelial cells.

PAF Actions in vitro and in vivo: As a mediator,
PAF is implicated in the pathogenesis of both acute
inflammation and hypersensitivity disorders. PAF
is also likely to be an important mediator in several
other conditions, including endotoxic shock, vascu-
litis, and arterial thrombosis. As the name indicates
PAF is a potent activator of platelets (activation and
aggregation) and of human neutrophils. PAF stimu-
lates neutrophil adhesion, lysosomal enzyme release,
the generation of ROS and eicosanoids. PAF causes
rapid margination of neutrophils onto endothelial cell
walls in vivo, and promotes neutrophil migration to
the extracellular space. PAF may also be a regulator
of lymphocyte function, either directly or via indirect
routes that can involve the generation of specific eico-
sanoids, for example, prostaglandins and leukotrienes.
PAF has been shown to inhibit lymphocyte prolifera-
tion in response to various mitogens. In turn, lympho-
cytes can generate PAF upon stimulation, particularly
by agonists that increase intracellular calcium.

Local administration of PAF by intradermal injec-
tion in laboratory animals or human subjects is asso-
ciated with neutrophil margination and intravascular
thrombosis. There is an associated increase in vascular
permeability, edema, and in hyperalgesia. Hence, PAF
causes many of the cardinal features of inflammation.

Intravenous injection of PAF has profound effects
on bronchial smooth muscle tone and the cardiovas-
cular function of laboratory animals. Intravenous
PAF causes a syndrome that is very similar to that of
acute anaphylaxis (i.e., severe acute hypersensitivity
reaction). PAF induces contraction of bronchial and
vascular smooth muscle, including coronary artery
smooth muscle. In addition, there is a marked increase
in vascular permeability and exudation of plasma
into the extravascular space, including the lungs
(pulmonary edema). As a result, the animals develop

respiratory insufficiency, decreased cardiac output,
and hypotension.

Integrated Inflammation Schema:
Lipid Mediators in Resolution

As described earlier, eicosanoids are generated locally
in numerous complex reactions. It is not necessary to
remember every mediator, but rather to understand the
general scheme of these synthetic pathways. This sec-
tion, along with Table 12.4, provides a concise overview
of the functions of eicosanoids relevant to host defense,
inflammation, and resolution of inflammation.

Acute inflammation is the result of an intricate net-
work of molecular and cellular interactions induced
by responses to a variety of stimuli, such as trauma,
ischemia, infectious agents, or antibody reactions.
Acute superficial inflammation generates local pain,
edema, erythema, and heat; inflammation in visceral
organs can have similar symptoms and result in severe
impairment of organ function.

Leukotrienes and lipoxins, as well as thrombox-
anes, prostaglandins, and prostacyclins, are critical
for generating, maintaining, and mediating inflam-
matory responses. The inflammatory cascade is initi-
ated when cells in a particular region are exposed to a
foreign substance or are damaged. That insult stimu-
lates a local cytokine cascade (including interleukins
or TNF) that raises the expression of COX-2 mRNA
and enzyme levels. COX-2 then facilitates production
of the proinflammatory and vasoactive eicosanoids
(see additional illustrations in Chapter 2).

TABLE 12.4. Roles of lipid mediators in the steps

of inflammation

Action Lipid mediators involved

Vasoconstriction PGF,a, TxA,, LTC,, LTD,, LTE,

Vasodilation (erythema)  PGl,, PGE,, PGE,, PGD,, LXA,,

LXB,, LTB,

Edema (swelling) PGE,, LTB,, LTC,, LTD,, LTE,

Chemotaxis, leukocyte
adhesion

LTB,, HETE, LXA,, LXB,

Increased vascular
permeability

LTC,, LTD,, LTE,

Pain and hyperalgesia PGE,, PGl,, LTB,

Local heat and
systemic fever

PGE,, PGl,, LXA,

Eicosanoid class
switching

PGE,, PGD,

Stimulate resolution Lipoxins, resolvins, and protec-
tins (see Table 12.6 for specific

steps and actions in resolution)
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Locally high concentrations of PGE,, LTB,, and
cysteinyl leukotrienes promote the accumulation and
infiltration of inflammatory cells by increasing blood
flow and vascular permeability. LTB, and 5-HETE are
also important in attracting and activating neutrophils.
LTB,, formed by activated neutrophils at the site of
inflammation, recruits, and activates additional neu-
trophils and lymphocytes so that these cells adhere to
endothelial surfaces and transmigrate into the intersti-
tial spaces. Increased vascular permeability also results
in fluid leakage and cellular infiltration, causing edema.

The aggregation of a multitude of inflammatory
cells initiates the cell-cell interactions (as in pus or
exudates) that foster transcellular biosynthetic routes
that are exploited to generate eicosanoids (Figure 12.9).
In transcellular biosynthesis, eicosanoid intermediates
are donated from one cell type to another to generate a
greater diversity of eicosanoids. This demonstrates the
importance of cellular adhesion and cell-cell inter-
action in inflammatory and immune responses. The
body tries to ensure that the inflammatory response
cannot proceed unchecked.

Lipoxins help resolve inflammation and promote
the return of the tissue to homeostasis. COX-2-derived

Transcellular LM biosynthesis
Cell—cell interactions

LTB,
I LTA,
hydrolase

Chemotactic

peptides Neutrophils

eicosanoids may also function in wound healing and
resolution. Hence, the temporal sequence of events is
important in an organized inflammatory response (see
Chapter 10). PGE, inhibits the functions of B and T lym-
phocytes and NK cells, while LTB, and the cysteinyl leu-
kotrienes regulate T lymphocyte proliferation. PGE, and
PGI, are potent sensitizers in pain and turn on lipoxin
production that in turn reduces nociception. These many
local factors can coordinate mediating and regulating
the transition from acute to chronic inflammation ver-
sus the temporal events to resolution and homeostasis.
Lipoxins and ATLs offer the potential to counter-
regulate/antagonize the inflammatory actions of leu-
kotrienes and other inflammatory mediators, and
as agonists to promote resolution of inflammation.
Analogs of these compounds represent new approaches
to treatment because they are agonists of endogenous
anti-inflammation and proresolving mechanisms
rather than direct inhibitors of biochemical pathways
or receptor antagonists. Because lipoxins are endog-
enous regulators, they are expected to have selective
actions with few adverse effects. Stable analogues of
lipoxins and ATLs are currently being developed, and
second-generation LX stable analogues have shown

LXA,

LXB,

LTC,

Platelets

Figure 12.9. Transcellular biosynthesis is used to locally generate lipoxins and cysteinyl
leukotrienes. In this example, the leukocyte (neutrophil) obtains arachidonic acid (AA)
internally via activation of cPLA, and also externally from platelets, and uses this AA to bio-
synthesize LTA, and LTB,. LTA, is transferred from the leukocyte to platelets and endothe-
lial cells, which synthesize and secrete LTC,. Platelets also biosynthesize lipoxins (LXA,,
LXB,) from LTA,. Note that the eicosanoids biosynthesized within each cell type are deter-
mined by the enzymatic repertoire of that cell type: for example, neutrophils biosynthesize
primarily LTA, and LTB, because they express 5-LOX and LTA, hydrolase, whereas platelets
biosynthesize LTC, and lipoxins because they express LTC, synthase and 12-LOX.
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efficacy in enhancing the resolution of recurring bouts
of acute inflammation in skin inflammation and gas-
trointestinal inflammation models. This new approach
to the treatment of inflammation remains to be estab-
lished in human trials.

SPECIALIZED LIPID MEDIATORS IN RESOLUTION

Resolvins and Protectins: New Families
of Mediators in Resolution

The literature reports that essential omega-3 PUFAs
given in high doses (milligrams to grams daily) have
beneficial actions in many inflammatory diseases, can-
cer, and human health in general. The molecular basis
of omega-3 fatty acid action in inflammation was not
established until recently. To identify potential mecha-
nisms that are actively involved in resolution of inflam-
mation, a systems approach was taken using a new
lipid mediator lipidomics and informatics approach,
with liquid chromatography-ultraviolet-tandem mass
spectrometry-based analyses, to map and profile the
appearance and/or loss of mediators in resolving inflam-
matory exudates. When novel bioactive compounds
were encountered, their structures were elucidated and
their bioactivity and role(s) confirmed in vivo. These
studies uncovered two new families of bioactive media-
tors, termed resolvins and protectins that are biosyn-
thesized from omega-3 essential PUFAs.

Resolvins: The first resolvin was identified in
exudates collected from inflamed murine dorsal air
pouches in the spontaneous resolution phase and so-
named because it proved to be a potent regulator of
resolution. Resolvins are derived from EPA and DHA

Eicosapentanoic acid

C205 OH
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N
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C22:6
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with two chemically unique structural forms, the
E-series and D-series of resolvins, respectively. E-series
member resolvin E1 reduces inflammation in vivo and
blocks human neutrophil transendothelial migration.
Resolvin El1 can be produced in vitro, recapitulating
events in vivo, by treating human vascular endothe-
lial cells in a hypoxic environment with aspirin. These
cells convert EPA to 18R-hydroperoxyeicosapentaenoic
acid (18R-HPEPE) and release 18R-hydroxyeicosapen-
taenoic acid (18R-HEPE) that is rapidly transformed
by activated human neutrophil 5-LOX. Resolvin E1l
is produced in healthy individuals and is increased
in plasma of individuals taking aspirin and/or EPA
(Figure 12.10).

Resolvin E2 is the second member of the E-series
that reduces zymosan-initiated neutrophil infiltration,
thereby displaying potent anti-inflammatory actions.
These EPA-derived E-series resolvins may contrib-
ute to beneficial actions attributed earlier to omega-3
PUFA in human diseases, such as skin inflammation,
peritonitis, periodontal disease, and colitis. These
results illustrate that 5-LOX in human leukocytes is
pivotal for these beneficial effects and is controlled in
part by temporal and spatial events in vivo to signal
production of either leukotrienes or anti-inflammatory
mediators, such as lipoxins and resolvins. Of interest,
microbial and mammalian cytochrome P450 enzymes
convert EPA into 18-HEPE, which can be transformed
by human neutrophils to resolvin E1 and resolvin E2.
Hence, it is likely that microorganisms at inflamed
sites or in the gastrointestinal tract can contribute to
production of E-series resolvins in humans.

At least two receptors involved in the actions of
resolvin El1 are defined (Figure 12.3B). The GPCR

% COOH

|

Figure 12.10. Resolvins and protectins: biosynthesis from omega-3 EPA and DHA

precursors.
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chemokine-like receptor 1 (CMKLRI1, a.k.a. ChemR23)
attenuates TNF-stimulated nuclear factor-kB activa-
tion in response to resolvin E1 binding, indicating
a counter-regulatory action of this ligand-receptor
pair. Counter-regulation of TNF signaling was used
to identify this GPCR because TNF is a key media-
tor in the early steps of acute inflammation. Recently,
a second GPCR that interacts with resolvin E1 was
identified, the leukotriene B, receptor, denoted BLT1.
Resolvin El interacts in a stereospecific manner with
BLT1 on human neutrophils as a receptor antagonist,
attenuating leukotriene-B,-dependent proinflamma-
tory signals via BLT1. DHA is substrate for two groups
of resolvins of interest during resolution in inflam-
matory exudates produced by different biosynthetic
routes, denoted the 17S and 17R D-series resolvins
(Figure 12.10). D-series resolvins display potent anti-
inflammatory actions and are particularly interesting
because the brain, synapses, and retina are highly
enriched in DHA. Endogenous DHA is converted
in vivo via LOX-initiated mechanisms to the 17S-
hydroxy-containing series of four resolvins, denoted
D1-D4. Each of these potent bioactive resolvins was
first isolated in exudates from mice given aspirin
and DHA that led to the identification of several new
17R-hydroxy-containing products isolated from exu-
dates in the resolution phase. Their ability to stop
neutrophil infiltration was used to assess biological
function for structural elucidation studies and their
biosynthesis was reconstructed to establish their
potential origins. Results from these studies showed
that human recombinant COX2 converts DHA into
a 13-hydro(peroxy)-containing product. In the pres-
ence of aspirin, oxygenation at carbon-13 switches to
the carbon-17 position with an R configuration that
is a precursor for potent bioactive aspirin-triggered
17R D-series resolvins, denoted aspirin-triggered
(AT)-RvD1-D4. These are produced in exudates and in
the brain in response to aspirin treatment. Resolvin
D1 and aspirin-triggered resolvin D1 have both been
shown to be potent regulators of human and mouse
neutrophils (Table 12.5). In microglial cells, both 17S
and 17R D-series resolvins block TNF-induced tran-
scripts for proinflammatory cytokine interleukin-1p
(IL-1pB), which is expressed rapidly in response to
neuronal injury. Resolvins control inflammation at
multiple levels, reducing peritonitis and skin inflam-
mation, protecting organs from reperfusion injury
and neovascularization.

Protectins. DHA is converted in resolving exu-
dates to another new family of mediators named pro-
tectins. Mediators of this family are distinguished
by the presence of a conjugated triene double bond
system and their potent bioactivity. They are biosyn-
thesized via a LOX mechanism that converts DHA to
a 17S-hydroperoxide-containing intermediate that is

converted by human leukocytes into a 16(17)-epoxide
intermediate. This epoxide is enzymatically opened
in these cells into a 10,17-dihydroxy-containing anti-
inflammatory molecule. This bioactive compound,
initially coined 10,17S-docosatriene, is now known
as protectin D1 (10R,17S-dihydroxy-docosahexaenoic
acid), owing to its potent protective activity in inflam-
matory and neural systems. When produced by neural
tissues the prefix neuro is added to signify its biosyn-
thetic origin, hence the term neuroprotectin D1.

Protectin D1 is stereo-selective and log-orders of
magnitude more potent in vivo than its precursor
DHA. Protectin D1 is also produced by human periph-
eral blood mononuclear cells in T helper-2-type con-
ditions. Protectin D1 blocks T-cell migration in vivo,
reduces TNF and interferon-y secretion, and promotes
T-cell apoptosis.

Agonists of Resolution: Specific resolvins, protec-
tins, and lipoxins stereoselectively stimulate resolu-
tion and reduce the magnitude of the inflammatory
response in vivo (Table 12.5). The clearance of apop-
totic neutrophils by professional phagocytes, such as
macrophages, is a cellular hallmark of tissue reso-
lution, and can be used to quantify resolution using
specific indices. Resolvins and protectins initiate res-
olution, decreasing neutrophils in exudates at earlier
times than spontaneous resolution. Disruption of bio-
synthesis of these proresolution mediators by either
COX-2 or LOX inhibitors gives a “resolution deficit”
phenotype, characterized by impaired phagocytic
removal, delayed resolution, and prolonged inflamma-
tion. These findings emphasize a pivotal homeostatic
function for lipoxygenase(s) and COX-2 pathways in
the timely resolution of acute inflammation. More
importantly, proresolution mediators can rescue the
deficit in resolution caused by these interventions.

Resolution of Inflammation in Disease Models

Uncontrolled inflammation is now appreciated in the
pathogenesis of many diseases that were not previously
considered classic inflammatory diseases. These include
atherosclerosis, cancer, asthma, and several neurological
disorders, such as Alzheimer’s disease and Parkinson’s
disease. Natural proresolution mechanisms involving
lipoxins, resolvins and protectins were tested for their
ability to promote resolution and control inflamma-
tion (Table 12.6). It is now clear that endogenous anti-
inflammation alone is not an identical mechanism of
action compared to mediators that possess dual anti-
inflammatory and proresolution actions. In this regard,
lipoxins, resolvins, and protectins have potent multilevel
mechanisms of action in disease models and promote
resolution in animal models of oral, lung, ocular, kid-
ney, skin, and gastrointestinal inflammation as well as
in ischemia-reperfusion injury and angiogenesis.
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TABLE 12.5. Key cellular actions of lipoxins, resolvins, and protectins in the innate immune system and resolution*

Mediators Cell type Action(s)
Lipoxin A, Whole blood leukocyte Downregulates CD11b/CD18 expression, prevents shedding of
(or aspirin-triggered L-selectin, and reduces peroxynitrite generation on neutrophils, mono-
lipoxin A,) cytes and lymphocytes
Neutrophil Stops chemotaxis, adherence, and transmigration

Stops neutrophil-epithelial and neutrophil-endothelial cell interactions
Blocks superoxide anion generation

Reduces CD11b/CD18 expression and IP; formation Inhibits peroxynitrite
generation

Attenuates AP-1, NF-kB accumulation, inhibits IL-8 gene expression

Eosinophil Stops migration and chemotaxis in vivo, and inhibits eotaxin and IL-5
generation
Monocyte Stimulates chemotaxis and adhesion to laminin without increase in

cytotoxicity
Inhibits peroxynitrite generation
Reduces IL-8 release by cells from asthma patients

Macrophage Stimulates nonphlogistic phagocytosis of apoptotic neutrophils
T-cell Inhibits TNF secretion by blocking ERK activation
Upregulates CCR5 expression
Dendritic cell Blocks IL-12 production
Epithelia Inhibits TNF-induced IL-8 expression and release in enterocytes

Inhibits Salmonella typhimurium-induced IL-8 in enterocytes

Endothelia Stimulates protein-kinase-C—-dependent prostacyclin formation
Blocks reactive oxygen species generation Inhibits VEGF-induced
endothelial cell migration

Fibroblast Inhibits IL-1B-induced IL-6, IL-8, and MMP3 production
Inhibits CTGF-induced proliferation

Hepatocyte Reduces PPARa and CINC1 expression levels
Mesangial cell Inhibits leukotriene-D,~induced proliferation
Inhibits CTGF-induced chemokine production
Neural stem cell Attenuates cell growth
Astrocyte Inhibits ERK and JNK activation
Resolvin E1 Neutrophil Stops transepithelial and transendothelial migration
Macrophage Stimulates nonphlogistic phagocytosis of apoptotic neutrophils
Dendritic cell Blocks IL-12 production
T cell Upregulates CCR5 expression
Resolvin D1 Microglia Inhibits IL-1B expression
Aspirin-triggered Neutrophil Stops transmigration
resolvin D1
Protectin D1 Neutrophil Upregulates CCR5 expression
Macrophage Stimulates nonphlogistic phagocytosis of apoptotic neutrophils
T cell Inhibits TNF and IFNy secretion, promotes apoptosis
Upregulates CCR5 expression
Microglia Inhibits IL-1B expression
Epithelia Protects from oxidative stress—induced apoptosis in retinal pigment
epithelia

*See Serhan and Chiang (Br J Pharmacol. 2007) and Yacoubian and Serhan (Nat Clin Pract Rheumatol. 2007) for further details and the review of
original literature.
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Periodontal diseases such as gingivitis and perio-
dontitis are leukocyte-driven inflammatory diseases
characterized by soft tissue and osteoclast-mediated
bone loss. As a model of inflammatory diseases, peri-
odontitis has several advantages in that many, if not
all, of the tissues involved in inflammatory processes
of other organ systems are affected in periodontitis,
including the epithelium, connective tissue, and bone.
There are many noteworthy similarities in the patho-
genesis of periodontitis and arthritis. Results from
rabbit periodontitis demonstrate an important role
for resolution in disease prevention. Overexpression
of 15-lipoxygenase-type 1 in transgenic rabbits
increases the levels of endogenous lipoxin A, and
protects against periodontitis, as well as reduces ath-
erosclerosis. In prevention studies using this model,
topical treatment with resolvin E1 prevents >95% of
alveolar bone destruction. Histological analysis of
resolvin-El-treated rabbits revealed few, if any, neu-
trophils and little tissue damage. In addition, osteo-
clasts responsible for bone resorption are reduced in
resolvin-El-treated rabbits. In established disease,
resolvin E1 prevents periodontitis tissue destruction;
both soft tissue and bone that were lost during dis-
ease were regenerated.

Inhumans, the differential actions of resolvin E1 were
studied using neutrophils from patients with localized
aggressive periodontitis (LAP) and healthy individuals.
Resolvin E1 reduces neutrophil superoxide generation
in response to TNF or the bacterial surrogate peptide
N-formyl-methionyl-leucyl-phenylalanine. Neutrophils
from both healthy subjects and LAP patients produced
~80% less superoxide treated with resolvin E1. In com-
parison, neutrophils from LAP patients do not exhibit
inhibition of superoxide production following treat-
ment with lipoxin A,, suggesting a molecular basis for
excessive inflammation in these patients.

In murine air pouches, nanogram amounts of
resolvin E1 (~100nM) reduce leukocyte infiltration by
50%-70%, levels comparable to those achieved using
microgram amounts of dexamethasone (~30 pM) or
milligrams of aspirin. Similarly, in spontaneously
resolving peritonitis induced by the yeast cell-wall
component zymosan, both resolvin E1 and protectin
D1 activate and accelerate resolution. Resolvins and
protectins reduce neutrophil infiltration and increase
nonphlogistic recruitment of monocytes. Notably,
resolvin El, protectin D1, and an ATL analogue each
display different kinetics and molecular profiles of
action (Tables 12.5 and 12.6).

Summation

Eicosanoids are critical mediators of homeostasis
and of many pathophysiologic processes, especially

host-defense and inflammation. Arachidonic acid,
the primary substrate, is converted into prostaglan-
dins, thromboxanes, prostacyclin, leukotrienes, lipox-
ins, isoprostanes, and epoxyeicosatetraenoic acids.
Prostaglandins have diverse roles in vascular tone
regulation, gastrointestinal regulation, uterine physi-
ology, analgesia, and inflammation. Prostacyclin and
thromboxane in coordination control vascular tone,
platelet activation, and thrombogenesis. Leukotrienes
(LTC,, LTD,) are the chief activators of bronchocon-
striction and airway hyperactivity; LTB, is a major
activator of mediators of leukocyte chemotaxis and
infiltration. Lipoxins antagonize the effects of leu-
kotrienes and reduce the extent of inflammation and
active resolution pathways.

Pharmacologic interventions at many critical points
in these pathways are useful in limiting inflammatory
sequelae. Glucocorticoids downregulate several steps
in eicosanoid generation, including the rate-determin-
ing step involving phospholipase A,. However, chronic
glucocorticoid use is associated with deleterious side
effects, including osteoporosis, muscle wasting, and
abnormal carbohydrate metabolism. COX inhibi-
tors block the first step of prostanoid biosynthesis
preventing the generation of prostanoid mediators of
inflammation. LOX inhibitors, FLAP inhibitors, leu-
kotriene synthesis inhibitors, and leukotriene receptor
antagonists prevent leukotriene formation and signal-
ing, thereby limiting inflammation and its deleterious
effects. Future drug development efforts will allow
selective targeting of eicosanoid pathways involved in
many clinical conditions. The discovery of resolvins
and protectins opens the possibility of treating inflam-
matory diseases with agonists of resolution, namely
stable resolvins and protectins. Efforts are currently
underway for the clinical development of this novel
agonist of resolution. Results from clinical trials will,
in the near future, determine whether treating inflam-
mation via accelerated resolution is indeed a clinically
useful approach to diseases characterized by uncon-
trolled inflammation.
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15-HETE
15-hydroxy-5Z,87,11Z,14Z-eicosatetraenoic acid
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TABLE 12.6. Dual anti-inflammatory and pro-resolution actions of lipoxins, resolvins, and protectins in complex disease

models

Mediators

Disease model

Action(s)

Lipoxin A,/ATL

Rabbit/Periodontitis

Reduce neutrophil infiltration; prevent connective tissue and bone loss

Mouse/Peritonitis

Stop neutrophil recruitment and lymphatic removal of phagocytes

Mouse/Dorsal air pouch

Stop neutrophil recruitment

Mouse/Dermal inflammation

Stop neutrophil recruitment and vascular leakage

Mouse/Colitis

Attenuate proinflammatory gene expression and reduce severity of colitis.
Inhibit weight loss, inflammation, and immune dysfunction

Mouse/Asthma

Inhibit airway hyperresponsiveness and pulmonary inflammation

Mouse/Cystic fibrosis

Decrease neutrophilic inflammation, pulmonary bacterial burden, and
disease severity

Mouse/Ischemia-reperfusion

Attenuate hind-limb I/R-induced lung injury
Detachment of adherent leukocytes in mesenteric I/R

Mouse/Cornea

Accelerate cornea re-epithelialization, limit sequelae of thermal injury
(i.e., neovascularization, opacity) and promote host defense

Mouse/Angiogenesis

Reduce angiogenic phenotype:endothelial cell proliferation and migration

Mouse/Bone-marrow
transplant (BMT)

Protect against BMT-induced graft-versus-host diseases

Murine/Glomerulonephritis

Reduce leukocyte rolling and adherence
Decrease neutrophil recruitment

Rat/Hyperalgesia

Prolong paw withdraw latency, reducing hyperalgesic index
Reduce paw edema

Rat/Pleuritis

Shorten the duration of pleural exudation

Resolvin E1 Rabbit/Periodontitis Reduces neutrophil infiltration; prevents connective tissue and bone loss;
promotes healing of diseased tissues; regeneration of lost soft tissue and
bone

Mouse/Peritonitis Stops neutrophil recruitment; regulates chemokine/cytokine production
Promotes lymphatic removal of phagocytes

Mouse/Dorsal air pouch Stops neutrophil recruitment

Mouse/Retinopathy Protects against neovascularization

Mouse/Colitis Decreases neutrophil recruitment and proinflammatory gene expression;
improves survival; reduces weight loss

Resolvin D1 Mouse/Peritonitis Stops neutrophil recruitment

Mouse/Dorsal skin air pouch

Stops neutrophil recruitment

Mouse/Kidney
ischemia-reperfusion

Protects from ischemia-reperfusion-induced kidney damage and loss of
function; regulates macrophages

Mouse/Retinopathy

Protects against neovascularization

Protectin D1

Mouse/Peritonitis

Inhibit neutrophil recruitment; regulate chemokine/cytokine production
Promote lymphatic removal of phagocytes
Regulate T-cell migration

Mouse/Asthma Protect from lung damage, airway inflammation, and airway
hyperresponsiveness

Human/Asthma Protectin D1 is generated in humans and appears to be diminished in
asthmatics

Mouse/Kidney Protect from ischemia-reperfusion—induced kidney damage and loss of

ischemia-reperfusion

function; regulate macrophages

Mouse/Retinopathy

Protect against neovascularization

Rat/Ischemic stroke

Stop leukocyte infiltration, inhibit NF-kB and cyclooxygenase-2
induction

Human/Alzheimer's disease

Diminished protectin D1 production in human Alzheimer’s disease
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AA

Arachidonic acid, cis-,cis-,cis-,cis-5,8,11,14-eicosatetra-
enoic acid

Alzheimer's disease

A degenerative neurological disease that is character-
ized by progressive deterioration of the brain, demen-
tia, and the presence of senile plaques, neurofibrillary
tangles, and neuropil threads. Disease onset can
occur at any age, and women seem to be affected more
frequently than men.

BLT1

Leukotriene B, receptor 1

Cytochrome P450 enzymes

A large and diverse superfamily of hemoproteins.
Cytochrome P450 enzymes use a plethora of both
exogenous and endogenous compounds as substrates.
The most common reaction catalyzed by cytochrome
P450 is a monooxygenase reaction, that is, insertion of
one atom of oxygen into an organic substrate while the
other oxygen atom is reduced to water.

DHA

Docosahexaenoic acid, (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-
4,7,10,13,16,19-hexaenoic acid

Eicosanoids

A family of bioactive products that contain 20 (eicos in
Greek) carbons. They are biosynthesized from arachi-
donic acid by the initial activities of either cyclooxyge-
nases (isoforms COX1 or COX2) or lipoxygenases and
downstream enzymatic reactions. There are several
main classes of eicosanoids: prostaglandins, prostacy-
clins, thromboxanes, leukotrienes, and lipoxins.

EPA

Eicosapentaenoic acid, (5Z,8Z,11Z,14Z,17Z)-eicosa-5,8,
11,14,17-pentaenoic acid

Exudate

Biological fluids that filter from the circulatory system
into lesions or areas of inflammation. Exudate forma-
tion is caused by inflammation, and is characterized
by a high content of plasma proteins, cells, and cel-
lular debris. Pus is an example of an exudate found in
infected wounds that contains bacteria and high con-
centrations of white blood cells.

G-protein—-coupled receptor

GPCR. One of a large family of receptors that bind
diverse molecules, including for example lipid
mediators, eicosanoids, chemokines, complement

components, and neurotransmitters. GPCRs are
seven transmembrane-spanning receptors and are
coupled to heterotrimeric, GTP-regulated signaling
proteins composed of aff and By subunits.

Ischemia-reperfusion injury

An injury in which the tissue first suffers from hypoxia
as a result of severely decreased or completely arrested
blood flow. Restoration of normal blood flow then triggers
inflammation, which exacerbates the tissue damage.

Leukotrienes

A family of eicosanoids derived from the metabolism
of arachidonic acid by the action of leukocyte 5-lipox-
ygenase and other enzymes. They have a conjugated
triene double-bond structure and various proinflam-
matory activities, including leukocyte activation (by
leukotriene B,) and bronchoconstriction (by leukot-
riene C, and leukotriene D,).

Lipoxins

A class of eicosanoids produced via lipoxygenase-
mediated conversion of arachidonic acid. They are
trihydroxytetraene-containing structures with potent
biological activities in the resolution of inflammation.

LOX
Lipoxygenase

LTB,

Leukotriene B,, (5S,12R)-dihydroxy-(6Z,8E,10E,14Z)-
eicosatetraenoic acid

Murine dorsal air pouch

A well-characterized system for studying inflamma-
tory responses. Air pouches are formed by subcu-
taneous injection of air in the back of a mouse, into
which potential inflammatory stimuli, such as tumor-
necrosis factor, can be added. In importance when the
stimulus is titrated, inflammatory reactions undergo
spontaneous resolution. These structurally contained
compartments have been likened to the inflamed syn-
ovium (see Chapter 27 from Peretti et al.).

Prostaglandins

Cyclopentane ring-containing lipids derived from
the metabolism of arachidonic acid by the action of
cyclooxygenases and downstream synthase enzymes.
They have a wide range of biological activities and a
well-recognized role in inflammation and pain.

Protectins

A family of docosahexaenoic acid (DHA)-derived medi-
ators characterized by the presence of a conjugated



C.N. Serhan and J.Z. Haeggstrém

Box 1. The stereochemistries of lipoxins, resolvins, and

protectins

e Resolvin D1: 75,8R,17S-trihydroxy-4Z,9E11E,13Z,15E,19Z-
docosahexaenoic acid

e Resolvin E1: 55,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-
eicosapentaenoic acid

* Neuroprotectin D1/Protectin D1: 10R,17S-dihydroxy-
docosa-47,7Z11E13E,15Z,19Z-hexaenoic acid

e Lipoxin A,;: 55,6R,15S-trihydroxy-7E,9E,11Z,13E-
eicosatetraenoic acid

® Aspirin-triggered lipoxin A;: 55,6R,15R-trihydroxyl-
7,9,13-trans-11-cis-eicosatetraenoic acid

e Lipoxin B,: 55,14R,155-trihydroxy-6E,8Z,10E,12E-
eicosatetraenoic acid.

® Aspirin-triggered Resolvin D1: 7S,8R,17R-trihydroxy-
47 9EN1EN3Z15E,19Z-docosahexaenoic acid

triene double-bond structure and a 22 carbon back-
bone structure with six double bonds.

PUFA
Polyunsaturated fatty acid

Rabbit model of periodontitis

A model of periodontitis in rabbits induced by appli-
cation of Porphyromonas gingivalis to ligatures tied to
second premolars.

Resolvins

Biosynthesized lipid mediators that are induced in the
resolution-phase following acute inflammation. They
are synthesized from the essential omega-3 fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA).

Transcellular biosynthesis

The biosynthesis of biologically active mediators that
involves two or more cell types, for example, when the
necessary enzymes are differentially expressed in two
or more cell types.

In this example, a donor cell converts a precursor
compound (such as arachidonic acid, EPA and DHA)
into an intermediate product. The acceptor cell then
converts the intermediate product into the final active
product. Transcellular biosynthesis therefore provides

a means to produce mediators that neither cell type
can generate alone.
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SUMMARY

Mediators produced during inflammatory/immune
responses dictate the type of response, as well as its
magnitude (“quality and quantity”). The profile of
cytokines and chemokines produced are responsible
for the cell-to-cell communication that facilitates
initial recognition of infection or damage. These sig-
nals, in turn, communicate with primary lymphoid
tissues (the thymus and bone marrow) to mobilize
inflammatory cells to the bloodstream. At the tissue
site, chemokines and cytokines orchestrate leukocyte
adhesion to vascular endothelium, extravasation, and
localization of leukocytes at the site of inflammation.
Recruitment of leukocyte populations into inflamed
tissues is initiated by cytokine-induced expression of
adhesion molecules on vascular endothelium. These
adhesion molecules play an essential role in capturing
and tethering circulating leukocytes from the blood-
stream. Chemokines promote the tight adherence of
leukocytes to activated endothelium, as well as direct
the extravasation of cellsintoinflamed tissue. Cytokines
and chemokines further coordinate the response of
inflammatory effector cells as they arrive in inflamed
tissues. The sequential activation and cellular recruit-
ment cascades mediated by cytokines and chemokines
are essential for successful resolution of infection or
other tissue damage. However, overproduction or dys-
regulation of these inflammatory mediators can also
lead to destructive, pathological consequences. This
chapter will examine the role played by cytokines
and chemokines in the initiation, amplification, and
shaping of inflammatory responses.

INTRODUCTION

The actions of cytokines are dictated by the expres-
sion of specific receptors. These actions may be on the
producing cell itself (autocrine), on neighboring cells

(paracrine), or on distant sites carried via circulation
(endocrine) (Figure 13.1). Cytokines are very potent
at low concentrations and their effects are targeted
via directional release, meaning that the cell pro-
ducing the cytokine often releases it predominantly
in one direction, to target the effect. The majority of
cytokines can be divided into several major families,
including the tumor necrosis factor (TNF) family,
hematopoietins, and interferons. Cytokines have a
number of characteristics: they are typically pleio-
tropic and can act upon many different cell types.
Second, they are redundant; a number of similar
cytokines may produce similar effects. Third, cytok-
ines from a profile may exhibit synergy — that is, the
effects of two cytokines are greater than the sum of
each individually. Conversely, cytokines from oppos-
ing functional categories tend to be antagonistic
toward one another — blocking each other’s production
or activity.

A great deal of insight of the in vivo significance of
cytokines has been gained through the use of geneti-
cally deficient mice (knockouts), conditional knock-
outs, transgenics, and neutralizing antibodies. Each
of these approaches has its own limitations. In the
case of knockout mice, animals tend to develop com-
pensatory pathways, potentially leading to an under-
estimate of the true in vivo importance of a particular
cytokine. Conversely, transgenically overexpressing
a protein can lead to artifactual effects due to supra-
physiologic concentrations. Neutralizing or depleting
antibodies can produce nonspecific effects, or induce
antiantibody responses (serum sickness) when given
long term making it difficult to assess their effects
under chronic disease conditions. Thus, any single
approach to the understanding of cytokine function
should be regarded with some skepticism. However,
these approaches offer a great deal of value for under-
standing the impact of a particular cytokine in a com-
plex in vivo disease response.
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Figure 13.1. Types of cytokine signaling. Autocrine signaling
refers to secreted agents that act through specific receptors
on the secreting cell. In paracrine signaling, cytokines act on
nearby cells. Endocrine signaling refers to action on distant
cells following transport by the circulation.

NOMENCLATURE OF CYTOKINES

Many cytokines are given the designation interleukin
(IL). Cytokines may be classified by their structural
similarity. For instance, the IL-2 family, interferons,
and the IL-10 family all share a similar four alpha-
helix structure. Other families include the IL-1 family,
and the IL-17 family of cytokines. Cytokines may also
be classified based on their function. One of these clas-
sifications is whether a particular cytokine is Type 1
(T helper 1 associated) or Type 2 (T helper 2 associated).
Usually, the classification of cytokines is structural or
function based and can be divided depending on a par-
ticular disease or class of diseases. Many other func-
tional categories are possible depending on context.

CYTOKINE RECEPTORS/SIGNAL TRANSDUCTION

The cytokine receptors can be classified into several
major families, including the TNF receptor superfam-
ily, hematopoietins, interferons, and immunoglobulin
(Ig) superfamily. Cytokine receptors are typically com-
posed of several subunits. Many exist as heterodimers
or heterotrimers, with one or two subunits primarily
responsible for binding and recognition, and the other
subunit required for signal transduction through the
cell membrane. Often, the signal transduction subunit
is common to many different receptors. A prototypical

example of this theme is the common gamma chain in
the hematopoietin cytokine receptor family.
Hematopoietic cytokine receptors (class I) have
similar extracellular domains, and often form multi-
meric structures with one another. For instance, the
IL-2 receptor gamma subunit is shared by IL-4, IL-7,
IL-9, and IL-15 receptors, and is thus referred to as the
common Y chain (y.). A common f chain is shared by
the IL-3, IL-5, and GM-CSF receptors. The interferons
are also referred to as class II cytokine receptors, and
include the receptors for IFN-a and IFN-f, IFN-vy, and
the IL-10 receptor. The TNF ligand and receptor family
(class ITI) includes ligands that can be cell associated or
soluble. Many members of this family are homotrimers
in both the ligand and ligand-bound receptor. Many
members of the TNF family are not cytokines, but are
membrane-bound signaling molecules important for
costimulation of immune responses. In addition, many
members of the TNF receptor family have a cytosolic
tail that contains a number of death domains, which
can activate the caspase cascade, resulting in apoptosis
or cell suicide. However, signaling via the TNF recep-
tor through TNF-receptor associated factors (TRAFs)
can also promote the activation of NF-xB, resulting in
prosurvival and growth promoting activities.
Cytokine receptor signaling results in complex
sequential intracellular events [1]. A simplified rep-
resentation of Class I/II cytokine receptor signaling
is depicted in Figure 13.2. Initially, the intracellular
domains of the receptor are openly spaced. Janus
kinases (JAKs) are associated with the intracellular
tail of the receptor. Ligand binding results in recruit-
ment of the JAKs bringing them closer together where
they can cross-phosphorylate one another, as well
as other tyrosine residues in the cytosolic tail of the
receptor. Phosphorylated JAKs in turn can phospho-
rylate a family of signal transduction and transcrip-
tion factors (STATs) making them functionally active.
The dimerization of STATSs results in translocation to
the nucleus, where phosphorylated, dimerized STATs
bind to the promoters of target genes, activating tran-
scription of the genes. Depending on the cytokine
specific STAT pathways are initiated. Several of these
pathways have been well-defined and include the IFN
(o,B,y) signaling that activate STATI, IL-6 signaling
initiates STAT3, IL-12 drives the STAT4 pathway, and
IL-4 as well as IL-13 that drive the STAT6 pathways.
Each of these signaling pathways has been linked to
critical aspects of the innate and acquired immune
responses via the use of genetically deleted animals as
well as rather specific inhibitors. Using in vitro and
in vivo experiments the STAT signaling molecules
have been demonstrated to influence the direction
of the immune responses. The STAT1 pathway initi-
ates signaling that promotes antipathogen responses
and without it the immune system cannot properly
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Figure 13.2. A simplified model of cytokine receptor signaling (Type /Il cytokine
receptors). Initially, the unbound receptor is present as a dimeric structure, with the
subunits spaced. Cytokine receptors are associated with Janus kinases (JAKs). Upon
ligation of the receptor by ligand, the subunits are brought into apposition facilitating
phosphorylation of Tyr residues on the cytosolic side of the receptor. These in turn are
bound via SH2 containing signal transducers and activators of transcription (STATs).
STAT phosphorylation leads to dimerization of STATs, which accumulate in the nucleus,
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activating transcription.

clear pathogens and further increases pathology due
to skewed immune responses with increasing Th2
cytokines (IL-4, IL-5, and IL-13). In a similar fash-
ion, the inhibition or deletion of the STAT4 pathway
blocks production of IFN and the development of the
Thl-mediated cellular immune responses, leading
to increased Th2 cytokine production. As indicated
earlier, the key Th2 cytokine (IL-4, IL-13) associated
signaling protein, STATS6, is essential to initiate the
Th2 response and without it there are deficiencies in
proper B cell-mediated humoral responses related to
isotype switching and extracellular pathogen immune
responses. More recently, the development of Th17 sub-
sets of lymphocytes has been shown to be dependent
on IL-6-mediated STAT3 responses and links to the
severity of autoimmune disease have been established.
Thus, these critical signaling molecules have a central
role in determining the direction and maintenance of
acute and chronic immune responses.

CHEMOKINES (MORE THAN “"CHEMOTACTIC
CYTOKINES")

Initially, chemotactic cytokines or “chemokines” were
viewed as leukocyte chemoattractants that regulate cel-
lular movement from circulation into inflamed tissues
(Figure 13.3). However, chemokines also have other
functions, including cell activation, hematopoiesis,
and angiogenesis. Chemokines have a number of char-
acteristics: (1) Chemokines may be abundantly pro-
duced. For instance, mRNA for CCL3/MIP1-a accounts

for greater than 20% of the total mRNA produced by
LPS-stimulated macrophages. (2) Chemokines tend to
be redundant, with many ligand receptor pairs pro-
ducing seemingly identical effects. (3) Chemokines
are (for the most part) promiscuous, meaning that a
single ligand can bind multiple receptors, and multiple
ligands are bound by a single receptor (Figure 13.4).
These characteristics may be misleading, however, as
apparent redundancy may be simply due to our lack
of understanding of the complex signaling pathways
induced by chemokines. Furthermore, specific profiles
of chemokines will specifically initiate the migration
of different leukocytes to the site of inflammation/
immune responses. For example, during acute inflam-
matory responses early production of CxCR1/2 bind-
ing chemokines, such as IL-8 (CxCL3), initiate intense
neutrophilic responses since these are the primary
cell that expresses the receptors. Thus, the profile of
chemokines produced at the site of inflammation dic-
tate the type of leukocytes that migrate due to the pro-
file of receptors that are expressed by those cells. Key
findings regarding the diverse roles of chemokines in
development, inflammation, as well as resolution and
end-stage fibrotic disease has highlighted that chemok-
ines are key players in the regulation of a diverse set of
responses. This is likely the reason that there are such
a large number of different chemokines that can be
produced that allow distinct fidelity and control of a
particular inflammatory response.

Nomenclature: Chemokines have been divided into
four families based upon their sequence homology
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Figure 13.3. Inflammatory cells follow chemokine gradients. Chemokines mediated
the homing and extravasation of inflammatory cells through specific receptors via the
establishment of chemokine gradients. These gradients are facilitated by the binding of
chemokines to extracellular matrix. Inflammatory cells follow the increasing concentra-
tion of chemokine through tissues until they reach a threshold concentration, where-

upon the cell becomes desensitized.

and the position of the first two conserved cysteine
residues, CXC (alpha) and CC (beta), C, and CX3C
(Figure 13.4). Both of these latter families have only
a single member thus far, XCL1 (lymphotactin) and
CX3CL1 (fractalkine), respectively. The nomenclature
of chemokines and receptors is, admittedly, confus-
ing. Historically, chemokines were named by the lab-
oratories that discovered them, usually based on the
cell type or tissue from which they were isolated (e.g.,
macrophage inflammatory protein 1 alpha — MIP1-a).
While this nomenclature had some advantages, cloning
by multiple laboratories resulted in multiple names for
a single chemokine. To resolve this issue, nomencla-
ture for chemokine ligands has been replaced by the
more systematic CCL, CXCL, XCL, or CX3CL designa-
tion (e.g., MIP1-a became CCL3). However, the original
names are often still used in the literature, usually in
conjunction with the newer, systematic one. The CXC
or alpha chemokine family can be further subdivided
depending upon whether the chemokines have an
amino acid E-L-R motif within its sequence in the
N-terminal region. This consensus sequence appears
to determine whether the chemokines have the ability
to induce chemotaxis of neutrophils and determines
whether the CXC chemokine is angiogenic (ELR) or
angiostatic (non-ELR). The ELR CXC chemokines
are bound by CXCR1 and CXCR2, expressed pre-
dominantly by neutrophils. Non-ELR CXC chemok-
ines bind CXCR3-5, and serve as chemoattractants

for monocytes, dendritic cells, T, and B lymphocytes.
The CC or beta chemokine family is a large group of
chemokines with nearly 30 members, and at least 10
receptors. This family serves as recruitment molecules
for monocytes and lymphocytes, but also basophils,
eosinophils, NK cells, and mast cells. Different inflam-
matory stimuli result in the induction of different
chemokine profiles. Additionally, as will be discussed
in more detail, specific cell types typically express a
limited array of chemokine receptors. The patterns
of chemokines produced and the receptor expression
responding cells (in conjunction with cytokines and
other inflammatory signals) shapes the trafficking and
activation of both resident and inflammatory cells.

CHEMOKINE RECEPTOR SIGNALING

Chemokine receptors are seven transmembrane span-
ning G-protein coupled receptors. Chemokines medi-
ate their effects predominately via Gi-protein mediated
pathways. The activation of chemokine receptors
results in a number of cellular events, including Ca?*
flux, activation of phosphoinositides, various protein
and lipid kinases, and small GTPases (Figure 13.5)
[2]. The activated G protein alpha subunit results
PLC-mediated cleavage of phosphotidylinositol (4,5)-
bisphosphate (PIP,) into inositol triphosphate (IP;)
and diacylglycerol (DAG), triggering Ca?* flux and
protein kinase C activation. Beta/gamma subunits



Alternate  Systematic Receptor
name name
GROa  CXCL1
GROB  CXCL2 CXCR2
GROy CXCL3
ENA-78  CXCL5
GCP-2  CXCL6
NAP-2  CXCL7 CXCR1
IL-8 CXCL8
MIG CXCL9
IP-10  CXCL10 > CXCR3
I-TAC  CXCL11
SDF-1  CXCL12 CXCR4
BCA-1 CXCL13 CXCR5
BRAK CXCL14
Lungkine  CXCL15
CXCL16 CXCR6

MCP-1  CCL2
MIP1-o  CCL3
MIP1-p  CCL4
RANTES  CCL5
c10  ccls
McP3  ccL7 &
mcp2  ccLs /
MIP-1y  CCL9
Eotaxin CCL11
MCP-4  CCL13
HCC-1 CCL14
HCC-2  CCL15
HCC-4  CCL16
MPIF-1  CCL23

TARC  CCL17 CCR4
MDC CCL22 CCR8
1-309 CCL1

PARC CCL18

ELC  CCL19 CCR7
SLC  CCL21
MIP3-a  CCL20 CcCRé
Eotaxin-2 CCL24
TECK  CCL25 CCRY
Eotaxin-3 ~ CCL26 CCR10

CTACK CCL27
Lymphotactin XCL1 7 XCR1
SCM-1B XCL2
Fractalkine cxcL1 —— CX3CR1

Figure 13.4. Chemokine and chemokine receptor
specificity. Receptor-ligand specificity is depicted via
connecting lines. Chemokines and chemokine receptor
vary significantly in their specificity, with some receptor—
ligand pairs being monogamous, whereas others are
more promiscuous.

together are responsible for chemotaxis. Signaling
through these subunits together is known to activate
important pathways including PI3K, MAPK, and
FAK. PI3K activation generates phosphatidylinositols
(Ptdlns) species, especially Ptdlns (3,4,5)P; (PIP3), that
are enzymatically modified by a series of kinases and
phosphatases to regulate chemotaxis. PI3K isoforms
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appear to be differentially expressed and activated
depending on the chemokine receptor, as well as the
responding cell type. For instance, T-cell chemotaxis
is dependent on P110y, whereas B cells may rely upon
P1108. PI3K-dependent signaling can be negatively
regulated by PTEN (phosphatase and tensin homol-
ogy deleted on chromosome 10 protein), as well as by
SH2-containing inositol 5-phosphate (SHIP) [3]. Small
GTPases Rac, Rho, and Cdc42 play key roles in regu-
lating the morphology of migrating cells via effects
on the actin cytoskeleton. During chemotaxis, the cell
exhibits polarization, localized to the leading edge
during migration; PTEN is found in the trailing edge
and is actively excluded from the leading edge. Thus,
the polarized regulation of this system facilitates
directional leukocyte movement. Thus, many intracel-
lular signaling pathways are stimulated via chemokine
receptor signaling. These have both direct chemokine-
mediated effects, as well as opportunities for cross
talk with other cellular signals.

REGULATION OF HEMATOPOIESIS BY
CYTOKINES AND CHEMOKINES

One prominent function of cytokines is the regula-
tion of hematopoiesis. Included in this family are
the colony-stimulating factors (e.g., GM-CSF, G-CSF,
M-CSF), and a number of interleukins, such as IL-3,
summarized in Table 13.1. Many of these cytokines
are produced by stromal cells, but can also be pro-
duced by hematopoietic cells themselves to provide
autocrine signals that modify their own maturation.
Hematopoietic cytokines may be lineage restricted,
such as erythropoietin (EPO) which acts primarily
on red blood cells (RBCs), those that act on multiple
lineages (e.g., GM-CSF), or those that act sequentially,
such as in the case of SCF and EPO on RBCs. Most
hematopoietic cytokines can be made by many cell
type and take the form as membrane-bound or cell-
secreted factors. They are potent in their actions, func-
tioning at low nM concentrations. They are typically
present at low concentrations, but are highly inducible
upon stimulation in specific diseases or when needed
(e.g., 1,000-fold). They are polyfunctional and can
promote survival, proliferation, differentiation, matu-
ration, and cell activation along with other potential
functions. Therapeutically, the hematopoietic growth
factors have been very useful. For example, GM-CSF
and G-CSF are commonly used therapeutically to treat
neutropenia, whereas EPO is used to treat anemia.
Chemokines also have effects on the hematopoietic
system. Many of these effects are indirect, but some
chemokines have been demonstrated to have direct
roles, as well. Among the best characterized of the
hematopoietic chemokines is CXCL12/SDF-1. CXCL12
is the most abundantly produced chemokine in the
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Figure 13.5. Signaling induced by chemokine receptors. Chemokines receptors are
seven transmembrane spanning G-coupled receptors. A number of signaling pathways
are induced by chemokine ligation, including PI-3 kinases, small GTPases, MAP kinases,
and activation of phosphoinositides. These pathways mediate a wide variety of responses,
including adhesion, locomotion, chemotaxis, calcium flux, as well as activation of gene
transcription.

the bone marrow itself. In cancer, CXCL12 promotes
chemotaxis and homing in many tumor cell lines.
In addition, CXCL12 promotes the formation of new
blood vessels (neoangiogenesis), which tumors require
stimulating factor) to continue to grow beyond self-limiting size. Other
M-CSF (macrophage-colony stimulating factor) chemokines may promote the mobilization of HSCs or
IL-3 HPCs. One chemokine with this function is CXCL2,
SCF (stem c'el!fa'ct9r) which enhances the homing and engrafting capabili-
LIF (leukemia inhibitory factor) .
FIt3L (FMS-like tyrosine kinase 3 ligand) ties of HSCs. In contrast to CXCL12 and CXCL2, most
IL-11 chemokines are generally believed to have suppressive
TPO (thrombopoietin) function on HPCs. CCL2, 3, 19,20, CXCL4, 5, 8, and 9 all

TABLE 13.1. Prominent/major hematopoietic cytokines

Hematopoietic cytokines
G-CSF (granulocyte-colony stimulating factor)
GM-CSF (granulocyte macrophage-colony

IL-2 suppress the numbers and proliferation of HPCs when
:::;’ administered in vivo. It is important to note, however,

that rarely (if ever) will the host experience a bolus of
a single chemokine, in the absence of other signals.
Therefore, the effects of chemokines on hematopoiesis
during disease are still poorly understood.

OM (oncostatin M)

bone marrow. Although CXCL12 promotes the survival
of hematopoietic stem cells (HSCs) and hematopoietic
precursor cells (HPCs) in vitro, a number of studies
suggest that CXCL12 (through its receptor CXCR4)
serves as a bone marrow retention signal in vivo.
These functions have relevance to a number of immu-

INITIATION OF INNATE IMMUNE RESPONSES

Cytokines and chemokines are among the first sig-
nals induced by the immune system upon recognition

nologically mediated diseases. CXCR4 also serves as
a coreceptor for the HIV-1 virus, which may allow the
virus to spread to recent bone marrow emigrants or

of infection. Initial recognition of microbial infection
occurs via pattern recognition receptors (PRRs) that
distinguish pathogen-associated molecular patterns



(PAMPs) from normal host associated proteins [4].
Viral infection is accompanied by the induction of
IFN-B and IFN-a (type I interferons). This response
depends on the recognition of viral nucleic acids
and/or viral particles. Toll-like receptors (TLRs) 3,
7, and 8 play important roles in recognition of viral
nucleic acids by their ability to recognize either
double-stranded RNA (TLR3) or single-stranded
RNA (TLR?7, 8). In addition, cytosolic sensors of viral
replication and double-stranded RNA (such as PKR
and RIG-I) also play a role in recognition of cytosolic-
replicating viruses. Type I interferons are produced
by virus infected cells and facilitate the establish-
ment of an antiviral state in infected (autocrine
action) and nearby (paracrine action) cells. Other
PRRs recognize other microbial products, such as
bacterial lipopolysaccharide (via TLR4), flagellin (via
TLR5), CpG DNA (via TLR9), and fungal products
(via TLR2 and mannose receptor) [5]. Recognition
of microbial products by TLRs and other PRRs ini-
tiates the production of proinflammatory cytokines
including IL-1, TNF-a, IL-6, as well as a number of
chemokines (including CXCL8, CXCL10, CCL2, and
CCL3). This is regarded as the acute phase response,
and results in fever, increased vascular permeabil-
ity, edema, and increased expression of adhesion
molecules on the vascular epithelium. These early
cytokines form an amplification cascade, collectively
referred to as the “cytokine storm.” These mecha-
nisms serve to clear, or at least limit, infections dur-
ing the establishment of the more efficient adaptive
immune response. This intense inflammatory activ-
ity is followed by a compensatory downregulation
of inflammation. One anti-inflammatory cytokine,
IL-10, plays a critical role in modulating the inflam-
matory state. Dysregulation of the highly inflamma-
tory state can occur during systemic infection or
injury, resulting in sepsis. The highly inflamed state
(systemic inflammatory response syndrome, or SIRS)
can be lethal. Potentially life-threatening, as well, is
the downregulation of severe inflammation. During
this time the immune system is reflexive to further
challenges and this is referred to as the compensa-
tory antiinflammatory response syndrome (CARS).
At this time, the host exhibits increased susceptibility
to infections. For example, patients who survive an
initial septic episode often shortly succumb to pneu-
monia. Cytokines and chemokines play an essential
role in the establishment of the inflammatory state
of the host, which is essential to combat infection,
but may be detrimental if not properly controlled.
Thus, many types of insults, bacterial infection, head
trauma, burns, and so on can result in a similar life-
threatening condition due to the overproduction and/
or dysregulation of cytokine responses, leading to
multiorgan shutdown.
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CHEMOKINES AND THE REGULATION
OF LEUKOCYTE TRAFFICKING

The acute phase response establishes conditions that
favor the rapid migration of leukocytes into affected
tissues. The vascular endothelium upregulates a series
of adhesion molecules (“activated endothelium”),
which in turn, serve to trap circulating leukocytes.
The initial adhesion is mediated by E and P selectins
that facilitate rolling of the leukocytes on the activated
endothelium. In response to chemokine signals, leuko-
cytes firmly adhere to the activated endothelium via
the upregulation of beta integrins. Subsequently, the
firm adhesion allows the leukocytes to spread along
the endothelium and begin extravasating into the
inflamed tissues. Leukocytes are guided to the site of
inflammation via a chemokine gradient (Figure 13.3).
However, the nature of these chemokine gradients have
been difficult to assess in an in vivo setting. Multiple
studies have suggested that chemokines, in particular,
have specialized binding attributes that allow them to
be deposited into the tissue so that they are not simply
diluted or “washed” away. Extracellular matrix proteins
are important for the maintenance of chemokine gradi-
ents. Most members of the chemokine family have the
ability to bind to glycosyaminoglycans (GAGs), a com-
ponent of extracellular matrix. This function serves to
immobilize chemokines, and provides a scaffolding for
migrating leukocytes. In addition, the oligomerization
of chemokines on GAGs may be important for migra-
tion as leukocytes or even hypertrophic structural
cells allowing them to haplotax (crawl) along the solid
phase chemokine gradients. At high concentrations
of chemokines (signaling arrival at the target site),
leukocytes no longer migrate. Instead, other cell acti-
vating functions, such as degranulation of mast cells
and eosinophils, take place. Thus, chemokines play
essential roles in the firm adherence, extravasation,
and chemoattractant-direct trafficking of leukocytes
to inflammatory sites, as well as the initiation of the
effector function once at the site of the inciting agent.
While most research has been performed targeting a
single chemokine or receptor at a time, it is clear that
an individual inflammatory response initiates a series
of chemokines to be produced. Since leukocytes have a
profile of receptors, there are coordinated mechanisms
that allow cells to respond, traffic, and be activated by
multiple chemokines during any one response. Thus, a
chemokine that initiates the firm adhesion event at the
vascular endothelial cell surface is different from the
chemokine that eventually localizes the migrating cell
at the site of inflammation. This complex system along
with the redundancy of chemokine function enables
more fidelity and control within the system as well as
increased protection if a signal chemokine/receptor
system is perturbed.
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Figure 13.6. Adaptive immune responses are controlled by the actions of cytokines. The adaptive immune response
is tailored to the type of pathogen via the actions of cytokines. Cytokine signals from innate immune cells and non-
immune cells promote one of several pathways of CD4+ T cells (Ty) cell differentiation. IL-12 promotes the generation
of IFNy-producing T,1 cells, important for the clearance of viruses and intracellular bacteria. IL-4 promotes the genera-
tion of T,2 responses, which mediated antibody-dependent (or “humoral”) immunity. T,2 responses are generated in
response to bacterial toxins, parasites, but also drive allergic responses. IL-6, TGF-f, and IL-23 favor the generation of
Ty17 responses, important for the clearance of extracellular bacteria. T,17 responses are also involved in autoimmu-
nity. The immunosuppressive regulatory T-cell lineage (Treg) is promoted by TGF-f3 and IL-10 and serves to negatively

regulate many types of immune responses.

CYTOKINES SHAPE THE ADAPTIVE
IMMUNE RESPONSES

A critical function of cytokines is in shaping the
development of adaptive immunity. Different types of
microbial infection (i.e., viruses, bacteria, fungi, and
parasites) are effectively controlled by different effec-
tor cell types. The cytokine profiles generated initially
by resident cells in the infected tissue, and via antigen-
presenting cells (APC) in the lymph nodes, dictate
the type of immune response generated by T and B
lymphocytes. Ideally, the immune response serves to
activate the proper cell populations for antimicrobial
effector functions. The role of cytokines in controlling
adaptive immunity is exemplified in the differentiation
and polarization CD4+ or helper T-cell populations
(Figure 13.6) [6]:

¢ T helper type 1 (Thl) responses are generated in
response to most viruses and intracellular bacte-
ria. Early production of IL-12 from macrophages
and dendritic cells in response to PRR engagement
promotes the development of Thl responses. IL-12
promotes induction of the transcription factor reg-
ulating Th1l development, T-bet. Thl cells in turn
produce large amounts of IFN-y, which promotes

the classical pathway of macrophage activation,
inducing phagocytosis and intracellular killing via
reactive oxygen intermediates.

T helper type 1 (Th2) responses are generated pri-
marily in response to extracellular pathogens,
such as parasites, some fungi, as well as allergens.
The development of Th2 responses is promoted by
the cytokine IL-4, and Th2 lineage development
is controlled via the transcription factor Gata-3.
Prominent effector functions of Th2 responses
include antibody production, basophil, mast cell,
and eosinophil activation. Since most of these
pathogens are too large to be engulfed by phago-
cytes, effector cells dump antimicrobial mediators
on these organisms, or literally expel them from
the host. Effector cytokines produced by Th2 cells
include IL-4 IL-5, IL-13, as well as others.

T helper 17 (Th17) cells, thus named for their pro-
duction of IL-17, are involved in the elimination
of extracellular bacteria (from mucosal surfaces
especially), but are also thought to be involved in
the development of chronic diseases, including
autoimmune disease [7]. Th17 cells develop in the
simultaneous presence of TGF-p and IL-6, and dif-
ferentiation is mediated via the transcription factor



RORyt. The major target cells of Th17 cells are
thought to be neutrophils.

e Regulatory T cells (Tregs) are critical for control-
ling excessive inflammation, as well as maintaining
tolerance to self-antigens [8,9]. Their development
is dependent on the cytokine TGF-f, and controlled
via the transcription factor Foxp3. In the absence
of functional Tregs, lethal autoimmunity results. In
addition to TGF-p, IL-10 is also a critical factor in
Treg responses.

In addition to promoting the development of a partic-
ular lineage directly, cytokines also serve to antago-
nize the development of other lineages. For instance,
in addition to promoting Th2 development through its
actions on STAT 3, IL-4 also negatively regulates the
development of Th1 cells in part via downregulation of
the TIL-12 receptor. By both promoting one response,
and antagonizing others, cytokines shape the charac-
ter of adaptive immunity.

The cytokine environment determined via inflamed
tissues, as well as inflammatory cells, regulates B-cell
activation, proliferation, and antibody production.
IL-4 is secreted in a directional fashion by Th2 cell to
target antigen-specific B cells. B-cell activation in the
presence of IL-4, as well as other signals derived from
direct T-cell contact, leads to B-cell proliferation. In
addition, IL-4 promotes isotype switching in B cells to
IgGl1 and IgE, important for mast cell and eosinophil-
mediated defense against parasites. IL-5 and TGF-p
can both promote the switch to IgA secretion, critical
for defense of the mucosa. IFN-y from Thl cells pro-
motes isotype switching to IgG2a and IgG3, important
for opsonic phagocytosis. Thus, each of these antibody
subtypes is specialized for a different effector func-
tion. The antibody isotypes promoted via the cytokine
environment serve to promote the antibody effector
functions appropriate for the particular pathogen
encountered.

The cytokine environment that predominates dur-
ing an immune response affects many other cell types,
including macrophages. Macrophages can serve as
both initiators of adaptive immunity, as well as effec-
tor cells. In the presence of microbial products (such
as LPS), IFN-y is critical for the classical activation of
macrophages (also referred to as M1 macrophages). This
pathway serves to support Th1 responses by promoting
IL-12, IL-18, and IL-15 secretion, as well as inducing the
upregulation of phagocytosis and the respiratory burst.
Activated M1 macrophages undergo efficient phagolys-
osomal fusion, exposing intracellular and/or recently
ingested extracellular microbes to a variety of microbi-
cidal lysosomal enzymes. In contrast, alternatively acti-
vated macrophages (or M2 macrophages) are activated
under conditions of Th2 cytokines IL-4 and IL-13, as well
as other conditions such as TGF-. M2 macrophages are
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associated with Th2 responses to eukaryotic pathogens
and allergens, resolution of inflammation, and tissue
repair. M2 macrophages exhibit suppression of nitric
oxide, and the enhancement of arginase, IL-10 produc-
tion, and numerous gene products associated with tis-
sue remodeling and repair.

DIRECTION OF INNATE AND ADAPTIVE
IMMUNITY BY CHEMOKINES

Although the precise factors that govern the expression
of chemokine receptors are incompletely understood,
it is clear that certain chemokines and receptors direct
the trafficking of specific cell types [10,11]. During
the innate immune response, inflammatory infiltrate
is typically composed of neutrophils, followed by
macrophages. Among the first inflammatory signals
induced, the ELR CXC chemokines, and their recep-
tors, CXCR1 and CXCR2, play primary roles in the
recruitment of neutrophils. The recruitment of mac-
rophages tends to be more context-specific, but CCR1,
CCR2, and CCRS5 (and their ligands) play predominant
roles in the recruitment of macrophages in most set-
tings. Most leukocyte subtypes express CCR1, which
binds CCL3, CCL4, and CCL5. CCR2 binds all of the
CCL2 family members (CCL2, 7, 8, 12, and 13). Under
both Type 1 and Type 2 conditions, CCR2 and CCR6
play important roles in the trafficking of monocytes
and dendritic cells to inflamed tissues.

G-protein—coupled receptors historically
served as good targets for pharmaceuticals. Consequ-
ently, a significant amount of investigation has sought
to identify the chemokine receptor (or receptors)
required for Thl versus Th2 inflammatory diseases.
This effort has met with limited success. In general,
differential chemokine receptor expression tends to
be present under Thl and Th2 inflammatory condi-
tions. Under Thl conditions, CXCR3 and, to a lesser
extent, CCR5 predominate. Conversely, under Th2
conditions, CCR3, CCR4, and CCRS8 are preferentially
expressed. Thus, under Thl promoting conditions,
CXCR3 ligands including TP-10/CXCL9, MIG/CXCLI10,
and I-TAC/CXCL11 preferentially attract Thl T cells.
CCR3, CCR4, and CCRS ligands, including eotaxins/
CCL11, 24, 26, MDC/CCL22, TARC/CCL17, and TCA-3/
CCL1 preferentially attract Th2 cells, eosinophils,
mast cells, and basophils.

CXCR3 is expressed by a number of cell types, but
preferentially on Thl and Tcl cells. CXCR3 ligands
CXCL9-11 were all originally identified as IFN-y induc-
ible chemokines, so it comes as no surprise that CXCR3
ligands predominate under Thl conditions. However,
CXCR3 is expressed by dendritic cells, both myeloid
dendritic cells and plasmacytoid dendritic cells (Type I
IFN producing innate immune cells), so while CXCR3
may be preferentially expressed during Th1 conditions,

have
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its expression is not limited to Th1 cells. Perhaps the
best-characterized receptor is CCR5 due to its use as
a coreceptor for HIV infectivity. This receptor binds
CCL3, CCL4, and CCL5 and when ligated with these
chemokines can inhibit HIV infectivity in vitro. CCR5
antagonists have been tested as anti-HIV therapeutics
with minimal success.

Although a number of studies demonstrated that
Th2 cells preferentially express CCR3, CCR4, and
CCRS3, these chemokine receptors may not be specific
for Th2-mediated diseases. Although CCR3 is highly
expressed on Th2 cell and eosinophils (a hallmark of
allergic disease), the biology of CCR4 appears to be
more complex. CCR4 has been linked to both Tregs and
modulation of M1/M2 phenotype in macrophages.

Clearly, the regulation of chemokines dictates the
nature of cellular recruitment. On the basis of numer-
ous signaling pathways induced by chemokine recep-
tor ligation, it is likely that chemokines also play a role
in the differentiation of responding cells. However,
the precise relationship between chemokine pro-
duction and cellular differentiation is still unclear.
Chemokines can aid in directing the immune response
either directly by activating APCs and T cells or indi-
rectly by recruiting the proper cell populations.

DEVELOPMENT AND ORGANIZATION OF
LYMPHOID TISSUES

Chemokines and cytokines mediate the development
and organization of lymphoid tissues [12]. Lymphoid
tissues such as thymus, spleen, and lymph nodes are
distinct organized tissues. One cytokine in particular,
lymphotoxin, is integrally important for the develop-
ment of lymph nodes, and LT-deficient mice do not
develop lymph nodes. B-cell-rich follicles require
the chemokine receptor/ligand pair CXCL13/CXCR5.
Conversely, T-cell zones develop in response to stromal
and dendritic cell production of the chemokines
CCL19 and CCL21, which both bind CCR7. The posi-
tion of B cells and T cells within secondary lymphoid
tissues depends on their differential responsiveness
to CCR7 and CXCRS5 to first enter the lymph node
and subsequently localize to the follicle, respectively.
This is also a dynamic process. For instance, upon
antigen exposure, B cells decrease responsiveness to
CXCR5 and upregulate responsiveness to CCR7, which
promotes localization to the B-cell/T-cell margin. In
general, cells in the lymph nodes migrate through
these opposing chemokine gradients by modulation of
receptors, facilitating distribution and redistribution
of leukocytes within the node. While this process is
not completely understood, the manipulation of these
chemokine receptor systems are central to proper posi-
tioning of immune cells for activation during immune
events.

When dendritic cells encounter pathogen-associated
antigen in peripheral tissues, they upregulate CCR7 on
their surface. This facilitates the trafficking and entry
into draining lymph nodes. At the same time naive
and central memory T cells express CCR7 allowing
entry of the lymph node from peripheral circulation.
The expression of CCR7 on dendritic cells and T cells
allows the localization in the proper zone (T-cell zone)
of the lymph node and therefore antigen presentation is
optimal. When T cells are primed in the lymph nodes,
downregulation of CCR7, and the upregulation of other
chemokine receptors, such as CXCR3, CCR4, or CCR5
mediates their sensitivity to chemokines produced in
the inflamed tissues. Subsequent egression from the
Ilymph node and recirculation to the inflamed tissue
allows extravasation to the site of immune response
and allows the activated T cell to perform their effec-
tor function in the local tissue. Thus, the coordinated
expression of chemokine receptors mediates the T cells
to be properly activated and subsequently perform their
effector function in the most appropriate manner to rid
the host of the inciting pathogens.

CYTOKINES IN REPAIR AND REGENERATION
OF TISSUE

Whether an acute or chronic inflammatory response
occurs in tissue to pathogens or any other inciting agent
the damage induced by the responses requires that tis-
sue repair occur eventually allowing normal tissue
function. A number of key cytokines are required for
the repair process to proceed. Those cytokines studied
in this process include TGF-f, TNF-a, platelet-derived
growth factor (PDGF), basic fibroblasts growth factor
(BFGF), monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein-1 a (MIP-1a) and
IL-1, IL-13 and IL-8. Within hours of injury, reepi-
thelialization is initiated and the release of numerous
growth factors, such as EGF, TGF-a, and FGF stimu-
late epithelial cell migration and proliferation allow-
ing the wound to be closed.

Perhaps the most defined repair cytokine has been
TGF-p. The most prominent effect of TGF is its abil-
ity to induce fibroblast production of extracellular
matrix (ECM), especially collagen. This process is
most important during tissue repair and allows the
activation local fibroblasts to produce ECM, which
provides a foundation for epithelial cell proliferation
to restructure the tissue. Once the wound is closed the
re-epithelialization can occur. In an optimal situation
TGF-p is produced for a defined period of time allow-
ing both matrix deposition for basement membrane
organization and epithelial cell growth and a stimulus
for other important processes including angiogenesis
as well as immune cell regulation [13]. Together, these
important mechanisms that are induced by TGF-p



signal the end of the immune response and the begin-
ning of tissue reorganization and repair. However, the
overproduction of repair cytokines, such as TGF-f,
can have grave detrimental effects on the host system
leading to end-stage disease [14]. The chronic over-
expression of TGF-B has been linked to almost all
fibrotic diseases in the kidney, lung, liver, as well as in
cardiac infarct repair leading to increased lesion size.
Thus, many therapeutic approaches have attempted
to target this cytokine but it has been fraught with
complications since it is central to the several impor-
tant biologic processes.

CONCLUSION

The coordination of inflammatory and immune
responses is a complex, ongoing balance between
the clearance of pathogens and simultaneous dam-
age control for the host. The production of cytokines
and chemokines during these responses participate
in all aspects of the regulation, including initiation
and maintenance of inflammation while inciting
agents are present, as well as resolution and repair
of damaged tissue after the response has subsided.
A better understanding of the differential regulation
of immune responses by particular cytokines and
chemokines facilitates the development of therapies
to target immune/inflammatory mediators during
chronic disease. Thus, our continued research and
application in appropriate models of disease will
enhance our ability to identify clinically relevant
targets.
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Metabolic stress, hypoxia, and cell damage cause
adenosine to accumulate in the extracellular space, and
increases in extracellular adenosine levels are observed
in hypoxia, ischemia, inflammation, and trauma [1,2].
Extracellular adenosine levels accumulate following
the release of adenosine from cells or as a consequence
of extracellular degradation of released ATP and ADP.
Intracellular adenosine, which can originate from
increased intracellular metabolism of ATP during cel-
lular stress or S-adenosyl homocysteine, is released
through equilibrative nucleoside transporters ENT1
and ENT2. Extracellular ATP and ADP are catabolized
by a cascade of ectoenzymes which consists of CD39
(ENTPD1 [ectonucleoside triphosphate diphosphohy-
drolase-1]), an enzyme that hydrolyzes ATP and ADP
to AMP, and CD73 (ecto-5’nucleotidase), which in turn,
rapidly dephosphorylates AMP to adenosine [3]. Owing
to the widespread expression of equilibrative nucleoside
transporters, adenosine derived from extracellular ATP
is rapidly recycled from the extracellular space by uptake
into cells. Adenosine in the cytosol is then either phos-
phorylated by adenosine kinase to AMP or metabolized
by adenosine deaminase to inosine [4,5]. As a net result
of these various metabolic processes, adenosine levels
in the extracellular space are maintained in a range of
10-200 nM in normal, healthy tissues. In contrast, under
pathophysiological conditions adenosine is generated at
a rate that is higher than the rate of degradation lead-
ing to markedly increased extracellular adenosine levels
that can range between 10 and 100 pM.

Adenosine produces its biological effects by bind-
ing to and activating one or more of four membrane
spanning adenosine receptors, designated A,, A,,, Asg,
and A;. All four adenosine receptors contain seven
transmembrane domains and couple to intracellular
GTP binding proteins (G proteins). Adenosine elicits
activation of A;, A,,, and A, receptors with ECsys that
range from 0.01 to 1 pM, and A,y receptor activation
occurs at adenosine levels that exceed 10pM (ECs:

24 pM) [6]. Since physiological adenosine concentra-
tions are less than 1M, physiological levels of adenos-
ine can activate only A,, A,,, and A, receptors, and A,y
receptor activation requires pathophysiological condi-
tions [5]. In addition to adenosine concentrations at
the cell surface, receptor density and the functional-
ity of the intracellular signaling pathways coupled to
adenosine receptors are also key factors in dictating the
nature and magnitude of the effect of adenosine on the
cell. For example, A,, receptor activation inhibits pro-
duction of the T helper (Th)l-inducing cytokine inter-
leukin-12 (IL-12) more potently by human monocytes
that are pretreated with the proinflammatory cytokine
IL-1 or tumor necrosis factor-a (TNF-a), mediators that
also increase A,, receptor expression in these cells [7].
In addition, the effect of adenosine can also be affected
by the polarized localization of adenosine receptors: A,
adenosine receptors accrue at the leading edge of
migrating neutrophils and are instrumental in direct-
ing the movement of cells in response to chemotactic
mediators [8]. Finally, it is important to keep in mind
that results regarding adenosine receptor function in
one species cannot be readily extrapolated to another
one, because sequence differences in cloned adenosine
receptors have been shown to be associated with dif-
ferential pharmacological responses to selective ago-
nists and antagonists. In this regard, A, receptors were
not even discovered until they were cloned [9], because
the A, receptor, especially in rodents, is insensitive to
xanthines such as caffeine and theophylline, antago-
nists, which had been pivotal in identifying adenosine
receptor-mediated effects.

ADENOSINE RECEPTOR SIGNALING

Adenosine receptors in general dictate cell function
through coupling to G proteins, but some G-protein-
independent actions have also been reported [5].
Adenosine receptors were initially classified as A,



(cAMP-decreasing) or A, receptors (cCAMP-increasing)
[10]. Subsequently, the cAMP-increasing A, receptors
were divided into two groups: high-affinity A,, recep-
tors and low-affinity A,y receptors [11]. More recent
studies have revealed that in addition to A, receptors,
A, receptors also decrease intracellular cAMP concen-
trations [12]. In addition to signaling via the adenylyl
cyclase-cAMP system, adenosine receptors can signal
through a variety of other pathways. For example, A,
receptor activation can be linked to various kinase path-
ways, including PI3-kinase, protein kinase C (PKC), and
mitogen-activated protein (MAP) kinases [13]. In addi-
tion, A, receptor engagement can directly activate K*
channels and inhibit Q-, P-, and N-type Ca? channels.
A,, receptors, as other Gs protein—coupled receptors,
signal via chiefly the adenylate cyclase-cAMP-protein
kinase A (PKA) canonical pathway, but they can also
activate exchange factor directly activated by cAMP
(Epac) [5]. Signaling downstream from PKA occurs
through phosphorylation of the transcription factor
CREB on serine residue 133 leading to direct CREB-
mediated transcriptional activation [14]. Activated
CREB can also modulate gene expression indirectly by
competing with NF-kB or other transcription factors
for an important cofactor, CBP [15]. In other cell types
adenosine A,, receptors stimulate collagen production
via MAP kinases [16] and inhibit neutrophil superoxide
production through activation of protein phosphatases
[17]. Furthermore, recent results implicated c/EBPf
in the stimulatory effect of A,, receptor agonists on
IL-10 production by Escherichia coli-challenged mac-
rophages [18]. A,; receptor stimulation can induce both
adenylyl cyclase activation via Gs and phospholipase C
activation via Gq [19]. Interaction between these two
pathways is important for upregulation of I1L-4 pro-
duction by mast cells upon A, receptor activation [20].
Specifically, Gg-mediated activation of phospholipase
CB causes calcium mobilization and an increase in
NFATcl-dependent IL-4 transcription, which response
is further facilitated by Gs-mediated NFATcl protein
accumulation. Traditionally, A; receptor activation is
linked to Gi-mediated inhibition of adenylyl cyclase and
Gg-mediated stimulation of PLC [21] and A; receptors
can activate PLD, RhoA, WNT, MAP kinase, and PI3
kinase pathways in governing cell function. For exam-
ple, A; receptor-mediated augmentation of histamine
released in sensitized murine mast cells was blocked
by inactivating Gi proteins with pertussis toxin and by
using pharmacological PI3 kinase inhibitors [22].

EFFECTS OF ADENOSINE ON THE CELLS OF
INFLAMMATION

Neutrophils

Neutrophils are the most abundant white blood cell
in the peripheral blood and are generally the earliest
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responders to trauma, infection, and bacterial invasion
or other inflammatory stimuli. Adenosine is a potent
regulator of neutrophil function and it has long been
known that adenosine, acting at its receptors, regulates
stimulated production of reactive oxygen species by
these cells [23-26]. Adenosine, acting at A,, receptors,
also regulates phagocytosis [27,28]. In general neutro-
phils do not secrete large quantities of cytokines but
because there are so many of these cells the cumula-
tive contribution to proinflammatory cytokine levels
at a given site are large and adenosine, acting at A,,
receptors regulate the production of a variety of cyto-
kines including TNF-a, MIP-1a/CCL3, MIP-13/CCL4,
MIP-20/CXCL2, and MIP-3a/CCL20 [29]. Neutrophils
are recruited to an inflamed site by the postcapillary
venular endothelium, which alters the expression of
adhesive molecules on their surface in order to “cap-
ture” neutrophils from the circulation. Adenosine,
acting at A,, receptors, inhibits the adhesion of neu-
trophils to endothelium by diminishing the expression
and “stickiness” of the neutrophil’s adhesive molecules
[30-38]. Interestingly, adenosine A, receptors increase
neutrophil adhesion to different adhesive molecules
on the endothelium and on other surfaces [30]. Once
in the tissue neutrophils follow a gradient of chemoat-
tractants to their source. There are many chemoat-
tractants including activated complement components
(C5a), bacterial products (formylated peptides), and
chemokines and recent studies have indicated that
adenosine receptors promote directed migration of
neutrophils via A, and A, receptors [8,39,40]. More
strikingly, neutrophils cluster their A; receptors at the
leading edge of the cell and release ATP that is con-
verted at the cell surface to adenosine, which then acts
in an autocrine fashion to promote migration [8]. At
inflamed sites, neutrophils undergo apoptosis and this
process can be further stimulated by such cytokines
as TNF-a. Adenosine, acting at A,, receptors, prevents
neutrophils from undergoing apoptosis [41-43]. Thus,
nearly every function carried out by neutrophils is
regulated by adenosine and its receptors.

Macrophages

The effect of adenosine on cytokine production by
macrophages has been extensively investigated, for
macrophage-derived cytokines are pivotal initiators
and orchestrators of immune responses. The earliest
studies concentrated on the ability of adenosine recep-
tor ligands to suppress TNF-a production by activated
macrophages. These early results have recently been
complemented with data obtained by utilizing adenos-
ine receptor KO mice, allowing a better elucidation of
the receptor subtypes involved. On the basis of these
results, it appears that the A,, receptor is the domi-
nant adenosine receptor subtype mediating the inhi-
bition of TNF-al secretion by adenosine [44-46]. In
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addition, since adenosine, NECA, and IB-MECA can
each inhibit, albeit to a lesser extent, TNF-a produc-
tion even in A,, receptor KO mice [44,46], other ade-
nosine receptors can also contribute to the inhibition
of TNF-a production. By employing a combination
approach consisting of A,, receptor KO mice and the
A, receptor antagonist MRS 1754, a recent study dem-
onstrated a role for A, receptors as the other inhibi-
tory receptor [44]. Nevertheless, A, receptors become
functional only when their effect is not overshadowed
by A,, receptors, for both MRS 1754 and knockout of
A,y receptors in the presence of A,, receptors fails to
affect the inhibition of TNF-a production [44,45].

The regulation of IL-10 production also appears
to be dependent primarily on A,, receptors, with A,
receptors having a minor role. In this context, adenos-
ine failed to upregulate E. coli-induced IL-10 release
by macrophages lacking A,, receptors but not WT
macrophages [18]. In RAW264.7 macrophages, which
express low copy numbers of A,, receptors, adenosine
upregulates IL-10 production through an A, receptor-
mediated posttranscriptional mechanism [47]. While
A, receptor activation has a marginal effect on TNF-a
and IL-10 production, it is central to the stimulatory
effect of adenosine on IL-6 production, as NECA fails
to induce the release of IL-6 in A, receptor KO but not
WT macrophages [45].

Finally, it is noteworthy that the question of which
adenosine receptors regulate cytokine production by
human monocytes/macrophages is even less clear,
with data supporting a role for all four receptors [48].
However, because these human results are derived
from pharmacological approaches, they must be inter-
preted with caution, as many of the ligands used are
not particularly selective. However, the recent demon-
stration of elevated concentrations of adenosine con-
tained in human newborn plasma when compared
to adult plasma coupled with the observation that
degrading adenosine with adenosine deaminase or
interrupting adenosine signaling by adenosine recep-
tor blockade augments TNF-a production by neonatal
but not adult blood, indicate the clinical importance of
the suppressive effect of adenosine on TNF-a produc-
tion in human immunity [49].

Dendritic Cells

The only available human studies demonstrate a rela-
tively consistent role for adenosine receptors in regu-
lating dendritic cell function. Gi-coupled (A;, A,;, or
both depending on the experimental system) adenos-
ine receptors are present on both immature myeloid
[50] and plasmocytoid dendritic cells [51], and their
activation leads to the liberation of intracellular cal-
cium from its stores and reorganization of the actin
cytoskeleton. This actin reorganization is instrumental

in causing immature dendritic cells to migrate along
different concentration gradients of adenosine, indi-
cating that adenosine receptor activation triggers
chemotaxis in immature dendritic cells [50,51]. This
chemotactic effect can be seen only in immature den-
dritic cells, as the Gi-coupled adenosine receptors
undergo downregulation during dendritic cell matu-
ration [50,51].

Although immature dendritic cells express A,,
receptors, they appear to be nonfunctional, as their
activation is unable to trigger intracellular signaling
events such as increase of intracellular cAMP [50].
Dendritic cell maturation, however, is associated with
the appearance of A,, receptor-mediated signaling
responses, due to both increased expression and cou-
pling of A,, receptors [50,51]. A,, receptor activation
on mature dendritic cells results in a shift in the pat-
tern of cytokine release from a proinflammatory to an
anti-inflammatory profile, characterized by decreased
IL-12, IL-6, and IFN-a production and increased IL-10
production [50-52]. Owing to this adenosine-induced
shift in dendritic cell cytokine production away from
the Th1l-inducing IL-12 toward the Th2-inducing IL-10,
dendritic cells in the presence of adenosine have a
decreased ability to elicit T helper (Th)1 versus Th2
polarization of naive CD4+ cells [52].

Overall, the available data demonstrate a dual
role for adenosine in regulating dendritic cell func-
tion: adenosine promotes the migration of immature
dendritic cells to inflammatory sites through A, or A,
receptors, where adenosine triggers, via A,, receptors,
an anti-inflammatory dendritic cell phenotype shift-
ing T-cell responses toward a Th2 direction.

Mast Cells

As a result of the demonstration that inhaled adenos-
ine elicits bronchoconstriction in patients afflicted
with asthma but not healthy volunteers, adenosine,
and adenosine receptors have emerged as potential
therapeutic targets in asthma [53]. Although the bron-
chospastic mechanisms of adenosine are incompletely
understood, there is an increasing body of evidence
incriminating mast cell-derived mediators such as
cytokines and histamine as having a central role in
provoking airway constriction following adenosine
inhalation. Although A,,, A,;, and A, receptors are
expressed on the cell membrane of mast cells [54], it is
unclear which receptor(s) account for the augmented
mast cell activation in response to adenosine.
Adenosine augments release of the pivotal asthma-
inducing cytokine IL-13 by murine mast cells from WT
but not A, receptor KO mice indicating that A, recep-
tors are responsible for the proinflammatory effects of
adenosine [55]. Furthermore, studies with adenosine
receptor KO mice demonstrated that A; but not A,



receptor activation can trigger the release of hista-
mine from naive lung mast cells [22]. Thus, A,; and A,
receptors subserve different proinflammatory roles in
murine mast cells in the absence of specific antigenic
stimulation. The role of A,y receptors in mediating
antigen-stimulated histamine release by murine mast
cells is subject to controversy. Although mast cells iso-
lated from WT animals exhibit decreased histamine
release in response to antigenic stimulation when com-
pared to mast cells from A,y receptor KO mice [56],
exogenous adenosine retains its stimulatory effect in
A, receptor KO mast cells [20]. Therefore, it is plau-
sible that the decreased release of histamine from mast
cells obtained from A,y receptor WT versus KO mice
indicates an impaired responsiveness of A, receptor
WT versus KO cells to antigen that may originate from
altered development of mast cells in A, receptor KO
mice. In contrast to A,z receptors, A; receptor activa-
tion directly augments histamine release in antigen-
stimulated mouse mast cells, as the stimulatory effect
of added adenosine that can be observed in WT mast
cells is not seen in A, receptor KO mast cells [57].

Unlike results noted with rodent cells, in human and
canine mast cells, adenosine-induced degranulation
or cytokine release is mediated predominantly by A,
receptor activation [58,59]. Stimulation of A,; recep-
tors on human mastocytoma HMC-1 cells elicits pro-
duction of the T helper 2 cytokines IL-4 and IL-13, in
addition to a several other proinflammatory cytokines
including IL-1p and IL-8. Although adenosine receptor
activation is incapable of triggering histamine release
from human mast cells [56], the demonstration of
augmented IL-4 and IL-13 production in response to
adenosine receptor stimulation indicates that human
mast cell adenosine receptors are important factors in
the pathophysiology of asthma.

Lymphocytes

Several recent studies utilizing adenosine receptor KO
mice have examined the effect of adenosine receptor
activation on various lymphocyte functions, and domi-
nant view based on these studies is that A,, receptors
are the primary adenosine receptors in shaping lym-
phocyte responses. Studies employing A,, KO mice have
shown that A,, receptor activation limits IL-2 secretion
by naive CD4+ T-cells [60] leading to their reduced pro-
liferation [61] following T-cell receptor engagement. In
addition, A,, receptor activation decreases the produc-
tion of both IFN-y and IL-4 by both naive CD4+ T cells
[60,62] and polarized Thl and Th2 cells [63], casting
doubt on the hypothesis that A,, receptor stimulation
in lymphocytes might switch Th cell responses toward
a Th2 profile. A,, receptor stimulation also upregulates
the expression of negative costimulatory molecules
including cytotoxic T-lymphocyte antigen-4 (CTLA-4)
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and programmed cell death-1 (PD-1), and downregu-
lates expression of the positive costimulatory molecule
CD-40L [61].

As with CD4+ cells, adenosine limits IL-2 produc-
tion by both polarized Tcl and Tc2 CD8+ cytotoxic
cells, which effect is mediated through A,, receptors
[64]. However, the production of neither Tcl (IFN-vy)
nor Tc2 (IL-4 and IL-5) cytokines was affected by A,,
receptor stimulation. Moreover, A,, receptor stimula-
tion failed to inhibit Tcl or Tc2 cell cytotoxicity [64],
which indicates that another subtype, possibly the
A; receptor may dictate the anticytotoxic effect of
adenosine observed in earlier studies [65,66]. Recent
analysis of A}, A,,, and A, receptor KO mice, however,
indicate a key role for A,, receptors in decreasing the
cytolytic activity of IL-2-activated natural killer (NK)
cells [67].

Adenosine has emerged as a major mediator of the
immune suppressive effects of regulatory T (Treg) cells,
which have a key role in harnessing the immune system,
thereby preventing excessive immune-mediated tissue
injury. Studies show that Tregs, as defined by expres-
sion of CD4+/CD25+/Foxp3+ and a capacity to limit the
proliferation of CD4+/CD25- cells, express high levels
of both CD39 [68] and CD73 [68,69]. On the basis of
these results CD39 and CD73 were proposed to serve
as novel-specific markers of Treg cells. Recent studies
confirmed the intimate relationship between Foxp3+
expression and CD39 expression by demonstrating that
Foxp3+ triggers the expression of CD39 [70].

Evidence indicates that CD73 and CD39 have
important roles in mediating the immune suppres-
sive properties of Tregs by hydrolyzing exogenous
ATP/ADP to generate adenosine [68]. Specifically,
Tregs obtained from CD39 KO mice lost their ability
to suppress proliferation of CD4+/CD25- cells, which
effect was reinstituted by introducing soluble exog-
enous NTPDases [68]. In addition, a role for adenos-
ine was further highlighted by studies demonstrating
that A,, receptor KO target cells (CD4+/CD25-) pro-
liferated more than WT cells when cultured with WT
Tregs. The intimate relationship between A,, recep-
tors and Tregs is also indicated by the observation
that A,, receptor activation augments Foxp3+ expres-
sion in T cells [71].

A subset of T cells known as invariant NKT cells
(iNKT) are important for the innate immune response
that induces very rapid host responses to infection
[72,73]. A, receptors are expressed on iNKT cells and
markedly suppress the production of proinflammatory
cytokines such as INF-y [74]. Since NKT cell activa-
tion has been implicated in a wide range of disease
processes including atherosclerosis, type 1 diabetes,
arthritis, and various allergic diseases [75], the pres-
ence of A,, receptors on NKT cells indicates novel
therapeutic applications of A,, receptor ligands.
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Endothelial Cells

Endothelial cells express predominantly A,, and A,y
adenosine receptors although A,; receptors appear to
play a larger role in regulation of the microvascula-
ture [76]. At inflamed sites the vascular endothelium
expresses or upregulates the expression of adhesive
molecules, including E-selectin, VCAM-1, and ICAM-1,
on their surface, which mediates recruitment of leuko-
cytes. Adenosine A,, receptors inhibit the expression
of E-selectin and VCAM-1 but do not affect ICAM-1
upregulation [77], effects apparently mediated by inhi-
bition of NF-xB activation in the endothelium [78].
More recently, similar effects have been ascribed to
the A,y receptor as well [79]. In addition, the vascu-
lar endothelium secretes a variety of chemokines and
cytokines at inflamed sites, including IL-8 and IL-6,
and adenosine, acting at A,, and A, receptors, dimin-
ishes their expression [77]. Thus, adenosine diminishes
the endothelial contribution to inflammation and leu-
kocyte recruitment to inflamed sites.

The vascular endothelium is also an important
source of adenosine [80-82], particularly during
inflammation, by extracellularly converting adenine
nucleotides to adenosine via CD39/CD73 expressed on
their surface [83-86]. Inflammatory cytokines such as
IFN-a, promote the expression of CD73 in a form of
feedback regulation of inflammation as well [87]. The
adenosine released by the endothelium not only pro-
tects the endothelium and the underlying tissue from
attack by stimulated leukocytes [85,88] but inhibits
the vascular leakage (edema) that is so prominent at
inflamed sites via activation of adenosine A, recep-
tors [84,89-91].

As discussed later, adenosine and its receptors play
an important role in granulation tissue formation in
wounded tissues. The central event in granulation tis-
sue formation is angiogenesis and adenosine, acting at
both A,, and A,; receptors, stimulates angiogenesis.
Application of an adenosine A,, receptor agonist to
wounds increases blood vessel formation [92-95] and
enhances wound healing. This effect is mediated, in
part, by promotion of angiogenic factors by endothe-
lial cells and macrophages and downregulation of
antiangiogenic factors [96-98]. In other tissues, such
as the retina, adenosine A,; receptors mediate this
function [99-101].

OVERALL EFFECTS OF ADENOSINE AND ITS
RECEPTORS ON INFLAMMATION

Asthma and Chronic Obstructive Pulmonary
Disease

Inhaled adenosine can trigger bronchospasm in patients
with asthma and chronic obstructive pulmonary disease

(COPD), but not healthy patients, and adenosine recep-
tor antagonists can block this bronchospastic response
[54]. These observations coupled with the findings that
both adenosine concentrations and adenosine receptor
abundance on immune cells in the lung are increased
in individuals with asthma and COPD link endog-
enous adenosine to pathophysiological mechanisms
in lung diseases. Because the bronchospastic response
to adenosine can be prevented by agents that stabi-
lize the mast cell membrane and prevent the release
of injurious mediators, and because histamine recep-
tor blockers can also prevent adenosine-mediated
bronchoconstriction, mast cells have been proposed
as major targets of the bronchoconstrictive effects of
adenosine [54]. Rodent models of asthma have con-
firmed this, and have also incriminated A, [55] and
A, [22,57] receptors as contributing to the stimulatory
effect of adenosine on mast cell activation. In contrast,
studies employing human mast cells have demon-
strated that A,y receptors mediate the proinflamma-
tory effects of adenosine in humans. A,; stimulation
is proinflammatory not only in mast cells, but also in
human bronchial smooth muscle cells [102], human
bronchial epithelial cells [103], and human lung fibro-
blasts [104], which produce increased amounts of IL-6
[102,104] and IL-19 [103] in response to adenosine. A,
receptors promote the differentiation of human lung
fibroblasts into myofibroblasts, a major cell type that
produces extracellular matrix [22]. This suggests that
adenosine may participate in the fibrosis and remodel-
ing of the lung during asthma and COPD.

Preclinical data showing the effectiveness of A,
receptor antagonism in preventing disease progression
in rodent animal models [105,106] suggest that selec-
tive A, antagonists may be a feasible option for the
treatment of human patients suffering from asthma
and COPD. This notion is underlined by evidence that
enprofylline, an antiasthmatic agent, is a relatively
selective, albeit not potent A,; receptor antagonist
[107]. In this regard it is noteworthy that CVT-6883
[105,106], a selective A, receptor antagonist that has
demonstrated efficacy in preventing disease in rodent
models of asthma and COPD appeared to be safe and
well tolerated in a recent human Phase 1 study.

A,, agonists have been found to have widespread
anti-inflammatory effects in pulmonary inflamma-
tion [108]. Bone marrow transfer experiments dem-
onstrated that A,, receptor activation only decreased
lung inflammation when the A,, receptor was pres-
ent on bone marrow-derived cells. In addition, utiliz-
ing A,, receptor KO mice, Nadeem et al. showed that
the adenosine-A,, receptor-cAMP axis is a potent
endogenous anti-inflammatory signaling mechanism
that prevents airway hyperreactivity and inflamma-
tory cell sequestration following ragweed sensitiza-
tion [109]. Thus, A,, agonists appear to be effective at



harnessing inflammatory lung tissue injury. However,
in clinical trials, the utility of the A,, receptor ago-
nist GW328267X was limited by cardiovascular side
effects [110].

Reperfusion Injury

A,, receptors on bone marrow—derived cells can pro-
tect organs from reperfusion injury following an isch-
emic episode. The organs that have been shown to be
protected in this way include liver [111], kidney [112],
heart [113], skin [114], spinal cord [115,116], and lung
[117]. In liver [74] and kidney [118], the proinflamma-
tory activities of iNKT cells have been found to be
inhibited by A,, receptor activation, and to be critical
targets of the organ protective effects of A,, adenosine
receptor activation.

Inflammatory Arthritis

Methotrexate is the mainstay of therapies for inflam-
matory arthritis. At low doses methotrexate enters cells
and becomes polyglutamated to a long-lasting metabo-
lite [119]. AICAR transformylase, an enzyme which is
part of the de novo purine synthetic pathway, is inhib-
ited by methotrexate polyglutamates [120] causing, the
intracellular accumulation of AICAR [121,122]. AICAR
competitively inhibits AMP deaminase causing, ulti-
mately enhanced release of adenosine from cells [121].
Although it is difficult to measure adenosine levels in
blood and other fluids because of the short half-life
(2-8 seconds) of adenosine [123], in patients suffering
from rheumatoid arthritis treated with methotrexate
there is strong evidence that methotrexate therapy
increases adenosine release [124,125]. Experiments
employing rodents show that the anti-inflammatory
effects of methotrexate are mediated by adenosine
and that the anti-inflammatory effect of methotrexate
is absent if animals are administered adenosine recep-
tor antagonists or if their adenosine A,, or A, receptors
have been knocked out [122,126-132]. Similarly, meth-
otrexate loses its efficacy in patients with rheumatoid
arthritis who consume significant quantities of caf-
feine, an adenosine receptor antagonist [133]. Thus, by
increasing adenosine release at inflamed sites metho-
trexate attenuates inflammation in patients with rheu-
matoid arthritis. These observations that methotrexate
exerts some of its anti-inflammatory effects through
A, receptors together with the demonstration that the
selective A, receptor agonist IB-MECA suppresses the
course of arthritis in collagen-induced arthritis in mice
[134], led to clinical trials with IB-MECA (CFA101) in
patients with rheumatoid arthritis. IB-MECA was safe
and well tolerated in this Phase II trial, and patients
that were given this drug attained a moderate attenua-
tion of symptoms [135].
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Sepsis

Mouse models employing both knockout and pharma-
cological approaches have delineated the role of the
different adenosine receptors in governing the physi-
ological response of the host to sepsis [136]. Blockade
of A, receptors augmented mortality in intraperito-
neal sepsis induced by cecal ligation and puncture in
mice, which was associated with increased inflamma-
tion-induced hepatic and renal injury [137]. Similar
to these results, both knockout and pharmacologi-
cal inactivation of A; receptors enhanced mortality,
in mice challenged with cecal ligation and puncture
[138]. In contrast to the deleterious effects of block-
ade of A, and A, receptors, A,, receptor blockade by
either gene deletion or administration of ZM241385
diminished cecal ligation and puncture-induced
lethality. This protective effect occurred by a mecha-
nism that involved decreased bacterial growth, which
was due to preserved immune system function [139].
Surprisingly, A,, receptor activation, when combined
with antibiotics, has been shown to decrease lethal-
ity from sepsis induced by injecting with live E. coli,
possibly by suppressing an exaggerated inflammatory
response that can be caused by the rapid drug-induced
killing of large number of bacteria [140]. Finally, it
appears that A,; receptor inactivation in cecal ligation
and puncture results in an augmented inflammatory
response (Csoka, Hasko, Nemeth, and Pacher, unpub-
lished observation).

Inflammatory Bowel Disease

Ulcerative colitis and Crohn’s disease are chronic,
relapsing diseases characterized by dysfunctional
mucosal T lymphocytes, imbalances in cytokine pro-
duction and inflammation leading to damage of the
intestinal mucosa. Although the etiology of inflam-
matory bowel disease (IBD) is elusive, the consen-
sus is that that disease is the result of a dysregulated
immune response to luminal antigens in a genetically
susceptible host [141,142]. A,, receptor activation has
been shown to be protective in several animal models
of IBD, and these protective effects can be attributed
to two main mechanisms: attenuation of inflamma-
tory cell sequestration and function in the mucosa,
and enhanced activity of Tregs. Contribution of the
former mechanism is based on results that A,, recep-
tor stimulation with ATL146e diminishes both leu-
kocyte infiltration and the release of inflammatory
cytokines by disease-promoting effector T cells [143].
The latter mechanism was predicated on data that
co-transfer of CD25+ CD4+ T regulatory cells obtained
from A,, receptor WT mice could prevent disease
induction SCID mice that were transferred adoptively
with disease-inducing CD45RB"e" CD4+ T cells, while
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co-administration of CD25+ CD4+ Tregs obtained from
A,, receptor KO mice together with disease-inducing
CD45RBPe" CD4+ T cells was inefficient in preventing
the development of disease [60].

Stimulation of A,; receptors on intestinal epithelial
cells increases IL-6 production by these cells leading to
increased neutrophil activation [144]. In addition, A,
receptors expression increases in epithelial cells iso-
lated from murine or human colitis [145]. On the basis
of these observations, recent studies have assessed the
effect of A, receptor blockade in IBD. Treating mice
with a selective A,; antagonist, ATL-801, strongly
decreased IL-6 production and neutrophil infiltra-
tion, reduced mucosal damage, and ameliorated the
course of disease in a model of IBD [146]. These are
encouraging results, because blockade of A, receptor
might be a potentially advantageous treatment option
that selectively targets the gut of patients suffering
from IBD. This idea is based on results that A,; recep-
tor expression is highest in the gut as compared to
other organs and that concentrations of endogenous
adenosine that seem to propagate the disease process
through A,; receptors are elevated exceedingly in the
gut [147].

Finally, it is noteworthy that in addition to endog-
enous adenosine, its metabolite inosine can also ame-
liorate the course of experimental IBD [148]. Since
inosine can potently deactivate macrophages, in part,
through A, , receptors [149], one possibility is that inos-
ine exerts its beneficial effect by preventing production
of macrophage-derived inflammatory cytokines in the
gut [150,151].

Wound Healing

Inflammation in the skin is part of a continuum in
which damaged tissue is repaired and replaced, lead-
ing to wound healing. Montesinos et al. first showed
that applying adenosine A,, receptor agonists topically
increases the rate of wound healing in normal and dia-
betic mice and rats [92]. Adenosine receptor agonists
increased both matrix and vessel formation and their
effects were superior to that induced by recombinant
platelet-derived growth factor [92-94,152]. Activation
of A,, and A,y receptors enhances angiogenesis both
directly and indirectly: adenosine receptors directly
promote proliferation of microvascular endothelial
cells in part through the autocrine production of VEGF,
a central stimulus for endothelial proliferation and
angiogenesis [7,99-101,153-159] and suppress the pro-
duction of thrombospondin 1, an antiangiogenic matrix
protein [97]. Furthermore, adenosine receptor stimula-
tion upregulates VEGF production by macrophages
[96,152,160]. In addition, A,, and A, receptor stimula-
tion enhances matrix production by fibroblasts, a cen-
tral step in tissue repair [104,161-163]. In this regard,

it is worth mentioning that A,, receptor KO mice fail
to generate granulation tissue confirming that endog-
enous adenosine has a central role in wound healing
[93]. Sonedenoson (MRE0094, King Pharmaceuticals),
an A,, agonist that regulates the inflammatory response
and enhances tissue regeneration, is currently undergo-
ing trials for the treatment of diabetic foot ulcers.

CONCLUSIONS

A recent increase in our understanding of the role of
the various adenosine receptors in regulating tissue
injury have led to the identification of novel pharma-
cological targets to restore tissue function in various
diseases. Targeting adenosine receptors with ago-
nists, antagonists, and interfering with the function
of enzymes and transporters that are responsible for
the accumulation of extracellular adenosine represent
a wide range of approaches to alter adenosine signal-
ing at inflammatory sites.
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CONTEXT OF THE PHAGOCYTE NADPH OXIDASE

The rapid response of the innate immune system of
humans depends in large part on the behavior of a
subset of leukocytes known as polymorphonuclear
leukocytes or neutrophils. Constituting the majority
of white blood cells in the circulation, neutrophils
provide continuous surveillance for microbial and
noninfectious threats to the integrity of the host. Once
recruited to an area of infection, neutrophils ingest
microbes and thereby confine them in the phagosome,
a membrane-bound compartment where an array
of antibacterial factors can be delivered to kill and
degrade the trapped microorganism. In addition to
proteins that exhibit direct antimicrobial action, cyto-
plasmic granules in neutrophils contain enzymes that
utilize microbial constituents as substrate, thereby
compromising the structural integrity of the organ-
ism and indirectly contributing to microbial killing.
Under normal circumstances, these complex and syn-
ergistic events occur in the presence of reactive oxy-
gen species (ROS) generated in situ by activation of
a multicomponent enzyme, the phagocyte NADPH-
dependent oxidase. Like the prefabricated granule
constituents, ROS damage targets directly and act
in concert with granule proteins to generate second
derivative active agents. The concomitant release of
granule proteins and activation of the NADPH oxi-
dase thus provide phagocytic cells such as neutrophils
with the capacity to respond rapidly to potentially
life-threatening challenges and thus provide the ini-
tial wave of host defense.

Although monocytes, macrophages, and eosino-
phils share many of the fundamental features of
the phagocytosis-coupled response exhibited by
neutrophils, the discussion will use human neutro-
phils as the paradigm for presenting the biochemi-
cal principles of ROS generation by stimulated
leukocytes.

Appreciation of the role of ROS in normal host defense
against infection serves as another example in modern
medicine of how basic research and clinical medicine
reciprocally rely on each other for critical insights as
well as for identifying the proper biological context. As
investigators were probing the origins and significance
of the “burst” in oxygen consumption that phagocytes
exhibited when challenged with microbes, clinicians
were characterizing the phenotype of a new clinical
syndrome associated with a compromise in normal
immune function.

Whereas resting neutrophils rely on glycolysis for
energy and consume little to no O,, stimulated neutro-
phils exhibit a rapid and robust burst of respiration,
often referred to as the “respiratory burst,” and thereby
generate a large flux of ROS. Nearly all of the oxygen
consumed by stimulated neutrophils can be recovered
as H,0, produced, demonstrating that the phagocyte
oxidase represents the sole mechanism for oxygen uti-
lization in phagocytes. The respiratory burst oxidase
was not constitutively active but required stimula-
tion to initiate activity, resisted inhibition by cyanide
or azide, thus excluding a mitochondrial source, and
required flavin adenine dinucleotide (FAD) as well
as NADPH for activity. Over the same time span that
investigators were characterizing the respiratory burst
oxidase, clinicians described a new inherited disor-
der, chronic granulomatous disease (CGD), that was
manifested as frequent and severe pyogenic infections.
Patients with CGD were first recognized in the 1950s
when four boys with recurrent infections, lymphade-
nopathy, and granulomatous reactions in liver and
lymph nodes were reported. The concurrent pursuits
to elucidate the enzymology and significance of the
respiratory burst of phagocytes and to understand
the basis of the increased susceptibility to infection
seen in patients with CGD merged with recognition
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(1) that the biochemical phenotype of CGD reflected the
absence of oxidase activity from neutrophils, mono-
cytes, macrophages, and eosinophils and (2) that the
failure of CGD phagocytes to generate ROS resulted
in depressed antimicrobial activity and the resultant
increased occurrence of pyogenic infection.

Collectively, ROS refers to molecules generated by
the incomplete reduction of oxygen, which include, in
the context of the phagocyte oxidase, superoxide anion
(03), hydrogen peroxide (H,0,), and hydroxyl radical
(HO).

0, is relatively unstable and because of its negative
charge does not diffuse efficiently through membranes.
However, because of its negative charge, O, avidly oxi-
dizes charged redox centers such as iron-sulfur clus-
ters in bacteria. In contrast, H,0, is relatively stable
and readily diffuses through membranes to oxidize
susceptible targets, especially sulfur-containing amino
acids such as cysteine and methionine residues. HO:
ranks as the most toxic of these three ROS and reacts
indiscriminately with lipids, proteins, DNA, and virtu-
ally all potential biologic substrates. As discussed in
the following, the interactions among these ROS and
between the ROS collectively and granule proteins cre-
ate a hostile environment within the phagosome for
the ingested microbe.

MEMBRANE COMPONENTS OF THE
PHAGOCYTE OXIDASE

As noted earlier, the phagocyte NADPH-dependent
oxidase is inactive in resting neutrophils but converted
into an active form by exposure of the cells to a suitable
agonist. The activation state of the phagocyte oxidase is
regulated by the spatial disposition of its components.
The essential elements of this multicomponent enzyme
in resting cells are segregated either in membranes or
as soluble proteins within the cytoplasm. Exposure to
effective agonists triggers assembly of the oxidase at
the plasma membrane or the phagosomal membrane.
Once assembled, the enzyme becomes active, convert-
ing molecular oxygen to O,.

The membrane component of the phagocyte
NADPH oxidase is flavocytochrome bssg, a heterodi-
meric integral membrane protein composed of a
glycosylated 91-kDa protein, gp917°c (where phox
indicates phagocyte oxidase), and a nonglycosylated
22-kDa protein, p227*, Encoded by the CYBB gene on
the X-chromosome and once thought to be uniquely
expressed in phagocytes, gp917°* is the electron trans-
ferase component of the phagocyte oxidase and has
recently been recognized to be the patriarch of a fam-
ily of NADPH oxidase proteins, referred to now as the
NOX protein family (vide infra). Neutrophils, mono-
cytes, eosinophils, and macrophages express rela-
tively large amounts of gp9177°*, which is referred to as

NOX2 in the nomenclature of the NOX protein family.
Ongoing studies of the tissue distribution of NOX pro-
tein family members have revealed detectable amounts
of both gp917°* message and protein in a wide variety
of cells, although in many cases the physiologic sig-
nificance of the findings awaits further elucidation.
The integral membrane protein p2277°* is encoded by
the CYBA gene on chromosome 16q24 and associates
with gp917#* in 1:1 stoichiometry to create functional
flavocytochrome bssg. During the biosynthesis of the
individual subunits of flavocytochrome bssg in the endo-
plasmic reticulum (ER), the heme-containing 65-kDa
precursor of gp917s associates with p227°* to form
the nascent heterodimer (Figure 15.1). In the absence
of either subunit, as occurs in some types of CGD, the
lone subunit undergoes degradation, mediated in part
in the proteasome. Furthermore, heme acquisition in
the ER is a prerequisite for maturation of the heterodi-
mer in the secretory protein pathway and proper tar-
geting to membranes at the neutrophil surface or in
intracellular vesicles. In the absence of heme synthesis,
heterodimers do not associate in the ER and flavocy-
tochrome b biosynthesis is aborted, demonstrating
the critical contribution of heme incorporation to the
integrity and stability of the heterodimer.

In the absence of a solved crystal structure, the
topography of flavocytochrome bss; and some of its
structural features have been derived from sequence
analysis, mapping by monoclonal antibodies, and
the application of a host of analytical techniques
(Figure 15.2). Data suggest that gp917* possesses six
transmembrane helices and an extended C-terminus
of ~300 amino acids in the cytoplasm. Several fea-
tures of gp917o* that are shared by all members of the
NOX protein family are suited to its role as an elec-
tron transferase, shuttling electrons across the mem-
brane from cytoplasmic NADPH to molecular oxygen.
The C-terminal cytoplasmic tail of gp9177°* possesses
binding sites for both NADPH and FAD and the trans-
membrane a-helices contain two nonequivalent heme
groups, each ligated to histidine residues in parallel
helices and stacked atop each other perpendicular
to the plane of the membrane. This arrangement is
reminiscent of that suggested for the iron reductase
of Saccharomyces cerevisiae, where the individual
ligating histidines appear 12-13 residues apart in the
linear sequence. Direct data on neutrophils indicate
that the midpoint potentials for the inner and outer
heme groups are -225 and -265 mV, respectively, thus
providing a favorable pathway for sequential electron
movement from NADPH to FAD to the hemes and then
to molecular oxygen, with the ultimate production of
superoxide anion.

Whereas gp9177°+ serves as the catalytic subunit of
flavocytochrome bsss, supporting electron movement
from NADPH to oxygen, p22”"** has not been implicated



m W.M. Nauseef

Glucosidases | and Il Heterodimer
and formation
ER mannosidase

ER-to-golgi veside
budding

LR EREE L

—_—

L L wta ate g0y

Mannosidase | l Mannosidase I

" ®

l Heme insertion

CYTOSOL

Mature

flavocytochrome b —* to granules

Figure 15.1. Biosynthesis of flavocytochrome bgss. Both subunits of flavocytochrome bgsg are synthesized in the ER,
with the primary translation product for gp?1phx undergoing cotranslational glycosylation to generate a 65-kDa pre-
cursor, gpé5. The nascent subunits associate and acquire the heme groups in the ER, with any unassociated subunits
undergoing degradation, in part mediated by the proteasome. The heme-containing gp65-p22rho* heterodimer has
posttranslational modification of carbohydrates by ER glucosidases and mannosidases before exiting the ER and enter-
ing the Golgi, where significant modification of the oligosaccharides occurs. The net result of extensive glycosylation
is the appearance of gp91phox. The mature heterodimer exists the Golgi and transferred into the membranes of the

secretory vesicles, secondary granules, and cell surface.

in directly contributing to enzymatic activity of the
heterodimer. Rather, p227°« is essential for the stabil-
ity of gp917t* during its biosynthesis and thus to the
structural and functional integrity of flavocytochrome
bsss; patients with absent or abnormal forms of p22rhex
have the biochemical and clinical phenotype of CGD
and suffer the same frequent and life-threatening
infectious complications as do patients with CGD
secondary to a lack of normal gp9177°*, In addition to
the association with gp917%°* in the membrane, p22rhex
supports interactions with cytosolic oxidase compo-
nents that are essential to assembly of a functional
oxidase (vide infra). It is noteworthy that the stabiliz-
ing effect of p227h* on gp917°* is not a feature shared
by all NOX protein family members; neither NOX5 nor
the two Duox proteins is associated with p2277*, As
discussed later, these same NOX isoforms also func-
tion independently of cytosolic cofactors, thus high-
lighting the specific contribution p227** makes to the
infrastructure-supporting oxidase assembly.

CYTOPLASMIC COMPONENTS OF THE
PHAGOCYTE OXIDASE

In addition to the membrane-associated flavocyto-
chrome bssg, activity of the phagocyte NADPH oxi-
dase requires three cytosolic proteins, p477"°%, p67°hex,
and either Racl or Rac2 from the Rho family of low-
molecular-weight GTPases. The absence of any of these
proteins from phagocytes results in the biochemical
and clinical phenotype of CGD. In addition to these
three proteins, other cytosolic proteins have been
implicated in modulating activity of the phagocyte
oxidase. The essential proteins exist in the cytoplasm
as multicomponent complexes; p47°t*, p677*, and
p40rx are associated in one cytosolic complex, and
Rac is coupled with RhoGDI, the GDP dissociation
inhibitor for Rho, in the other.

Serving as an adaptor protein that organizes
assembly of the multiple oxidase components at the
membrane, p477"°* contains several domains that have



Leukocyte Generation of Reactive Oxygen Species m

Out

COO

Figure 15.2 Electron transfer via flavocytochrome bsss. Substantial complementary
data support a model for gp91°hox with six transmembrane a-helices, with both a short
N-terminus and extended C-terminus extending into the cytoplasm. The cytoplasmic
C-terminus possesses binding sites for NADPH and FAD. Stacked in the membrane,
coupled in bis-histidine linkages between helices lll and V, are two nonequivalent heme
groups. When the oxidase is assembled and activated, electrons shuttle sequentially
from NADPH to FAD, across the two hemes in the membrane, to reduce molecular oxy-

gen to superoxide anion.

been implicated in mediating intermolecular interac-
tions (Figure 15.3). Near the N-terminus of p477* is
a PX domain, originally identified in Phox proteins
and demonstrated to associate with specific phospho-
inositides in or at the membrane. In addition, p47~«
possesses tandem Src homology 3 (SH3) domains and
a proline-rich region (PRR), motifs known to support
protein—protein interactions. However, the conforma-
tion of p477"* in the cytoplasm of unstimulated phago-
cytes renders these domains cryptic and inaccessible
for interactions with their potential binding partners.
In addition to the protein domains that support inter-
molecular associations, p477%°* has a region rich in
arginine and in serines that are susceptible to phos-
phorylation. Referred to as an autoinhibitory region,
this cationic region of p47/%* includes 8-10 sites for
agonist-dependent phosphorylation. During phagocyte
stimulation, several kinases are activated and mediate
phosphorylation of p477* in the autoinhibitory region,
thereby releasing the conformational constraints on
its potentially interactive domains. As a consequence
of these posttranslational modifications in p47°tex,
its SH3 domains become accessible to associate with
the PRR in p22r%* and its PX motif can interact with
targets in the stimulated plasma or phagosomal mem-
brane. The translocation of p477%* to the membrane
is required to promote the movement of p67”%* and

assembly of a functioning oxidase; in neutrophils of
patients with CGD secondary to the absence of p47°tx,
p677°* remains in the cytoplasm after exposure to ago-
nists. Thus, p47°* contributes to oxidase activation in
its role as an organizing element, providing a platform
that is essential for the orderly translocation of p67~/x
to the membrane and the stable association there with
flavocytochrome bsg.

Whereas p477°* provides critical organizational
input into phagocyte oxidase assembly and action,
p677* exhibits intrinsic catalytic activity, regulating
the reduction of FAD by NADPH and interacting with
Rac. In fact, in an experimental cell-free system using
flavocytochrome bsgs—enriched neutrophil membranes
and high concentrations of recombinant p67°°*, super-
oxide anion can be generated in a Rac-dependent fash-
ion in the absence of p47°"°*, The catalytic activity of
p677°* depends as well on interactions with Rac, with
an effector domain within the latter demonstrated to
associate directly with p677°*, In cytoplasm of rest-
ing phagocytes, isoprenylated Rac is in its GDP-bound
inactive state, associated with RhoGDI. However, stim-
ulation results in phosphorylation of RhoGDI, genera-
tion of the GTP bound form of Rac, and translocation
of Rac-GTP to the membrane (Figure 15.4). The latter
translocation is independent of concurrent transloca-
tion of the p47rox—p67rhox_p40rx complex, although



m W.M. Nauseef

C {m“"N

Resting cell
Autoinhibitory region \,OOQ 9

503

Protein kinase(s)

Stimulated cell

Figure 15.3. Agonist-triggered conformational changes in p47°h. In the cytoplasm of
resting phagocytes, p47rhx exists in a conformational state wherein domains that pos-
sess the capacity to support protein—protein and protein-lipid interactions are cryptic
and inaccessible. There is a PX domain, which binds to specific phosphoinositides; tan-
dem Src homology 3 (SH3) domains, which interact with proline-rich regions (PRR); and
a C-terminal PRR. Very importantly, there is a cationic region between the second SH3
domain and the PRR known as the autoinhibitory region that is rich in arginine and ser-
ine residues. Stimulation of phagocytes activates several protein kinases that phospho-
rylate 8-10 serines in the autoinhibitory region. Consequently, there is a conformational
change in p47¢rho%, rendering its interactive domains available for binding. SH3 domains
interact with a PRR in p22rhex, PX domain binds phosphoinositides on the inner leaflet
of the phagocyte membrane, and other interactions between cytosolic elements and

flavocytochrome bssg stabilize the assembled complex.

evidence supports interactions of the membrane-
bound Rac-GTP with translocated p677°* as well as
with flavocytochrome bsss. The efficient redistribu-
tion of the two cytosolic complexes upon phagocyte
stimulation and the stable association of oxidase com-
plexes to support a functional oxidase require multiple
protein—protein and protein-lipid interactions, the
precise details of which are still being elucidated.

In the most reductionist view, phagocyte oxidase
activity can be fully reconstituted in vitro with lipi-
dated flavocytochrome bssg, p477°%, p67°'°*, and Rac-
GTP. However, additional proteins and lipids likely
contribute to modulation or regulation of phagocyte
oxidase activity in vivo. The lipid environment of flavo-
cytochrome bssg influences its conformation and activ-
ity. Furthermore, the phospholipid composition of the
membranes at which oxidase assembly occurs contrib-
utes to overall activity of the enzyme complex. Like
p47rieor, p40rior possesses a PX domain but may rec-
ognize phosphoinositide species that differ or overlap
with those to which p477%x binds. The PX domain of
p40r* binds phosphatidylinositol 3-phosphate [PI;P],
a species generated on the cytoplasm-oriented leaf-
let of nascent phagosome membranes. Experimental

evidence indicates that robust oxidase activation dur-
ing phagocytosis requires PI;P-dependent binding of
p407x at the phagosome, thereby providing another
level of spatial control of the phagocyte oxidase.
Several reports of flavocytochrome bss; purification
have noted the co-isolation of RaplA, a low-molecular-
weight G protein, although a functional link with the
phagocyte oxidase remains to be further defined. Of
note, neutrophils from mice lacking RaplA exhibit
slightly reduced oxidase activity. There is recent evi-
dence as well that the abundant cytosolic calcium-
binding proteins MRP8 and MRP14 associate with
flavocytochrome bssg in neutrophils and modulate oxi-
dase activity in intact cells.

OXIDANT GENERATION WITHIN THE PHAGOSOME

The clinical consequences of CGD dramatically high-
light the important contribution of oxidant-dependent
antimicrobial activity to human defense against infec-
tious agents. Discussions of neutrophil antimicrobial
action often juxtapose such activity with microbial
killing that occurs in the absence of O,, the so-called
0,-independent system. The granule proteins delivered
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Figure 15.4. Assembly of the phagocyte NADPH oxidase. In resting phagocytes, the NADPH oxidase is unassembled and
inactive. Upon stimulation, phosphorylation of p47rhx and RhoGDI relaxes conformational constraints in the complexes. The
phosphorylation of p47rhox permits the p47rhox-p67rhox complex to associate with the membrane and with flavocytochrome bssg
(Figure 15.3). Conversion of Rac-GDP to Rac-GTP permits the isoprenylated protein to translocate to the membrane, indepen-

dently of the p47rhox—p67rhox complex, where interactions with gp91phox, p67rhex, or both occur.

to attack the ingested microbe by granule-phagosome
fusion include a variety of proteases with a broad
array of substrate specificities that react with exposed
or secreted microbial products. Some granule pro-
teins are not enzymes but exert direct antimicrobial
activity. For example, cationic antimicrobial peptides
present in azurophilic granules of neutrophils, such
as a-defensins or bactericidal-permeability increas-
ing protein (BPI), lack protease activity but disrupt the
integrity of the microbial surface upon binding and
thereby compromise the viability of the organism. The
intrinsic activity of both of these antimicrobial agents
is independent of the presence of O,, and their initial
engagement with the target is at the microbial surface,
dictated, in part, by electrostatic interactions between
the cationic antimicrobial peptide and the anionic
outer structures on the organism. Consequently, any
posttranslational events that change charge or other
intrinsic physical properties of the microbial surface
will influence subsequent associations with such gran-
ule antimicrobial proteins in the phagosome. Such
considerations are important to include in a discus-
sion of phagocytic antimicrobial action, as the conven-
tional classification of events as “oxygen-dependent”
versus “oxygen-independent” underestimates the com-
plex synergy that occurs in the physiologic setting of
an infectious challenge.

As detailed earlier, the assembled oxidase serves
as an electron transferase, sequentially moving elec-
trons from cytoplasmic NADPH, across the membrane

(either plasma or phagosomal), to molecular oxygen,
and thereby generating O, as the proximal product
of oxidase activity. Although the magnitude of oxi-
dase activity parallels the intensity of the stimulation,
the phagocytosis-triggered oxidase generally gener-
ates O, within the phagosome, with very little detected
extracellularly unless the number of particles in the
challenge is high or closure of the phagosome is incom-
plete. The turnover number of the phagocyte oxidase is
~150-160 electrons/heme/s, and a soluble agonist such
as phorbol myristate acetate can stimulate extracellu-
lar generation of 7-10 nmol O,/min/10° neutrophils.
As the proximal ROS generated by the phagocyte
oxidase, O, has several potential fates. Within the
phagosome, O, can undergo protonation to yield the
perhydroxy radical OH,, although the pK, for dis-
sociation is 4.8. Furthermore, O; can serve either to
donate or to accept electrons and thus can react with
itself to generate O, and H,0,. The latter dismutation
reaction can occur spontaneously, optimally when the
concentrations of the two reactive species are identical
(i.e., pH 4.8). In neutrophils, the pH in the phagosome
reaches 6-6.5, which would seem to limit spontaneous
dismutation of O;. However, the influx of protons dur-
ing oxidase activation, an obligate response to medi-
ate charge compensation for the shuttling of electrons
into the phagosome, likely accounts for conversion of
0, to H,0,. Catalytic promotion of H,0, generation by
superoxide dismutase (SOD) may occur when ingested
microbes release their SOD into the phagosome, but
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no experimental data suggest that host-derived SOD
contributes in this chemistry. Nearly all of the O, con-
sumed by stimulated neutrophils can be recovered as
1,0,.

Reactive nitrogen species such as nitric oxide (NO)
likewise participate in inflammation and in host
defense against microbes. Produced from arginine
by nitric oxide synthase (NOS), NO has been linked
to a wide variety of immune activities, including cell
signaling (both within and between cells), tumor kill-
ing, and antimicrobial action. Within the context of
intracellular events in phagocytes, NO has been most
extensively characterized in murine systems. In con-
trast to the general recognition that NO contributes
to murine host defense and participates in both acute
and chronic inflammatory states, there is considerable
controversy as to the capacity of human phagocytes
to produce enzymatically NO in vivo. In the case of
monocyte-macrophage production of NO, the story
is relatively complicated. In vitro, production of NO
by isolated monocytes or monocyte-derived mac-
rophages has not been demonstrated after exposure
to a wide array of potential agonists and cytokines.
However, macrophages recovered from patients with
mycobacterial infection exhibit the capacity to kill
mycobacteria in a fashion that is ablated by inhibition
of NOS, suggesting that mycobactericidal activity of
the macrophages is NO-mediated. It is possible that the
failure of the in vitro studies to mirror what is implied
in vivo reflects shortcomings in our understanding
of human macrophage differentiation in vitro rather
than the absence of biologically relevant NOS activity.
Elucidation of the role of NO in human macrophage-
mediated antimicrobial activity will be anticipated to
allow insights into cell models of human macrophage
differentiation.

In the case of human neutrophils, evidence support-
ing the presence of significant NOS activity is likewise
controversial. Regardless of the source of NO, there
is general agreement that NO participates in influenc-
ing the behavior of neutrophils and thus contributes
to the biological phenotype during inflammation. NO
has been implicated in modulating neutrophil recruit-
ment to sites of inflammation and NO from endothelial
cells can interact with neutrophil-derived superoxide
anion to generate peroxynitrite, a reactive species with
a broad range of biological targets. In this light, one
can ascribe to NO a role in influencing neutrophil-
dependent antimicrobial activity, even if the inputs
are indirect.

Since phagosomes contain large amounts and a
wide array of potential substrates derived from both
ingested microbes as well as released granule contents,
it is impossible to provide a comprehensive list of all
the reactive species generated. The complexity of the

biochemistry in the phagosome is magnified by rec-
ognizing that the microbial contribution will vary as a
function of the specific identity as well as the growth
phase of the ingested organism, and that the individual
phagosome itself is very heterogeneous. Oxidant pro-
duction is localized to the site on the membrane where
the oxidase has assembled, thus providing a point
source for oxidant dispersal, the extent of which will
reflect the intrinsic diffusion capacity of the specific
ROS as well as the probability of its collision with suit-
able substrates in its environment. Granules likewise
fuse at discrete sites on the phagosome and release
contents locally. Some granule proteins bind avidly to
targets, thus delivering antimicrobial action in close
proximity to the potential targets, whereas others may
act in solution. Collectively, these factors magnify the
inherent challenge of precisely defining the identity of
products in a given phagosome or assigning essential
antimicrobial activity to any specific constituent.

The direct toxic action of H,0, on microbes is rela-
tively modest at concentrations generated in vivo but
is potentiated as much as 100-fold, depending on the
organism, in the presence of the azurophilic granule
protein myeloperoxidase (MPO). H,0, reacts with the
ferric iron in MPO to generate Compound I, a complex
in which the heme group of MPO forms a double bond
with O, and serves as the catalytically active form
of MPO (Figure 15.5). Compound I catalyzes a two-
electron oxidation of halide ions to produce hypoha-
lous acids. O, can also react directly with MPO and this
interaction has been implicated in maintaining opti-
mal activity of the enzyme in the phagosomal environ-
ment. In the case of the reaction of Compound I with
chloride ion, the predominant halide in the phagosome,
Cl is oxidized to CI* to yield hypochlorous acid (HOCI),
or bleach. Depending on the agonist used for activa-
tion and the analytical techniques employed to assess
reaction products, ~11%-40% of the O, consumed by
stimulated human neutrophils can be recovered as a
chlorinating species such as HOCI, and stimulated neu-
trophils can produce ~50 nmoles HOCI/30 minutes/10°
cells. HOCI is a very potent oxidant and although it
can dissociate in a pH-dependent fashion to hypochlo-
rite or generate Cl,, much of the HOCI generated in the
phagosome attacks any potentially oxidizable group
to which it has access. Candidate substrates include
the sulfur-containing amino acids cysteine and methi-
onine, amino side-groups on all amino acids, carbo-
hydrates, lipids, phospholipids, and nucleic acids. In
some cases, the resulting change in the microbe will
directly compromise the viability of the organism,
whereas in other situations the induced chemical
modifications will alter susceptibility to other reac-
tive species in the phagosome. Vulnerable targets are
not restricted to the ingested microbe but include as
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Figure 15.5. Potential MPO-based reactions in the phagosome. Concurrent activation of
the NADPH oxidase and release of azurophilic granules into the phagosome delivers reac-
tive oxygen species and granule products, respectively, in close proximity of the ingested
microbe. Among the many interactions that occur among oxidants and granule proteins to
produce an environment inhospitable to microbes are those dependent directly or indi-
rectly on MPO. MPO and H,0, combine to form Compound | that in turns supports the two-
electron oxidation of Cl-to CI* and thereby generate HOCI, or bleach. MPO and H,0, also
directly oxidize tyrosine to generate tyrosyl radicals, a substrate for production of tyrosine
peroxide as well as tyrosyl cross-linking of free tyrosines or tyrosyl residues in proteins.
HOCI is a very potent oxidant and directly attacks amino acids, especially methionine and
cysteine, as well as amide sidechains on peptides and proteins, and other biological sub-
strates. HOCl also supports generation of other reactive species, including hydroxyl radical
(OH), singlet oxygen ('O,), and chloramines. The latter products include those that are rela-
tively long lived and exert significant antimicrobial activity. Some chloramines decay and
release aldehydes, some of which are antimicrobial in their own right. Many of these various
derivatives of MPO-dependent HOCI generation mediate antimicrobial activity (indicated

by the red starburst).

well host proteins delivered to the phagosome during
degranulation.

The HOCI generated by the MPO-H,0,-Cl system
promotes several other chemical reactions in addi-
tion to mediating the direct oxidation of susceptible
targets. The downstream products from reactive HOCI
create a host of long-lived agents by attacking nitrogen
and generating chloramines. Some chloramines retain
oxidizing capacity and thus extend the antimicrobial
influence of MPO-derived products in the phagosome,
whereas others decompose to release aldehydes, some
of which possess intrinsic biological activity. The
MPO-H,O0, system in the absence of chloride can also
directly oxidize the aromatic amino acid tyrosine to
produce tyrosyl radicals, which in turn promote dity-
rosine linkages between proteins. Furthermore, tyrosyl
radicals and O, can interact to generate tyrosine per-
oxide, as has been directly demonstrated for stimu-
lated neutrophils.

The MPO-H,0,-Cl system supports modification
of ROS initially produced by the phagocyte NADPH
oxidase. For example, stimulated neutrophils gener-
ate low levels of hydroxyl radical (OH®) in an MPO-
dependent fashion, via a reaction between HOCI and
O;. OH' reacts readily and rapidly and, in the presence
of CO,, can generate HCO;*, a radical which would
thus be present under physiologic conditions and has
demonstrated antimicrobial capacity. In addition,
MPO-generated HOCI can interact with H,0, to pro-
duce singlet oxygen ('0,). In both cases, very sensitive
analytical systems are required to detect OH* and '0,,
raising questions about their contribution to the over-
all toxic environment in the phagosome and physio-
logic relevance to antimicrobial action. Nonetheless,
the species are highly reactive and can be detected in
biological settings.

In addition to MPO, other granule proteins exhibit
synergistic activity with each other and with oxidants.
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Figure 15.6. Members of the NOX family of NADPH oxidases. The NOX family of NADPH oxidases includes seven proteins
(NOX1-5, DUOX1, and DUOX2) that are identified by sequence homology with gp91°ho* (aka NOX2) and share dependence on
NADPH and FAD for activity. Distributed broadly in a nearly all tissues and cell types in both plant and animal kingdoms, the non-
phagocyte oxidases serve diverse functions. The organization of the nonphagocyte oxidases differs in several ways from that of
the phagocyte oxidase. Only NOX1, 3, and 4 pair with p22fhoxin the membrane. NOXO1 and NOXAT1, homologues of p47rhxand
pb7rhox respectively, interact with NOXT, 3, and 4, whereas NOX5 and the DUOX proteins function independently of cytosolic pro-
tein cofactors. In contrast to the agonist-dependent assembly and activation seen in the phagocyte oxidase, the nonphagocyte
systems function constitutively, with modulation by exposure to various agonists. Both NOX5 and the DUOX proteins possess
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EF-hands in their cytoplasmic domains and are regulated by changes in intracellular calcium.

The antimicrobial activities of elastase or cathepsin G
are potentiated by the MPO-H,0,-chloride system by a
mechanism that is dependent on the cationic nature of
the granule proteins; neither requires enzymatic activ-
ity to kill target bacteria. The same synergy probably
occurs as well with the other granule antimicrobial
proteins, including the defensins and BPI. However,
it is important to recognize as well that many of the
granule proteins exert potent and effective antimi-
crobial action even in the absence of a functioning
oxidase. Neutrophils from patients with CGD, cells
that lack the capacity to generate any ROS, can kill
Escherichia coli, Pseudomonas aeruginosa, and many
catalase-negative streptococci normally, thus demon-
strating bona fide effective antimicrobial action medi-
ated exclusively by the granule proteins.

Given the quantity and expansive functional capac-
ity of granule proteins released into the phagosome,
the varied and highly reactive oxidants generated by
the phagocyte NADPH oxidase in situ, and the dynamic
ways in which these constituents of the phagosome
synergize, the phagocyte provides comprehensive and
at times redundant biochemical agents to kill and
degrade ingested microbes. In addition to supporting
antimicrobial activity, neutrophil-derived oxidants
contribute to proinflammatory events outside the
phagocyte when produced in excess, at inopportune
times, or in inappropriate tissue sites. Granule pro-
teins such as MPO and proteinase 3 have been linked
to systemic vasculitides and MPO-mediated oxidation
of lipoproteins, glycerophospholipids, proteins, and
amino acids has been associated with a wide variety of
inflammatory diseases. In plasma at physiologic pH,
released MPO and H,0, can support the production of
HOBr and HOSCN in addition to HOCI, each of which
can target the full range of biological molecules. The

relationships of MPO and HOCI in modifying lipo-
proteins and thereby contributing to the development
and progression of atherosclerosis are currently being
widely studied. MPO can catalyze nitration of tar-
gets, most notably tyrosine, either free or as tyrosyl
residues in proteins. Although nitration does not occur
within the phagosome, MPO-dependent nitration of
extracellular targets likely contributes to nitric oxide—
mediated tissue injury in inflammation. Thus, much of
the potent biochemistry that serves to target microbes
captured in the phagosome can induce significant tis-
sue damage as part of the inflammatory response.

NADPH OXIDASE BEYOND PHAGOCYTES

As mentioned earlier, it has been recently appreciated
that the phagocyte NADPH oxidase is a member of
the NOX protein family, a group defined by homol-
ogy with gp91rhor, aka NOX2 (Figure 15.6). Several
excellent reviews of the NOX protein family describe
the incredibly wide biological contexts in which they
operate, extending through both the plant and animal
kingdoms. Although gp917"°* serves as the organizing
principle for the family, several distinctive features of
the nonphagocyte members merit comment.

First, the critical dependence of gp91#%°* on cofac-
tors is not shared by all NOX proteins. Only NOX 1, 3,
and 4 resemble gp917"°* in requiring association with
p22rhex for stability, activity, and proper targeting into
membranes. Homologues of p47°%°* and p677"°*, des-
ignated as NOXO1 and NOXA1 respectively, serve as
cofactors for NOX1 and 3, whereas NOX4, NOX5, and
the DUOXes do not depend on cytosolic protein cofac-
tors. Instead, NOX5 and the DUOXes, all EF-hand con-
taining proteins, are regulated by cytosolic calcium
and may represent very ancient members of the protein
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family. The extent to which these differences with
respect to supporting cofactors provides mechanistic
insights into how p2277°* precisely influences gp917/°«
activity or into the intricacies of cytosolic factor modu-
lation of oxidase activity awaits further study. Second,
ROS production in the phagocyte system is relatively
robust, suitable for damaging microbial targets. In
their native setting, the nonphagocyte NOX proteins
generally generate lower levels of ROS. With respect
to NOX1, 3, and 4, this lower activity seems better
suited to mediating signal transduction than rendering
irreversible modifications in targets. Third, whereas
the phagocyte system is unassembled and inactive in
unstimulated cells, some of the NOX proteins are active
constitutively but subject to modulation by various fac-
tors. For NOX proteins that interact with NOXO1, the
constitutive activity may reflect, in part, the absence of
an autoinhibitory region in NOXO1. As a consequence,
NOXOI1 is likely always in an open conformation, sup-
porting continuous interaction with complementary
domains at the membrane. Last, studies of the DUOXes
detect only H,O, as the proximal product of its activa-
tion; no O, is recovered. The biochemical basis for this
activity remains undefined, but its eventual elucidation

will likely reveal novel biochemistry, either at the level
of FAD-supported electron transfer or in the context of
novel superoxide dismutase activity in DUOX itself.

Definition and characterization of similarities and
contrasts among the NOX proteins with respect to
the phagocyte NADPH oxidase promises to expand
understanding of the role of ROS in inflammation in
its myriad manifestations.
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BIOLOGICAL FUNCTIONS OF
ADHESION MOLECULES

Cell adhesion molecules are endowed with many
biological functions, often crucial to life. For instance,
in gut or lung epithelia they assure cell-to-cell contacts,
thus making and maintaining barrier functions, while
allowing passage of nutrients and other solutes. Besides
maintaining body form and structure, cell adhesion
molecules play important roles in tissue development
as well as helping to determine its final organization.
A common feature of adhesion molecules is their abil-
ity to sustain strong bonds between adjacent cells on
either a permanent or intermittent basis.

Apart from these static functions of cell adhesion
molecules, there are many mobile functions, whereby
they are able to induce intermittent cell-to-cell bonds
hence assuring particular cell movements either in the
blood vessel (as during inflammation; topic to be inves-
tigated in this chapter) or within tissues and organs.

It is therefore evident that, contrary to previous
simplistic visions and predictions, cells are never free
floating but rather they move on surfaces such as the
inflamed joint or gut subepithelial strata, penetrate
into injured organs or circuit the body (think of T
cells traveling the blood lymphatic circulation, and so
forth) by activating processes all relating to cell adhe-
sion molecule-mediated phenomena.

ADHESION MOLECULES IN INFLAMMATION

Multistep Leukocyte Adhesion Cascade

Leukocyte recruitment in both homeostatic and
inflammatory situations follows a generic paradigm
characterized by a sequential cascade of interactions
between leukocytes and endothelial cells (ECs). Insight
into the cellular and molecular processes involved in
each step of the cascade have been provided by a range

of experimental approaches performed both in vitro
and in vivo. These include antibody inhibition stud-
ies, static adhesion assays, parallel-plate flow chamber
models, as well as the use of intravital microscopy to
visualize live interactions of leukocytes with the vessel
wall.

Collectively, these studies have helped to elucidate
that (i) initial leukocyte—endothelial interactions (cap-
ture and rolling) are instigated primarily by a family
of molecules called selectins interacting with oligosac-
charide residues expressed by counter-ligands, and
(ii) irm adhesion and transmigration are mediated by
leukocyte integrins interacting with the endothelial
immunoglobulin superfamily of adhesion molecules
(outlined in Figure 16.1 and described later in detail).

Leukocytes are a heterogeneous population of
immune cells with specialized functions. The type of
leukocyte recruited to an inflammatory site depends
on the stimulus and hence the differential expression
of adhesion molecules on the endothelium. In acute
inflammatory episodes, the predominant leukocyte
influx is neutrophils, with the remaining leukocytes
consisting of monocytes or macrophages and, in aller-
gic responses, eosinophils. Comparatively, in chronic
inflammatory responses lymphocytes predominate, as
well as monocytes and macrophages whereas neutro-
phils are present to a lesser extent.

Adhesion Molecules Promoting Cell
Rolling: The Selectins

Selectins are the main initiators of leukocyte tether-
ing and rolling, although this process can — in some
cases — be facilitated by several integrins (especially
when selectin deficiency occurs). The selectins are
a three-member family (L-, P-, and E-selectin) that
share a highly conserved extracellular N-terminal
Ca?-dependent C-type lectin domain. All selectins
contain a transmembrane domain and a cytoplasmic
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Figure 16.1. Leukocyte recruitment cascade. Following an inflammatory stimulus, tissue-resident macrophages release
inflammatory mediators such as the cytokine TNF-a, which induces the rapid expression of preformed P-selectin (and
transcription-dependent E-selectin expression) on the endothelium. The interaction between selectins and their glycoprotein
ligands initiates leukocyte rolling. Activation by chemokines — and other leukocyte activators (e.g., leukotriene B, or platelet-
activating factor) — presented on endothelial cells causes leukocyte integrin activation, thus resulting in transition from cell
rolling to cell adhesion, in view of the strength of integrin-mediated binding with endothelial immunoglobulin superfamily
members. Leukocytes can then transmigrate through the endothelial monolayer and chemotactically move toward the inflam-
matory stimulus. Examples of adhesion molecules involved in each step are depicted.

tail, the major structural difference between the fam-
ily members being the number of consensus repeat
units. All selectins bind, through their lectin domain,
to sialylated forms of oligosaccharides displayed on
various mucin-like glycoproteins, for example, sialyl
lewis X (sLeX). One of the most extensively character-
ized selectin ligands is P-selectin glycoprotein ligand-1
(PSGL-1), a highly sialyated mucin found on all leuko-
cytes and a ligand for all three selectins.

Selectin ligands need several carbohydrate modi-
fications before leukocytes will bind; the enzymes
involved in these posttranslational modifications
include the glycosyltransferases, fucosyltransferases,
and the sulfotransferases. Insights into the contribu-
tions of these enzymes on ligand structure and hence
leukocyte rolling has been demonstrated using enzy-
matic treatments to cleave certain chains and more
specifically in mutant mice with targeted deficiencies.

A rare congenital disease in humans, namely leu-
kocyte adhesion deficiency II (LAD-II), underscores
the importance of posttranslational modifications on
selectin-ligand biosynthesis. These individuals have a
defective Golgi GDP-fucose transporter, resulting in
a hypofucosylation of glycoproteins. Patients exhibit

persistent leukocytosis, defects in selectin-mediated
leukocyte rolling and consequently suffer from recur-
ring bacterial infections because blood-borne leuko-
cytes fail to reach the site of infection/inflammation.

The intrinsic affinity of selectins for their ligands is
rather low, and they display extremely rapid associa-
tion and dissociation rates which assures a transient
interaction of the leukocyte with the endothelium,
insufficient to permit cell arrest. However, once initial
bonds have formed on the endothelium, shear stress
from the blood flow pushes the leukocyte forward and
new bonds occur before the initial bonds break, mani-
festing in the rolling motion of the leukocyte. Selectins
require shear stress to support this interaction, and
without flow the cells detach. This counter-intuitive
phenomenon is related to the catch bond character-
istic of selectins, whereby the bond becomes stronger
with applied force.

P-Selectin (CD62P) is preformed in cytoplasmic
secretory a-granules of platelets and Weibel-Palade
bodies of ECs. Stimulation with vasoactive mediators
such as thrombin or histamine results in rapid mobili-
zation of endothelial P-selectin to the external plasma
membrane allowing leukocytes to interact. Thus, it is
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not surprising that P-selectin contributes to recruit-
ment early in inflammation and infection. Expression
at the cell surface is transient due to internalization by
endocytosis for reuse. In addition to this rapid expres-
sion, P-selectin can be transcriptionally upregulated
in human ECs by cytokines such as IL-4 whereas in
murine ECs, TNF-o and LPS can induce its expres-
sion. Interactions between P-selectin on activated
platelets and its main counterligand PSGL-1 on leuko-
cytes results in leukocyte—platelet interactions that are
pertinent for wound healing and contribute to leuko-
cyte recruitment during inflammation.

E-selectin (CD62E) expression is mostly restricted to
activated ECs, with the exception of skin microvessels
and bone marrow where it is constitutively expressed.
E-selectin requires de novo mRNA and protein synthe-
sis and can be induced on cultured EC by cytokines
such as IL-1f or TNF-a with maximal expression at 4
hour, reducing toward baseline levels by 24 hours. In
comparison to P-selectin, the rate of E-selectin inter-
nalization is much slower and it is directed to lyso-
somes for degradation instead of being recycled.

L-selectin (CD62L) is exclusively and constitutively
expressed on leukocytes, particularly neutrophils,
monocytes, and naive lymphocytes (but not memory
lymphocytes). It serves as a key receptor for lympho-
cyte homing to secondary lymphoid organs, and at
peripheral sites of injury and inflammation. Its loca-
tion on the tips of microvilli facilitates its interaction
with EC, allows high receptor concentrations and also
evades the electrostatic repulsion of the negative cell
surface. Upon leukocyte activation, L-selectin is rap-
idly shed; although this mechanism is not fully eluci-
dated, it is known that shedding can be blocked using
inhibitors of zinc-based metalloproteases, and that a
disintegrin and metalloprotease-17 (ADAM-17) is one
of the enzymes responsible for this cleavage.

Essential physiological roles of the selectins have
been reinforced by studies using gene-targeted mice
and bone marrow-transplanted chimeric mice. In
all cases, mice homozygous deficient in selectins are
viable and fertile, and display only mild phenotypes
suggesting that these molecules are functionally
redundant. In sharp contrast, E/P-selectin double null
mice exhibit severe defects in leukocyte rolling, with
a complete abrogation of trauma-induced rolling in
venules 10-120 minutes after exteriorization of the
cremaster muscle. These double knockout mice, as
well as the triple knockout E/P/L/-selectin triple null
mice display an increased susceptibility to spontane-
ous mucocutaneous infections, which can be lethal.

Creation of mice lacking multiple selectins has
helped show overlapping and unique features of the
selectins. In addition, generation of quadruple adhe-
sion molecule (E/P/L-selectin and ICAM-1) deficient
mice resulted in viable, seemingly healthy mice in

the absence of any challenge. Under inflammatory
conditions, they exhibited a significantly impaired neu-
trophil recruitment, but mononuclear cell recruitment
was barely affected, because rolling is also facilitated
by a4-integrins on these cells. Treating these mice with
a blocking monoclonal antibody for the a4-integrin
concomitantly with the inflammatory stimulus TNF-a,
completely eliminated rolling, and significantly
reduced cell adhesion, although a small residual level
of cell adhesion persisted suggesting again the involve-
ment of additional recruitment mechanisms.

Two a4-integrins, a4p1 (very late antigen-4; VLA-4)
and a4p7 (lymphocyte Peyer’s patch HEV adhesion
molecule-1; LPAM-1), mediate both lymphocyte rolling
and firm adhesion, using the same ligand for both pro-
cesses, notably VCAM-1 and mucosal addressin cell
adhesion molecule-1 (MAdCAMS-1, a vascular addres-
sin expressed on HEV), respectively.

Adhesion Molecules in Cell Adhesion

Following the initial rolling process mediated by selec-
tins and their ligands, activation of leukocytes coin-
cides with a decrease in their rolling velocity and the
transition to firm adhesion. Adherent leukocytes can
become elongated and flatten onto the endothelium,
decreasing their protrusion into the vessel lumen, and
thus their tendency to detach.

Cell adhesion is established by the interaction of
integrins with binding partners that belong to the
immunoglobulin superfamily, referred to as cellu-
lar adhesion molecules (CAMs), including intercel-
lular (I)-CAM-1 (CD54), vascular (V)-CAM-1 (CD106),
and platelet-endothelial (PE)-CAM-1 (CD31). These
immunoglobulins are expressed basally on the resting
endothelium, and can be upregulated during inflam-
mation, as is the case for ICAM-1 and VCAM-1, whilst
PECAM-1 is redistributed to the site of leukocyte trans-
migration and is involved in homophilic PECAM-1
interactions with the leukocyte.

VCAM-1 binds to VLA-4/04B1 expressed on lym-
phocytes and monocytes and at very low levels on
neutrophils. Furthermore, VCAM-1 can contribute to
leukocyte transendothelial migration (TEM) via the
paracellular pathway (discussed later in more detail)
by causing gap formation between adjacent endothe-
lial cells.

Integrins are a family of type I transmembrane cell
surface receptors, each consisting of a noncovalently
associated a and  subunit. At present, 18 a-subunits
and 8 B-subunits are known, yielding 24 distinct inte-
grins. The overall shape and dimensions of integrins
have been determined by electron microscopy, illus-
trating at least three distinct conformational states.
The N-terminal regions of both subunits together
form a globular structure that resembles a “head”



(containing the ligand-binding site), connected to the
two “legs.” Essential for ligand binding is the metal-
ion-dependent adhesion site, where divalent metals
normally reside.

Unstimulated leukocytes are nonadherent, yet
become adherent in response to an activating stimu-
lus for example, chemokines, cytokines, or antigens.
These stimuli activate pathways that act on the cyto-
plasmic portions of integrins altering their affinity for
ligands; key to this process is a conformational change
in the integrin structure. In addition, stimuli can cause
clustering on the cell surface, altering integrin avidity.
GPCR-triggered integrin activation occurs through an
“inside-out” signaling process, whereas downstream
signaling from ligand binding is referred to as “out-
side-in” signaling; either process can contribute to the
stabilization of adhesion.

Integrins normally exist in a low-affinity confor-
mation in which the leg region is bent, subsequently
bringing the ligand-binding head-piece into close
proximity to the cell membrane. Activation signals
induce a switchblade-like extension of the leg that
extends the structure, allowing an intermediate affin-
ity conformation, and an opening of the head-piece
resulting in a high-affinity state, and hence increasing
the propensity for ligand binding. It is predicted that
certain integrins only extend about 5 nm above the
plasma membrane in a low-affinity conformation, and
can protrude 20-25 nm in an extended higher-affinity
form, therefore making them more likely to be topo-
logically accessible to ligands.

Leukocyte integrins are expressed on the cell body
rather than microvilli, where L-selectin is expressed.
Integrins most relevant to leukocyte arrest include the
Bl and B2 subfamilies of integrin receptors. All leu-
kocytes express the B2 integrin (CD18), which pairs
with distinct o partners (CD11) on different leuko-
cyte subsets to form different glycoprotein complexes,
namely, aLB2 (LFA-1; CD11a), aMp2 (Mac-1; CD11b),
aXp2 (p150, 95; CD11¢), and aDB2 (CD11d), binding
partners of which are summarized in Table 16.1.

In vivo studies using either CD18-specific mono-
clonal antibodies or studies in CD18 null mice exhibit
a decrease in the percentage of adherent leukocytes
in inflamed postcapillary venules. The importance of
B2 integrin-mediated adhesion is best exemplified in
humans which lack a functional gene for the p2 inte-
grin, referred to as LAD-I genetic deficiency. These
individuals have severe infections, and develop spon-
taneous skin lesions; moreover, the life expectancy of
the severely deficient patients is limited.

Adhesion Molecules in Cell Emigration

Following a period of stationary adhesion, a leuko-
cyte may leave the postcapillary venule and pull itself
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into the subendothelial space. This event called leuko-
cyte extravasation, TEM, or diapadesis is dependent
on an array of cellular processes including adhe-
sion molecule expression and activation, cytoskeletal
reorganization, and alterations in membrane fluid-
ity. Molecules such as junctional adhesion molecules
(JAMs), PECAM-1 (CD31), ICAM-1 (CD54), ICAM-2
(CD102), VCAM-1 (CD106), CD99, and endothelial cell-
selective adhesion molecule (ESAM) can be found at
endothelial junctions and regulate leukocyte migra-
tion into underlying tissues, indeed inflamed endothe-
lial cells reorganize these junctional proteins such
that transmigration is favored (Table 16.1).

Two routes of leukocyte diapadesis have been
noted so far: a paracellular route that dominates most
extravasation processes, and a transcellular route
(Figure 16.2). Recent evidence suggests that the route
taken may be cell type specific with neutrophils pre-
ferring a paracellular route and lymphocytes a tran-
scellular exit.

Endothelial cells are not merely passive participants
in leukocyte transmigration, but are actively involved
in this process. Leukocyte adhesion promotes remod-
eling of the apical endothelial plasma membrane into
projections that surround the adherent leukocyte.
These transmigratory cups or docking structures
are enriched in ICAM-1 and VCAM-1 and may initi-
ate migration by either a transcellular or paracellular
route (Figure 16.2).

Transmigration via the paracellular route is a lot
more frequent and therefore has been more exten-
sively studied. During this process, leukocytes must
cross endothelial junctions that contribute to the
barrier function of the blood vessel, and which con-
sist of transmembrane adhesion proteins connected
to their intracellular partners. These are composed
of two types of junctional structures, tight junctions,
which include the claudins, occludins, and junctional
adhesion molecules (JAMs) and adherens junctions,
the main protein being vascular endothelial (VE)-
cadherin. It is thought that ligation of molecules such
as ICAM-1 may lead to activation of Rho which then
results in opening of endothelial junctions.

Whereas capture, rolling and adhesion all involve
heterophilic interactions of adhesion molecules,
homophilic interactions between PECAM-1 and CD99
play a major role in transmigration via a paracellular
route. Endothelial cell lateral junctions are enriched
with these two proteins, which are also expressed on
most leukocyte subtypes. Strong in vitro evidence for
a role of PECAM-1 in transmigration of leukocytes
was originally obtained using anti-PECAM-1 blocking
antibodies. In vivo studies using intravital microscopy
in PECAM-1 null mice highlighted an additional role
for PECAM-1 in the migration of leukocytes through
the perivascular basement membrane. PMNs were
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TABLE 16.1. Summary of adhesion molecules involved in leukocyte—-endothelial cell interaction

a LB 2 (LFA-1; CD11a/CD18)

a Dﬁ 2 (CD11d/CD18)

a1 viaa
437 pam-y

a Mﬁ 2 (MAC-1; CD11b/CD18)

a xf) 2 (p150,95; CD11c/CD18)

All leukocytes
Granulocytes, monocytes,
some activated T cells

DCs

Monocytes, macrophages,
eosinophils

Most leukocytes

Lymphocytes, NKCs, mast
cells, monocytes

ICAM-1, ICAM-2, JAM-A

ICAM-1, fibrinogen, C3b,
JAM-C

Fibrinogen, C3b

ICAM-1, VCAM-1

VCAM-1, fibrinogen, JAM-B
MAdCAM-1, fibronectin,
VCAM-1

Adhesion molecule Distribution Ligands and Function
counter-receptors
L-selectin (CD62L) All leukocytes except PNAd, MAACAM-1, PSGL-1, Rolling
effector and memory E-selectin, P-selectin
effector T cells
E-Selectin (CD62E) Endothelial cells PSGL-1, ESL-1, CD44*, Rolling
CDA43* (*CLA decorated)
P-selectin (CD62P) Endothelial cells, platelets PSGL-1, PNAd Rolling
Selectin ligands
sLex Myeloid cells, some All selectins Rolling
memory T cells, HEVs
PSGL-1 All leukocytes All selectins (essential Rolling
for P-selectin)
PNAd HEV, some sites of chronic L-selectin, P-selectin Rolling
inflammation
CLA Skin-homing T cells, DCs, E-selectin Rolling
granulocytes
Integrins

Adhesion, transmigration
Adhesion, transmigration

adhesion
adhesion

Rolling, Adhesion
Rolling, Adhesion

ICAM-1 (CD54)
ICAM-1 (CD102)
VCAM-1 (CD106)

Immunoglobulin superfamily

Most types of cells
Endothelial cells, platelets
Endothelial cells

LFA-1 Mac-1, fibrinogen
LFA-1 Mac-1
VLA-4, a,B, 050,

Adhesion, transmigration
Adhesion, transmigration
Rolling, adhesion

MAdCAM-1 HEVs in PP and MLN 4P 7 Lselectin Rolling

PECAM-1 Endothelial cells, platelets, PECAM-1 Transmigration
leukocytes

JAM-A Endothelial cells, JAM-A Transmigration
epithelial cells, platelets,
most leukocytes

JAM-B Endothelial cells, HEVs JAM-B, JAM-C Transmigration

JAM-C Endothelial cells, HEVs JAM-C, JAM-B Transmigration
platelets, monocytes,
DCs, some T cells

Miscellaneous
CD99 Endothelial cells, leukocytes CD99 Transmigration

trapped between the vascular endothelium and the
underlying basement membrane, although the num-
ber of emigrated leukocytes was unaltered suggesting
compensation by other adhesion molecules. Blocking
antibodies demonstrated that CD99 is involved in a
step in transmigration that is distal to PECAM-1, and
blocking both of these adhesion molecules results in
an additive inhibition of monocyte transmigration.
The JAM family of adhesion molecules, members
of the immunoglobulin superfamily, are targeted to

cell-cell contacts and are also implicated in transmi-
gration (Table 16.1 and Figure 16.3). Since JAMs can
be expressed on ECs, epithelial cells, platelets, and
leukocytes, they function in cell-cell interactions not
only between the same types of cells but also among
distinct types of cells through homophilic and hetero-
philic interactions. Furthermore, JAMs exhibit het-
erophilic interactions via their extracellular domains
with the leukocyte integrins LFA-1, VLA-4, and
Mac-1 (Figure 16.3). In the context of adhesion and
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Figure 16.2. Pathways of leukocyte transmigration across the endothelium. To cross the vascular endothelium, leukocytes can
take two different pathways. Adherent cells can disengage from the integrin-mediated adhesion and migrate by the paracel-
lular route, passing through interendothelial junctions, squeezing through between adjacent endothelial cells; evidence for
leukocytes transmigrating through the transcellular route also exist, whereby the cell will migrate across an individual endothe-

lial cell body.

transmigration, JAM-A and JAM-C have been shown
to play a functional role. Blocking JAM-A diminishes
monocyte recruitment induced by MCP-3 into subcu-
taneous air pouches, while JAM-A deficient mice dem-
onstrate reduced neutrophil infiltration in models
of peritonitis and ischemia. JAM-C transfected ECs
support increased transmigration of lymphocytes
in vitro, and in parallel, transmigration could be
reduced by 50% using a monoclonal antibody specific
for JAM-C or by a soluble form of JAM-C. A prominent
role for JAM-C in neutrophil transmigration has also
been reported in vitro and in a mouse model of acute
inflammatory peritonitis.

ESAM-1 appears to play a particular role in neu-
trophil transmigration, with diminished or delayed
transmigration of these leukocytes in contrast to nor-
mal lymphocyte infiltration in ESAM null mice.

Migration via the transcellular route is thought
to occur in areas of the endothelial cell that are
rich in ICAM-1. Ligation of ICAM-1 by integrins
on the surface of the leukocyte results in signal-
ing events leading to the formation of channels in
the endothelial cell, through which leukocytes can
migrate. Many of the cell adhesion molecules involved
in paracellular migration are also thought to play a
role in transcellular migration, these being ICAM-1,

ICAM-2, PECAM-1, CD99, JAMs, ESAM, VE-cadherin
and LFA-1.

Although it appears that leukocyte subtypes may
have a preferred route of migration, this may be influ-
enced by the stimulus for migration and may also
depend on the vascular bed involved. For example,
neutrophil migration in the skin appears to occur
largely by a paracellular route in response to high
concentrations of FMLP, whereas in the cremaster,
chemokine superfusion results in largely transcellu-
lar migration.

ASSESSMENT OF ADHESION MOLECULE
FUNCTION UNDER FLOW

In Vitro (Flow Chamber)

The parallel-plate flow chamber is an in vitro system
widely used to study leukocyte recruitment under
defined laminar flow conditions, which more closely
resembles the in vivo environment. The flow cham-
ber assay was first performed in late 1980s to exam-
ine neutrophil-endothelial interactions, and has since
allowed significant advances in the contributions
attributed to different adhesion molecules in the pro-
cess of leukocyte recruitment, demonstrating that
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Figure 16.3. Structure of JAM-family members and binding partners. (A) Upper panel: JAMs are characterized by two
immunoglobulin-like domains in the extracellular portion, a single transmembrane segment and a short cytoplasmatic tail with
a PDZ-domain-binding motif (Phe-Leu-Val). A short linker sequence Val-Leu-Val connects the two immunoglobulin domains
to impose a bent conformation. A dimerization motif Arg- (Val-Leu-lle)-Glu in the membrane-distal domain is essential for
homodimer formation. Bottom panel: Model of JAM homodimerization. (B) JAMs can form homo- and heterodimers, then

forming specific cis- or trans- interactions with other CAMs.

multiple receptor-ligand pairs function in a sequential
and orchestrated manner.

In brief, this assay involves perfusing leukocytes (or
platelets) in suspension between two flat surfaces. The
bottom surface can be coated with a variety of adhesive
substrates such as a monolayer of endothelial cells or
purified/recombinant adhesion molecules. Confluent
endothelial monolayers can be activated with various
inflammatory stimuli to delineate the roles of different
adhesion molecules, for example, TNF-a (4h) causes
an upregulation of E-selectin, ICAM-1, and VCAM-1,
whereas histamine (15 minutes stimulation) results in
a transient release of P-selectin. Blocking monoclonal
antibodies can then be used to confirm the specificity
of interactions. Alternatively, stable cell lines can be
transfected with specific adhesion molecules to assess
their particular function.

Typically, studies using the flow chamber are used
to assess the number of interactions with their sub-
strate in terms of quantification of initial capture of
cells from the stream of flow, and the proportion of
rolling and adherent cells. Once the first few cells
start rolling, these cells themselves are also capable
of instigating rolling (termed secondary tethering),

a process more likely to occur in this assay due to
leukocyte gravity sedimentation in the flow chamber.
If an endothelial monolayer is used, leukocyte trans-
migration can also be quantified. Video 16.1 (http://
cambridge.org/9780521887298) shows a short clip of
neutrophils interacting with a monolayer of human
umbilical vein endothelial cells: rolling, adhesion,
and transmigration are evident.

A range of defined shear rates and stresses can be
produced to facilitate the study of interactions under
physiologically relevant conditions. These can be
calculated based on a number of known parameters
including the chamber geometry, according to the fol-
lowing equation:

w = 6MQ
a’b

where 7, is the wall shear stress (dynes/cm?); u is the
coefficient of viscosity (Poise); Q is the volumetric flow
rate (mL/s); a is the channel height (i.e., gasket thick-
ness, cm); b is the channel width (i.e., gasket width, cm).
Certainly, this has proved useful in determining the
shear threshold and bond lifetimes of adhesion mole-
cules involved in cell rolling. For instance, E-selectin



permits the slowest rolling velocities, followed by
P-selectin, then L-selectin; this is consistent with
the fact that E-selectin demonstrates longer bond
lifetimes.

The flow chamber has therefore proved a versatile
tool for determining various aspects of the leuko-
cyte recruitment cascade under conditions of shear
stress, and the latter point is important and worth
remembering.

In Vivo (Intravital Microscopy)

Intravital microscopy (IVM), literally, microscopy
inside life, is a sophisticated research tool used to visu-
alize and directly observe the microcirculation of ani-
mals in vivo. Early pioneers, including Robert Hooke
and Antonie van Leeuwenhoek, described microscopic
observations of living creatures in the 17th and 18th
centuries, and Virchow (1821-1902), Conheim (1839—
1884), and Metchnikoff (1845-1916) used microscopy
of living blood vessels to advance our understanding
of inflammation. Since many immunological disease
mechanisms are reflected by primary interactions at
the microcirculatory level, IVM can be used to study
the underlying trigger and effector mechanisms, their
contributions to tissue damage and implications to the
immune response of leukocyte trafficking.

Early descriptions of leukocyte rolling and trans-
migration were provided in the first half of the 19th
century and the entire leukocyte recruitment cas-
cade (rolling, firm adhesion, and transmigration)
was described well before the 20th century. In the
20th century, photography, film, and video cameras
enabled more information to be collected and even
more sophisticated and convenient methods are avail-
able today. Gus Born was the first (in 1972) to report
quantification of rolling velocity of white blood cells
on postcapillary venule endothelium.

The basic set-up for intravital fluorescence micros-
copy requires a high-energy light source (usually
a mercury or xenon lamp), a microscope suited for
epi- or transillumination, and a camera. Using digi-
tal cameras, high-resolution images can be acquired
and recorded easily and cheaply for later, off-line
analysis. Conventional microscopes illuminate sub-
jects using light from a bulb (halogen, mercury, and
xenon) that is either transmitted through or reflected
off the subject. All points and focal planes of the sub-
ject are illuminated simultaneously and light is col-
lected indiscriminately to form an image. Intravital
microscopy allows detailed quantitative analysis of
a wide range of microvascular parameters related
to leukocyte—endothelium interactions. However, a
problem with this method is that the most commonly
used variants of intravital microscopy involve surgical
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preparation and/or exteriorization of the tissue to
be examined, for example, mesentery or cremaster.
This could induce mild stimulation of the tissue and
causes rapid and pronounced upregulation of rolling
apparently via partial degranulation of perivascular
mast cells and endothelial expression of P-selectin,
although this effect has been exploited for studies
investigating selectin-dependent recruitment. A fur-
ther limitation has been the inability to differentiate
granulocyte responses from those of mononuclear
cells by intravital microscopy. However, this problem
has been overcome recently with the use of leukocyte
subtype-specific antibodies.

The use of fluorescent dyes such as rhodamine 6G
and calcein AM and ever more sophisticated micro-
scopes has broadened the range of vascular beds stud-
ied by IVM from thin transparent tissues such as the
cremaster to microcirculations of organs such as the
brain, lung, and liver.

Table 16.2 depicts the parameters that are quan-
tifiable by IVM pertaining to the leukocyte recruit-
ment cascade. Oedema and arteriolar vasodilation
responses are also commonly measured by IVM.

Video 16.2 (http://cambridge.org/9780521887298)
shows an inflamed vessel after an ischemic event, with
large numbers of leukocytes interacting with a neatly
seen postcapillary venule endothelium: cell rolling
(including platelets), adhesion, and migration are very
distinguishable.

CONCLUSIONS

The fundamental response to tissue damage during an
inflammatory response is the recruitment of blood leu-
kocytes to the underlying tissue. Thus pharmacologi-
cal manipulation of adhesion molecules involved in the
cell recruitment cascade represents a promising strat-
egy for therapeutic intervention. Ultimately, the aim is
to stop leukocytes in their tracks and break the path
of the multistep cascade, insuring rapid inflammatory
resolution and restoration to homeostasis. Indeed,
compelling data in a multitude of animal models have
demonstrated that interfering with key adhesion mole-
cules results in significantly attenuated inflammatory
responses. However, despite these findings in mice,
the transition to clinical trials in humans, targeting
specific adhesion molecules has had a mixed success
rate. Generally, endeavors to alleviate chronic relaps-
ing inflammatory diseases (such as multiple sclerosis,
psoriasis, and irritable bowel syndrome) have been far
more successful than attempts to treat severe acute
inflammatory responses.

The major approach of targeting adhesion molecules
has been via direct blockade of receptor-ligand inter-
actions through the development of small molecule
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TABLE 16.2. Measurement parameters used in IVM

Parameter Description

Distance traveled/time taken (units are
pm/s)

Rolling velocity

Cell flux Number of cells passing a fixed point in

the vessel per minute

Cell adhesion Cells that remain stationary for 30 sec-

onds or longer

Cell emigration ~ Number of cells that had emigrated up
to 50 pm from the wall of the 100 ym

vessel

Wall shear rate
(WSR)

Calculated by the Newtonian definition;
WSR = 8000 x (V,,..,/diameter) (units
are s™)

inhibitors or using monoclonal antibodies (either chi-
maeric or humanized). However, caution must be taken
as blocking studies carry a significant risk associated
with an impaired immune response. Nevertheless,
recent successful trials have been documented using
a humanized monoclonal antibody directed against
the a, integrin chain that blocks binding of a,3; to
VCAM-1 on brain-infiltrating lymphocytes and binding
of a,p, to MadCAM-1 on gut-infiltrating lymphocytes
for treatment of multiple sclerosis and Crohn’s disease.
In addition, a FDA-approved humanized monoclonal
antibody (eflizumab) specific for the integrin subunit
CD11a is currently being developed for the treatment
of plaque-type psoriasis.

Future antiadhesion drug development is aimed at
determining which molecular targets offer the best
specificity and the least overall risk of reducing host
defense mechanisms.

SUGGESTED READINGS

Atherton, A. and Born, G.V. 1973. Quantitative investigations
of the adhesiveness of circulating polymorphonuclear leu-
cocytes to blood vessel walls. J Physiol 222:447-474.

Chiang, E.Y., Hidalgo, A., Chang, J., and Frenette, P.S. 2007.
Imaging receptor microdomains on leukocyte subsets in
live mice. Nat Methods 4:219-222.

Dejana, E. 2004. Endothelial cell-cell junctions: happy
together. Nat Rev Mol Cell Biol 5:261-270.

Ley, K., Laudanna, C., Cybulsky, M.I., and Nourshargh, S.
2007. Getting to the site of inflammation: the leukocyte
adhesion cascade updated. Nat Rev Immunol 7:678—689.

Luster, A.D., Alon, R., and von Andrian, U.H. 2005. Immune
cell migration in inflammation: present and future thera-
peutic targets. Nat Immunol 6:1182-1190.

Petri, B., Phillipson, M., and Kubes, P. 2008. The physiology
of leukocyte recruitment: an in vivo perspective. J Immunol
180:6439-6446.

Wagner, D.D., and Frenette, P.S. 2008. The vessel wall and its
interactions. Blood 111:5271-5281.

LIST OF SYNONYMS AND ABBREVIATIONS

Cell adhesion molecules = CAM

o,4B, integrin = VLA-4= CD49d/CD29

asf; integrin = VLA-5= CD49¢/CD29

0B, integrin = VLA-6= CD49f/CD29

af, integrin = LFA-1= CD11a/CD18

ayf, integrin = MAC-1= CR3= CD11b/CD18
axp, integrin = p150, 95= CR14 receptor
o,4B; integrin = LPAM-1= CD49d/CD-
LFA-2 = CD2

LFA-3 = CD58

VCAM = CD106

ICAM-1 = CD54

ICAM-2 = CD102

PE-CAM-1 = CD31

CD36 = “leukocyte differentiation antigen”
MAdCAM-1

E-selectin = CD62E=ELAM-1

P-selectin = CD62P=GMP=140=PADGEM
L-selectin = CD62L=LAM-1=Mel-14



PART IV. IMMUNOPHARMACOLOGY

Mediators and Mechanisms of Inflammatory Pain

Tony L. Yaksh

After tissue injury or exposure of the organ to a
foreign body or infectious entity, a complex cascade of
cellular and humoral events is initiated. These events,
observed in virtually every organ system, including
skin, muscle, meninges, dentition, bone, and visceral
tissues, fall broadly under the rubric of “inflamma-
tion.” In general, this cascade serves to protect and
maintain the functional integrity of the systems in the
face of insult. The process activates the immune sys-
tem and directs chemotactic agents, neutrophils, and
mononuclear cells to migrate from the vascular bed
to the injury site. The cardinal clinical signs of this
process, rubor/calor (increased local blood flow) and
tumor (swelling secondary to local plasma extravasa-
tion) are manifested to varying degrees in all of these
tissues. The fourth cardinal sign, dolor (pain), typi-
cally accompanies such cascades. The biological pro-
cesses whereby these inflammatory cascades serve to
initiate and sustain a pain state are the focus of this
commentary.

INFLAMMATORY PAIN PHENOTYPE

The acute application of a thermal or mechanical
stimulus of such intensity as to potentially produce
tissue injury will typically evoke a somatic escape
response (e.g., a withdrawal of the stimulated limb)
and an autonomic response (e.g., hypertension and
tachycardia), a syndrome classically referred to by
Sherrington as a nociceptive reflex [1]. These acute
responses typically display four characteristics:
(i) the magnitude of these responses varies directly
with stimulus intensity; (ii) the latency varies
inversely with stimulus intensity; (iii) the focus of the
response is referred to as the specific site of stimula-
tion (e.g., it is homotopic); and (iv) in the absence of
tissue injury, removal of the acute stimulus results
in a rapid attenuation of the sensation and the atten-
dant behaviors.

In the face of local tissue injury and inflammation,
a distinct pattern of aversive sensations is reported in
the human and parallel effects are noted in nonver-
bal organisms as defined by the attendant behaviors.
This behavioral phenotype typically characterized as
a dull, throbbing, aching sensation in the injured area
of skin, soft tissue, or joint. Inflammation of the lin-
ings of the abdominal or thoracic cavity (e.g., pleura or
pericardial sac) or visceral organs such as kidney, pan-
creas, or gastrointestinal (GI) tract will lead to ongoing
pain sensations that are referred to specific somatic
dermatomes, for example, where coronary ischemia is
referred to the left arm and shoulder or an appendi-
citis to the lower right abdomen in humans [2]. Such
referred pain is commonly reported to be burning or
cramping in character. As discussed further later, in
nonverbal models, the ongoing pain sensation is intu-
ited from guarding of the limb, reduced weight bear-
ing, impaired ambulation and ongoing vocalization,
both sonic and ultrasonic [3,4]. Abnormal grooming
or licking of the affected body part is also noted. In the
face of visceral inflammation, abnormal postures such
as stretching of abdomen and/or increased abdomi-
nal tone may be present [5]. In the face of injury and
inflammation of somatic or visceral tissues, there is
typically evidence of enhanced autonomic activity
(e.g., increased blood pressure and heart rate, pupil-
lary dilation) [6].

Facilitated Pain States

Application of evocative stimuli to the injury site such
as a mechanical distortion or thermal stimulation of
the tissue or flexion of the joint in a manner that is not
normally considered to be noxious will lead to reports
of pain sensations. This lowered magnitude of stimu-
lus intensity required to elicit an aversive response to
a stimuli applied to the injury site is referred to as
primary hyperalgesia [7]. In the face of local injury
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and inflammation, it is also appreciated that stimuli
applied to injured tissue will be responded to in an
exaggerated fashion. Thus, low-intensity mechanical
or thermal stimuli applied to the skin, modest flexion
of the inflamed joint, or moderate distention of the
gastrointestinal (GI) tract will lead to an augmenta-
tion of the ongoing behavioral signs [8]. In addition,
low-intensity stimulation applied to regions adjacent
to the injury site may also produce a pain condition.
This sensitization of adjacent noninjured tissue to
low-intensity stimuli is then referred to as 2° hyperal-
gesia or allodynia [9]. In human experimental models,
these response components have been readily identi-
fied with a focal injury applied to the forearm or hand
[10]. In summary, this property of sensory “sensitiza-
tion” with local injury is generalized to virtually all
organ systems. Thus, inflammation of the skin by
sunburn leads to extreme sensitivity to warm water,
pleural inflammation may lead to pain secondary to
chest expansion (inhalation), irritation of the cornea
lead to pain secondary to eyelid closure. In the case
of inflammation of the bowel, light touch applied to
the abdomen reveals reported “tenderness” and an
increased abdominal muscle tone [11,12].

Preclinical behavioral models and inflammation/
injury initiated pain states.

Defining the role of inflammatory mechanisms in
“pain” or nociception depends on the effects of manip-
ulating these various components of the pain behav-
iors otherwise generated by the inflammatory state. As
reviewed earlier, such pain states may be composed
of spontaneous behavior and changes in thresholds
that occur secondary to the injury (e.g., hyperalge-
sia). Animal models involving local tissue injury or
inflammation at specific target sites, for example, the
paw or the GI tract, has been systematically used to
assess pain behavior over time after injury. One such
material carrageenan (linear sulfated polysaccharides
extracted from seaweed) has been classically used
as a model of acute inflammation [13]. As shown in
Figure 17.1, the intraplantar injection of carrageenan
into one hind paw will lead to (i) a time-dependent
inflammatory response in the injected paw; (ii) a corre-
sponding decrease in the magnitude of the mechanical
(or thermal) stimulus required to evoke a withdrawal
of the injured hind paw; and (iii) a reduced response
latency. The latency/mechanical threshold of the con-
tralateral paw in this model is little changed. Here the
thermal escape latency is measured using a system that
permits targeting the radiant thermal stimulus inde-
pendently to either hind paw (a Hargreaves device) [14],
while the mechanical threshold is determined using
von Frey filaments [15]. This model demonstrates the
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Tactile allodynia
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Figure 17.1. Unilateral intraplantar injection of carrageenan
will initiate a potent inflammatory response (top). Measuring
the thermal escape latency on the paw contralateral to the car-
rageenan shows ho change in the tactile thresholds (middle) or
thermal escape latencies (bottom). In contrast, over the 24 hr
interval, there is a robust fall in tactile and thermal thresholds.

prominent and long lasting thermal and mechanical
hyperalgesia of this paw. Similar behavioral effects can
be observed after the delivery of a variety of proinflam-
matory treatments such as (i) complete Freund’s adju-
vant (evoking a disseminated autoimmune response to
a joint or connective tissue antigen) [16,17]; (ii) local
injuries, for example, focal thermal injury [18]/incision
[19] of the paw; (iii) intraarticular injection of irritants
(carrageenan-kaolin [20]); (iv) delivery of products
that deliver or initiate antibodies against joint compo-
nents (such as collagen [21]); (v) inflammation of the
GI tract produced by the instillation of products such
as trinitrobenzene sulfonic acid (TNBS) (a hapten that
induces colitis [22]) or iodoacetamide [23]; (vi) bladder
inflammation (cystitis) as produced by instillation of
irritants such as cyclophosphamide [24]; or (vii) pan-
creatitis produced by dibutyltin dichloride (DBTC)
[25]. All of these treatments in various representative
organ systems will commonly produce evident behav-
ioral signs of ongoing discomfort and hypersensitivity.
Inflammation or injury of visceral organs will typically
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TABLE 17.1. Classification of primary afferents

Fiber Size (y) Myelin Velocity (m/ DRG Transmitter Characteristic  Typical stimuli Psychophysical
class sec) neuron epitopes correlate of acute
stimulus
AB 12-20  Yes >40-50 Lg Glutamate  Neurofilament  Low threshold Light touch
200 Mechanical/tactile  proprioception
Ad 1-4 Yes 10 < 40 Lg Glutamate  IB-4 Subpopulations: Warmth
low threshold Light touch
(thermal or Sharp-stinging
mechanical) or Thermal crush
high threshold
(thermal or
mechanical)
C 0.5-1.5 No <2 Small Glutamate ~ TRPV1-r Subpopulations: Dull, throbbing
peptides polymodal burning
(sP/CGRP)

be accompanied by signs such as abdominal stretch-
ing and increases in the tone of the abdominal muscu-
lature (as measured by increased abdominal EMGs),
tachycardia, and hypertension. In addition, GI inflam-
mation is often accompanied by marked increases in
the aversiveness displayed by the animals to the appli-
cation of mechanical stimuli to the body surface (cor-
responding to referred pain sites and to distention of
the GI tract with inflatable balloons [26]). In short,
preclinical inflammatory models will yield in animals
a constellation of behavioral and physiological effects
that parallel the verbal pain descriptors of ongoing
discomfort and evocative hyperpathia observed in
conditions of acute and chronic inflammation in the
human patient (see [12,27]).

PERIPHERAL COMPONENTS CONTRIBUTING
TO INFLAMMATORY PAIN STATES

Primary Afferent

With few exceptions, the sensory correlates of the
body are communicated to the brain via the activa-
tion of specific populations of primary afferents pro-
jecting to the medullary (head and neck), spinal (body
regions below the neck), and dorsal horn (see [28,29]).
In visceral pain, information may also be trafficked
through cranial nerves such as the vagus (Xth nerve)
[30,31]. The sensory afferents, the cell bodies of which
are found in the trigeminal (head and neck) and dor-
sal root ganglion (below the neck), are subdivided into
classes reflective of their size, state of myelination,
and the modality of stimulation that most effectively
results in activity in the associated afferent axon
(Table 17.1). On the basis of psychophysical responses
evoked by stimuli that can activate these respective

populations of axons, specific categories of sensations
have been affiliated with the information carried by
these afferents. Conversely, in the absence of injury,
the range of stimulus intensities that most effectively
activate a population of afferents is typically reflective
of the presumed role played by these axons in initiat-
ing a sensory state. Thus, light touch is typically asso-
ciated with the large mechanically sensitive afferents
(AB) that display sensitivity to low threshold mechani-
cal stimuli. Ad axons form subpopulations which may
respond to low- or high-intensity mechanical or ther-
mal stimuli, while C fibers respond predominately to
high-intensity stimuli of thermal, mechanical and,
importantly, chemical modalities. On the basis of dif-
ferential sensitivity to blockade and the marked dif-
ferences in conduction velocity, it is considered that
the high-threshold Ads may carry the initial stinging
sensation generated by an acute high-intensity stimu-
lus (e.g., first pain), while the slower C-fiber mediates
the delayed dull, throbbing, aching sensation (2nd
pain) [32].

Initiation of Small Afferent Activity

The primary afferent terminals of peptidergic C fibers
are morphologically characterized as “free nerve end-
ings.” These peripheral terminals are highly ramified
in most tissues and frequently appear as a triad of
terminal, capillary, and mast cells [33]. Under nor-
mal conditions, in the absence of injury or inflam-
mation, sensory afferents, particularly those with
high-stimulus thresholds, show little or no sponta-
neous activity. Mechanical and/or thermal stimuli
applied to the peripheral terminal of the afferent is
converted by transducer proteins on the terminal into
an intensity-dependent depolarization leading to an
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TABLE 17.2. Afferent transducer proteins

Channel Activating parameters Chemical
sensitivity

TRPV1 >43°C Lipids, capsaicin H*

TRPV2 >52°C

TRPV3 >34-38°C

TRPV4 >27-35°C

TRPM8 <25-28°C Menthol

TRPA1 <17°C Mustard oil

ASIC H+ Acid

pP2X ATP (mechanical?)

Abbreviations: TRP, transient receptor potential; ATP, adenosing

triphosphate.

intensity-linked increase in the discharge frequency of
these afferents. The mechanical and thermal stimuli
sensitivity of a given afferent fiber is defined by the
constituent transducer proteins that are present on
the afferent terminal (see Table 17.2). These trans-
ducer proteins are typically effectively activated over a
narrow range of intensities of the respective stimulus
modality. Increasing stimulus intensities typically lead
to the activation of higher threshold transducers and
an increasing cation permeability, all leading to a pro-
gressive depolarization of the terminal [34]. The local
depolarization then leads to the opening of local volt-
age-sensitive sodium channels and this leads in turn to
an increasing frequency of afferent spike generation.
An important property of these gated channels is that
they may also be activated by specific chemical enti-
ties such as the TRPV1, which is activated by capsaicin
and the TRP M8 channel by menthol. These activities
parallel the psychophysical elements that such stim-
uli normally elicit, for example, sensation of heat and
cold, respectively. Table 17.2 summarizes other such
chemical correspondences.

Conduction of Sensory Afferent Activity

Voltage-sensitive sodium channels mediate the con-
ducted potential. Cloning shows the presence of
multiple populations of sodium channels. These mul-
tiple sodium channels have been identified based
on structure (NaV 1.1-NaV 1.9), whether they are
tetrodotoxin-sensitive or insensitive (TTX) and their
activation kinetics. Some of the subtypes are geograph-
ically restricted in their distribution. Thus, NaV1.8 and
1.9 are largely limited to small primary afferents [35].
These NaV channels have several consensus sites that
can be phosphorylated, serving to reduce their activa-
tion threshold and prolong their opening. As will be
discussed later, these phosphorylation sites are impor-

tant for regulating the excitability of the terminals by
inflammatory products.

Primary Afferent Terminals and Inflammation

The preceding comments on the primary afferent and
transduction mechanisms emphasized the transduc-
tion of acute high-intensity stimuli and an absence of
spontaneous activity. As suggested earlier, increasing
stimulus intensities (thermal, mechanical) will result
in a monotonic increase in the discharge frequency of
these axons. Local injury or inflammation in the envi-
ronment of these peripheral terminals will, however,
characteristically lead to (i) the appearance of high
levels of ongoing (spontaneous) afferent activity; and
(ii) a left shift in the stimulus discharge curve of these
afferents such that there is a significant augmentation
in discharge frequency at stimulus intensities that
are of lower magnitude. Figure 17.2 summarizes such
comments for thermal stimuli applied to the skin and
for rotation of the joint. Here it is portrayed that the
magnitude of spontaneous afferent traffic may mir-
ror that which is otherwise observed after a moderate
stimulus or an extreme joint rotation. It is appreciated
that this exaggerated response reflects the inflamma-
tory events that occur secondary to local tissue injury
and inflammation.

The Local Inflammatory Milieu

Local tissue injury such as an incision or a burn results
tovarying degrees in a variety of distinguishable events
that reflect activation of an innate immune response.
These events, discussed in great detail in other chap-
ters for various organ systems, may be heuristically
subdivided as described in Figure 17.3. (i) Acutely, the
stimulus serves to activate small high threshold sen-
sory afferents. Such activation yields orthodromic and
antidromic activity on the primary afferent. The anti-
dromic activity (e.g., afferent traffic along collaterals
toward the distal terminal away from the spinal cord)
yields the local terminal release of sP and CGRP. These
peptides result in a prominent local dilation of arteri-
oles and plasma extravasation [36,37]. (ii) The damage
to local tissue integrity yields cellular debris and an
increase in extracellular [K*] and [H*]. Thus, in injured
tissues, pM concentrations of H* may be found [38].
(iii) Disruption of local capillaries leads to local accu-
mulation of serum products such as complement and
products of hemolysis such as serotonin [39,40]. This
injury leads to activation of the clotting cascade and
kininogens, resulting in the formation of bradykinin
[41]. (iv) These products (such as the sP released from
the local C fibers) serve to activate mast cells. The mast
cells secrete histamine, tryptase, and chymase, which,
along with macrophages, secrete a large number of
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Figure 17.2. Summary of the injury milieu of the primary afferent, including the local
vasculature, macrophages, and mast cells and sympathetic terminals and products that
are released secondary to that injury which can influence afferent activity. See text for
additional details.
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cytokines (IL-1, TNF), chemokines, lipid mediators
(prostaglandins, platelet activating factor), and growth
factors (NGF) [42,43]. (v) These products also activate
integrins, which promote local neutrophil adhesion to
the vascular wall and their subsequent diapedesis. The
neutrophils migrate in the interstitial fluid along gra-
dients established by a variety of chemotactic stimuli
generated by the injured tissue and foreign materials
[44]. Neutrophils generate reactive oxygen species and
hydrolytic enzymes [45]. These injury events and the
antidromic activity on the C-fibers leading to sP and
CGRP release are mechanistically responsible for the
“triple response of Lewis” noted after tissue injury: a
red flush around the site of the stimulus (local arterial
dilation), a local edema (increased capillary perme-
ability) and, as will be discussed further later, a local
reduction in the magnitude of the stimulus required
to elicit a pain response, that is, a hyperalgesia. The
chemical complexity of the local injury environment
has prompted it to be designated as an “inflammatory
soup” [46]. These local cascades associated with tissue
injury represent the initiating events associated with
the ongoing pain state and the enhanced responsive-
ness of the afferent axon to a given stimulus.

Our understanding of the cellular and molecu-
lar bases of transduction of painful stimuli has bur-
geoned in the past year, mainly as a result of studies on
isolated sensory neurons in culture. The ion channels’
underlying neuronal responses to noxious heat, to pro-
tons, and to ATP have recently been characterized. The
typical increase in nociceptor sensitivity produced by
tissue damage has been found to be mediated by at
least two distinct mechanisms. In the first, bradykinin
and other mediators augments the current activated
by heat through a mechanism that involves activation
of protein kinase C. In a second sensitization mecha-
nism, prostaglandin E2 for example alters the voltage
threshold of several ion channels, including a novel tet-
rodotoxin-insensitive Na* channel, in such a way that
initiation of action potentials is facilitated [47,48].

Terminal Receptors for Inflammatory Products

Based on immunohistochemistry as well as physi-
ological studies defining the effect of many of these
mediators released by local tissue injury and inflam-
mation, there are eponymous receptors that can be
identified on the afferent terminal or in the dorsal
root ganglion cells (Figure 17.4). Several examples
can be cited.

pH. H* ions can directly depolarize afferents [49]
through the TRPV1 cation channel [50] and several
acid-sensing (ASIC) Na-channels [50]. Thus, TRPV1
channels display a sustained nonselective cationic cur-
rent at a pH < 6 and are present on a limited popula-
tion of peptidergic C fibers [51].

Prostaglandins: Agents are synthesized by
lipoxygenase (leukotrienes) or cyclooxygenase (pros-
tanoids) upon the release of cell membrane-derived
arachidonic acid secondary to the activation of phos-
pholipase A,. A number of prostanoids, including
PGE,, can directly activate C fibers. Others, such as
PGI, and TXA,, and several leukotrienes, can mark-
edly facilitate the excitability of C fibers [52,53].
These effects are also mediated by specific epony-
mous membrane receptors.

Kinins: Bradykinin released from endothelium can
activate two receptors, (constitutively expressed B2
receptors and inducible B1 receptors) to activate free
nerve endings of C polymodal nociceptors and gener-
ate pain behavior [54]. Bk1/2 receptors act through
Gaq and Gai to activate phospholipase A2 (PLA2) and
protein kinase C (PKC) indirectly through phospho-
lipase Cb (PLCb) [55]. When given intradermally, Bk
produces pain, inflammation and hyperalgesia [56].

Growth factors: Nerve growth factor (NGF)
released from fibroblasts, keratinocytes, Schwann
cells, and a variety of immune cells can act upon TRK
receptors identified in small DRG cells [57]. This action
can lead to depolarization of the terminal. SQ NGF
can produce a potent sensitization, while anti-NGF
strategies can diminish the injury-induced facilitated
state. Importantly, over the longer term, NGF serves
to regulate expression of the neuropeptides, as well as
receptors including TRPV-1 and bradykinin receptors,
and voltage-gated sodium channels (see [58]). Glial
derived nerve growth factor (GDNF) has been shown
to sensitize small afferent terminals in vitro and pro-
duce thermal hyperalgesia [59].

Proteinases: Serine proteases are released from
mast cells (tryptase), epithelial cells, and/or from the
local vasculature. These proteases activate several fam-
ilies of G protein—coupled protein receptors (PAR 1-4)
by cleaving a local N-terminal tethered ligand, which
binds to and activates receptors present on small affer-
ent terminals [60]. Intradermal injections will activate
free nerve endings and produce an enhanced behav-
ioral sensitivity in the animal to subsequent stimula-
tion, for example hyperalgesia [61].

Cytokines: Cytokines such as tumor necrosis fac-
tor, interleukin-1 (IL-1), IL-6, and the chemokine IL-8
are released from a variety of inflammatory cells and
have been shown to exert powerful sensitizing effects
on C-fibers [62,63]. Cytokines appear to induce sen-
sitization via receptor-associated kinases and phos-
phorylation of ion channels. In chronic inflammation,
transcriptional upregulation of receptors has been
observed [64]. Intradermal injections of these agents
generally produce both mechanical and thermal
hyperalgesia, while binding proteins directed against
TNF and IL-1B reduce hyperalgesia in inflammatory
models [65].
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Figure 17.4. Firing of small afferents in the skin (left) occurs with increasing frequency
with increasing temperatures. Following carrageenan injection into skin, afferent shows
increasing spontaneous activity, a left shift, and an increase in slope of stimulus-response
curve, indicating a facilitated response to the thermal stimulus (Right). Firing of articular
afferent under normal state and in presence of nonnoxious and then noxious rotation of
knee. After injection of irritant into joint, mild rotation results in significant discharge.

Intraterminal Coupling

These peripheral terminal receptors are coupled to a
variety of terminal protein kinases (protein kinases
A and C as well as mitogen-activated protein kinases,
MAPK). These kinases phosphorylate consensus sites
found in a variety of transducer proteins (e.g., the
TRPV1)andionchannels (e.g., voltage-sensitive sodium
channels-NaV) [66]. NGF activation of trkA activation
leads to tyrosine phosphorylation of intracellular tar-
gets, including ion channels, leading to their enhanced
activation by any given degree of terminal activation.
These intraterminal cascades represent an important
link in the events that lead to terminal sensitization in
the face of local injury and inflammation in various
organ systems (e.g., skin and joint), such that modest
stimuli lead to a pronounced responsiveness [67].

Role of Terminal Sensitization in Pain Behavior

The prominent role of these inflammatory products in
the generation of post injury/inflammation pain cannot
be overstated. The majority of C-fibers are referred to
as “silent nociceptors,” as they have little or no sponta-
neous activity and thresholds so high as to be activated
only by extreme physical stimuli. Preclinical studies
have emphasized that signs of ongoing pain behavior
(paw lifting, paw guarding) is dependent on ongoing
activity in these C-fibers [68]. In the presence of the
injury products, these terminals can be activated by
relatively mild stimuli. Such sensitizing motifs have
been described for all tissues including skin [29], bone
[69], joint [70], GI mucosa [71], bladder [72], meninges
[73], and tooth pulp (see [74]). Accordingly, it can be

considered to be an important unifying principle for
understanding the sensory components associated with
injury. Consistent with these stimulatory and facili-
tatory effects on afferent function, the local delivery of
these products into the skin or viscera have typically
been shown to evoke spontaneous pain behavior and
a behaviorally defined hyperalgesia. Conversely, local
inhibition of the synthesis of many of these factors or
their receptors may attenuate the proinflammatory
pain state. It is important to note that while any single
agent may serve to initiate sensitization of the termi-
nal, it does not necessarily follow, given the complex-
ity of the inflammatory soup, that blocking any single
product will significantly attenuate the observed injury/
inflammation-induced hyperalgesia.

Time Dependence of Inflammation-
Evoked Effects

Injury and inflammation can lead to a relatively acute
sensitization (e.g., minutes to hours). However, it
should be additionally noted that afferent-mediated
downstream effects initiated by inflammation may
evolve over time. Thus, inflammation may result in
an enhanced expression of a number of terminal
channels and receptors that may lead to enhanced
sensitivity. Several examples are channels such as
voltage-sensitive sodium [75] and calcium channels
[76] and afferent neurotransmitters such as sP and
CGRP.

The mechanisms by which peripheral inflammation
drives changes in terminal transducer protein expres-
sion may result from an increase in afferent traffic
and DRG depolarization, an effect of local mediators
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to which the DRG may be exposed [77], and/or trans-
port from the periphery to the DRG of a variety of fac-
tors from the injury site. Such transported factors may
include NGF (nerve growth factor) or cytokines such
as TNF released from Schwann cells and inflamma-
tory cells. All of these products may initiate increased
DRG transcription and transport of a variety of pro-
teins related to the inflammatory response [78].

CENTRAL COMPONENTS CONTRIBUTING TO
INFLAMMATORY PAIN STATES

In the preceding section, the generation of afferent
traffic initiated by tissue injury and inflammation was
emphasized. This afferent traffic activates dorsal horn
neurons. Given the change in afferent transduction in
the face of local inflammation, it is reasonable to con-
sider that such peripheral changes may account for the
majority of the inflammatory pain phenotype. While
important, it is evident that in the face of such periph-
eral injury, the response of the second-order neuron
itself undergoes a significant alteration in responsive-
ness. Broadly speaking this effect upon second-order
excitability reflects events mediated by afferent input
as well as (more speculatively) circulating factors that
directly effect neuraxial elements (such as microglia).

Afferent Evoked Excitation

Acute input: In the absence of a peripheral stimulus
or inflammation, there is minimal if any small affer-
ent traffic. With an adequate stimulus, small afferent
input into the spinal dorsal horn is initiated and this
input will activate specific populations of second-
order neurons, some lying superficially in lamina I
(marginal cells) and some lying more deeply in lamina
V (wide dynamic range neurons) (Figure 17.5). Many
of these neurons that project from the spinal cord to
the brain travel in the contralateral-ventrolateral spi-
nal cord (see [28]). The magnitude of the response of
the dorsal horn neuron, either wide dynamic range or
nociceptive-specific, is related to the frequency (and
identity) of the afferent input. As reviewed earlier, the
frequency of the afferent input is typically proportional
to the magnitude of the acutely applied stimulus.
Persistent input: The organization of this neurax-
ial response to an acute peripheral stimulus is thus
typically modeled in terms of a monotonic relationship
between activity in the peripheral afferent generated
by the local stimulus and the activity of neurons that
project out of the spinal cord to the brain. However, in
the face of persistent small afferent input, many dor-
sal horn neurons will display an enhanced excitability.
Intracellular recording has indicated that the facili-
tated state is represented by a progressive and long-
sustained partial depolarization of the cell, rendering

AB
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MARGINAL CELL LAM V (WDR)

A9J/C afferent AB, Ad and C
afferent

Figure 17.5. Organization of small afferent input
into the dorsal horn. Left: small high threshold affer-
ents terminate in the superficial dorsal horn specifi-
cally in Rexed Lamina | where they activate marginal
lamina | cells. Right: For lamina 5 neurons, there is
excitatory input from high threshold afferents that
project superficially and from large AB axons that
terminate deep to the dorsal horn.

the membrane increasingly susceptible to afferent
input [79,80]. The pharmacology and organization of
this spinal facilitation will be considered further in
the following.

Systemic Routes of CNS Activation viz
Pain States

In the preceding section, the common thesis was that
peripheral injury/inflammation led to the activation of
specific populations of sensory afferents innervating
the injury site and their input drove a spinal sensiti-
zation mediated by a variety of spinal cascades. Such
connectivity clearly accounts for the somatotopy asso-
ciated with local injury, for example, injury to the left
hind paw results in a sensitization of the left hind paw
mediated in part by the initiation of a facilitated state
in the dorsal horn segments receiving input from the
left hind paw. An important additional component in
the inflammation-induced changes in sensory process-
ing arises from circulating factors. After local trauma
or infection, cytokines (such as IL-1/TNF) are gen-
erated and act locally to initiate local inflammatory
cascades that can, among their many effects designed
to destroy pathogens, serve to sensitize local nerve ter-
minals. In addition, these agents may reach the sys-
temic circulation and generate a system-wide effect,
which may be amplified by the subsequent generation
of a variety of proinflammatory products such as liver-
derived acute phase proteins, pancreatic enzymes, GI
products, and granulocytosis [81]. This septic cascade
may have potent deleterious effects upon cardiac,
pulmonary, and visceral organ function. In addition,
these circulating products may have potent effects
upon central nervous system (CNS) function, such as
temperature regulation (fever), metabolism (cachexia),
and pain. The functional linkage between circulating
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inflammatory products and CNS function is not clear.
However, ample evidence has pointed to linkages that
may involve nonneuronal perivascular cells such as
astrocytes and microglia [82,83]. As will be noted later,
these non-neuronal cells play an important constitu-
tive role in spinal nociceptive processing after periph-
eral tissue injury. Such systemic effects could account
for bilateral (even whole body) effects. Thus, IV LPS
or IL-1p will produce bilateral increases in acute and
chronic signs of CNS effects such as bilateral increases
in cFOS expression and bilateral increases in the induc-
ible spinal COX-2. Such systemic effects of circulating
products may account for reports of bilateral changes
after unilateral peripheral inflammation [84].

Functional Consequences of Spinal Sensitization

Sensory transmission: There are three functional
consequences of this facilitated spinal state. (i) There is
a nonlinear increase in the spinal input-output func-
tion, for example, a higher frequency and more per-
sistent discharge for any given afferent input. (ii) Low
threshold tactile stimulation also becomes increasingly
effective in driving these neurons. (Note that the so-
called wide dynamic range Lamina V neurons noted
above receive both small and large afferent input.)
(iii) In addition to the augmented response of the neu-
ron, the conditioning has the added effect of increas-
ing the receptive field size of the neurons. This occurs
because neurons in any given spinal segment receive
depolarizing input not only from the spinal root pro-
jecting to that segment, but collateral afferent input
from adjacent spinal segments which may provide sub-
effective degrees of depolarization. In the face of sen-
sitization, this subeffective input becomes sufficient to
drive depolarization of that neuron. Hence, the effec-
tive receptive field of that neuron is increased.

Given the likelihood that the discharge frequency
of these dorsal horn neurons contributes to the encod-
ing of a high threshold stimulus as aversive, and that
many of these neurons project through the ventrolat-
eral quadrant of the spinal cord (i.e., spinobulbar or
spinothalamic projections), this augmented response
to a given stimulus and the enlarged receptive field
is believed to contribute to the hyperalgesic states
observed after nerve injury [28]. Dorsal horn systems
that lead to this facilitated state are complex but reflect
upon cascades that are in part initiated by the persis-
tent small afferent input and perhaps to a lesser degree
by circulating factors.

Inflammation: The sensitization of the spinal sys-
tems leads to an enhanced pain response. What is less
appreciated is that sensory afferents conduct both
orthromically (from the outside to the spinal cord)
and antidromically (from the spinal cord to the out-
side). As will be reviewed later, the peripheral terminal

of the primary afferent is able to release a variety of
products such as peptide transmitters (substance
P/CGRP). Many of these products are believed to con-
trol the local inflammatory response. It is appreciated
that central sensitization can enhance the excitability
of the central terminal leading to primary afferent
depolarization (PAD) and significant amounts of anti-
dromic traffic [85,86]. Although there is not enough
space to discuss the ramifications of this phenom-
enon, there is ample data to suggest that such antidro-
mic linkages may additionally contribute to the local
inflammatory response and sensitization [87,88].

COMPONENTS OF THE DORSAL HORN SYSTEMS
CONTRIBUTING TO SPINAL SENSITIZATION

As noted earlier, persistent small afferent input as gen-
erated by small afferent input initiated by tissue injury
and inflammation will lead to a sensitized behavioral
state. This sensitization results from a series of cascades,
which reflect the organization of dorsal horn systems
that regulate the activity in neurons (such as the Lam
I - marginal neurons and Lam 5 — wide dynamic range
neurons) that project to higher centers. In the following
narrative, representative examples of the contribution
played by these several systems will be reviewed [89].

Local Neuronal Excitability

Afferent evoked membrane depolarization: As
indicated in Figure 17.6, small afferents contain and
release into the spinal dorsal horn excitatory amino
acids such as glutamate and peptides such as sub-
stance P. Acute activation yields second-order neuronal
depolarization mediated largely by glutamate acting
through an AMPA receptor Na* ion-selective channel,
which produces a potent but transient depolarization
of the membrane [90,91]. As reviewed earlier, repeti-
tive small afferent input will yield a facilitated state
in the dorsal horn as exemplified by the phenomena
of “wind up.” The pharmacology of this central facili-
tation suggests that the spinal phenomenon reflects
more than just the repetitive activation of a simple
excitatory system. Thus, while the acute excitation is
unaffected by N-methyl-D-aspartate (NMDA) receptor
antagonists, these agents will prevent spinal wind-up
[92]. In parallel with these physiological observations,
behavioral work demonstrated that the spinal deliv-
ery of such drugs will have no effect upon acute pain
behavior, but reduce the facilitated states induced after
tissue injury [93]. This differential effect upon persis-
tent versus acute activity results from the fact that the
NMDA ionophore under resting membrane potential
is blocked by a Mg?" ion in the channel. This block
is removed in the face of persistent membrane depo-
larization, such as that which occurs with repetitive
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afferent input. Activation of the NMDA ionophore
leads to a marked increase in intracellular Ca?* that
initiates a variety of downstream facilitatory events.
A variant of the AMPA channel occurs in a small pro-
portion of dorsal horn channels and creates an AMPA-
calcium permeable ionophore that can also contribute
to downstream facilitation [94]. In addition to the clas-
sic transmitters, growth factors such as brain-derived
nerve growth factor (BDNF) is synthesized by small
DRGs and released from spinal terminals, packaged
in dense-cored vesicles, and transported within axons
into terminals in the dorsal horn of the spinal cord.
BDNF has a potent sensitizing effect on spinal neu-
rons [95] (see Figure 17.6).

Activation of kinases: Persistent afferent input
leads to a marked increase in intracellular Ca?* through
several mechanisms: (i) voltage-gated ion channels
(e.g., N and T type channels), (ii) ion-gated channels
(e.g., NMDA /calcium-permeable AMPA channels), and
(iii) G-protein—coupled receptors that act to mobilize
intracellular calcium (e.g., neurokinin-1 receptors).
The increased calcium leads in turn to the activation
of a wide variety of phosphorylating enzymes, includ-
ing protein kinases A and C, calcium calmodulin-
dependent protein kinases, as well as mitogen-activated
kinases (MAPKs) including p38 MAP kinase and ERK
(see [66]), which increases the excitability of a variety
of spinal linkages. Several examples of such local intra-
cellular cascades will be noted.

(i) The functionality of many channels is regulated by
phosphorylation. One such channel is the NMDA
receptor. Such phosphorylation of spinal NMDA
receptors leads to increases, and dephosphoryla-
tion leads to decreases in NMDA currents [96].
These events initiated by repetitive afferent activa-
tion serves to reduce the threshold for activation,
leading to an enhanced response of the NMDA
ionophore to further depolarization. Block of spi-
nal PKA and PKC activity can reduce behaviorally
defined hyperalgesia otherwise observed after tis-
sue injury [97].

(i) P38 MAPK is activated (phosphorylated) by an
increase in intracellular Ca. This activation
leads to several events. The first is to phospho-
rylate phospholipase A2 (PLA2), which initiates
the release of arachidonic acid and provides the
substrate for cyclooxygenase (COX) to synthesize
prostaglandins. The second is that this MAPK
activates a variety of transcription factors (such
as NF-kxB), which activates the synthesis of a
variety of proteins, including COX-2. The spinal
delivery of P38 MAPK inhibitors will thus reduce
acutely initiated hyperalgesia and reduce the
upregulation of COX-2 otherwise produced by
injury [98,99].
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Figure 17.6. Injury to receptive field (RF) A leads to a per-
sistent afferent barrage which strongly excites and sensi-
tizes the second order neuron. This sensitization has three
consequences to the response properties of Neuron A. (i)
Neuron A gives a greater response for any given stimulus.
(ii) This cell (@ WDR neuron) receives large low threshold
(AB) input and that input now evokes a greater response.
(iii) Collateral input from receptive field B now is sufficient
to activate effects to activate the sensitized neuron A.
This means that the effective receptive field of neuron A
is now enlarged to include RF A and RF B, for example,
stimuli now applied to RF-A and B will activate Neuron A.
This connectivity likely accounts for the enlarged recep-
tive field observed after peripheral injury, for example, 2°
hyperalgesia.

Lipid cascades: A variety of phospholipases (c, i, and
s-PLA2) and cyclooxygnease (COX-1 and 2) are constitu-
tively expressed in the dorsal horn in both neuronal and
nonneuronal cells) [100]. Not surprisingly, downstream
lipid products such as prostaglandins are synthesized
and released into the spinal dorsal horn and this release
can be markedly enhanced by small afferent input gen-
erated by tissue injury and by the direct activation of
second-order neurons [101]. These agents diffuse extra-
cellularly to act presynaptically to enhance the opening
of voltage-sensitive calcium channels, thus augmenting
transmitter release [102]. In addition, prostaglandins
act postsynaptically to block glycinergic inhibition on
second-order dorsal horn neurons [103]. Such a reduc-
tion in the activation of inhibitory glycine or GABA
interneuron regulation can lead to a potent facilitation
of dorsal horn excitability (see later). The spinal delivery
of PGE will increase, while PLA2 or COX-2 inhibitors
will reduce spinal PGE2 release and reduce injury-in-
duced hyperalgesia.
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Nitric oxide synthase (NOS): NOS forms
diffusible nitric oxide (NO) from arginine. There are
three principal NOS isoforms: endothelial, neuronal,
and inducible. The neuronal and inducible forms have
been found to play a facilitatory role in the spinal cord
through the formation of NO, which acts presynapti-
cally through ¢cGMP to enhance transmitter release.
Spinal NOS inhibitors can reduce posttissue injury

hyperalgesia [104,105].

Modulation of Tonic Inhibitory Circuits

Second-order dorsal horn neurons (Lamina V WDR
neurons) receive robust excitatory input from large
(AR) afferents. In spite of this afferent input onto dorsal
horn neurons that are believed to play a role in noci-
ceptive processing, such large afferent input does not
lead normally to a pain state (Figure 17.7). As reviewed
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Figure 17.7. First-order synapse for a small afferent axon in the
spinal dorsal horn. As indicated, there is the release of small
afferent transmitters which depolarize the second order neurons
through glutamate (AMPA/NMDAO and sP (Neurokinin1: NK1)
receptors). These serve to depolarize the membrane by increas-
ing cation conductance. This in turn activates downstream
cascades that serve to sensitize the membrane to additional
depolarization through a variety of mechanisms. See text for
additional commentary.

earlier, after local tissue injury such tactile stimulation
may lead to a sensitization to light touch (tactile allo-
dynia). An important component of this sensitization
is believed to be related to a loss of local GABAergic
or glycinergic inhibition. Thus, dorsal horn GABAergic
and glycinergic interneurons receive excitatory drive
from low-threshold afferents and in turn form syn-
apses pre- and postsynaptic to the large primary affer-
ent. Accordingly, the postsynaptic excitation by large
afferent input is modulated by the concurrent activa-
tion of these inhibitory interneuons. The blocking of
spinal GABA A and glycine receptors by spinal receptor
blockers will lead to a marked exaggeration of the exci-
tation evoked by AR input and will induce a behavioral
phenotype in which low-threshold tactile stimulation
will induce a prominent pain state [106,107]. Three
circumstances may alter this GABAergic/glycinergic
modulation. (i) Loss of GABA and glycine neurons or
a downregulation in the respective receptors. While
early work did suggest such changes may occur after
nerve injury, such changes have not been demonstrated
to be robust and are unlikely to occur after inflamma-
tion [108]. (ii) As reviewed earlier, small afferent input
will lead to a release of a number of lipidic acids includ-
ing PGE,. PGE, will reduce the glycine-mediated open-
ing of the glycine ionophore, leading to a reduction
in this local modulation [103]. (iii). The GABA A and
glycine receptors are Cl- ionophores. At the postsyn-
aptic membrane increasing Cl- conductance typically
leads to a mild hyperpolarization of the membrane. It
is now appreciated that in the face of peripheral tissue
(or nerve injury) there is an alteration in the relative Cl-
exporter/importer activity leading to an increase in the
Cl- equilibrium potential and an enhanced depolariza-
tion with increased Cl- permeability [109]. These events
would lead to the enhanced response to low-threshold
afferent input observed after peripheral tissue injury
and inflammation.

Bulbospinal Systems

Serotonergic pathways (originating in the midline
raphe) and noradrenergic pathways (originating in
several brain nuclei including the locus corueleus)
project into the spinal dorsal horn (see Figure 17.8).
Serotonergic systems act through a variety of dor-
sal horn receptors that may be either inhibitory
(5HT1a/b) or directly excitatory (SHT2/3). As indi-
cated schematically in Figure 17.8, small afferent
input will activate superficial Lamina I dorsal horn
neurons that project into the medulla to activate
raphe spinal projections that excite deep dorsal horn
(lamina 5) neurons by 5HT3 receptors. Blocking of
this circuit has been shown to prominently reduce
dorsal horn facilitatory conditioning by small affer-
ent input [110].
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Figure 17.8. Small afferent input activates dorsal horn nocice-
ptive neurons. Large afferent input also activates nociceptors,
but as indicated these large low-threshold primary afferents
additionally activate inhibitor interneurons (GABA and glycine)
which serve to attenuate the excitatory drive produced by
large afferent input. Though the interneurons are shown on the
postsynaptic membrane they may also be presynaptic on the
large myelinated afferent. The outcome is to diminish the exci-
tation otherwise produced by the large afferents. Loss of that
inhibition would lead to a prominent increase in large afferent-
evoked excitation.

Non-Neuronal Cells

In the CNS, there are a variety of nonneuronal cells.
Among these are astrocytes and microglia. Microglia
are resident macrophages that appear in the brain
from the circulation during development. While clas-
sically these non-neuronal cells have been shown to
play important roles in a variety of trophic functions
such as blood-brain barrier integrity, extracellular
water balance, glucose transport, and phagocytic
functions in the face of injury, current thinking has
begun to emphasize their contributions to the excit-
ability of local neuronal circuits. These astrocytes,
microglia and neurons form a complex network in
which each can acutely influence the excitability of
synaptic transmission [111]. Thus, non-neuronal cells
can influence synaptic transmission by the release of
a wide variety of proexcitatory products (such as ATP,
superoxide/free radicals, nitric oxide, and cytokines).
Glial cells can also regulate extracellular parenchymal
glutamate by their glutamate transporters. This can
serve to increase extracellular glutamate activating
neuronal glutamate receptors [112] (see Figure 17.9).

These non-neuronal networks can be activated by
transmitters from primary afferents, and intrinsic
neurons releasing glutamate, sP and ATP can overflow
from the synaptic cleft to these adjacent non-neuronal
cells and lead through eponymous receptors to their
activation. Astrocytes can form local networks which
may communicate over a distance by the spread of
excitation through local nonsynaptic contacts (“gap”
junctions) [113]. Further, astrocytes may communi-
cate with other astrocytes and microglia by releasing
a number of products including glutamate/cytokines
and “S100” protein [114]. Neurons may activate micro-
glia by the specific release of a membrane chemokine
(fractalkine), which acts on specific receptors found
on microglia. In addition to afferent input after tissue
injury and inflammation, circulating cytokines (such as
IL-1B/TNF can activate perivascular astrocytes/micro-
glia. As noted, microglia are in fact brain resident mac-
rophages. Many circulating products referred to as
“acute phase reactants” (TNF, prostaglandins (PGE,),
sympathetic amines and leukotriene-B,) can initiate
sensitized pain states and may account for mechani-
cal hypersensitivity which arises, for example, in aller-
genic reactions in rat models [64,115].

Importantly, the role of these non-neuronal cells
in inflammation and injury-induced pain states is
supported by the observations that spinal inhibitors
of microglial activation, such as minocycline (a sec-
ond generation tetracycline) and pentoxyfilline, have
been reported to block indices of acute and chronic
glial activation and diminish hyperalgesic states [82].
Similar metabolic inhibitors that block astrocyte acti-
vation (flurocitrate) can similarly diminish hyperalge-
sia after nerve and tissue injury. These agents, while
not clinically useful, suggest important directions in
drug therapy development.

These processes outlined earlier represent a com-
plex cascade referred to broadly as “neuroinflamma-
tion” (Figure 17.9). Importantly, while indices of glial
activation (e.g., increased expression of epitopes such
as GFAP and OX42) are considered hallmarks of neu-
roinflammation as observed after local injury, current
thinking emphasizes that astrocytes and microglia are
indeed constitutively active and contributing to acute
changes in spinal network excitability [116].

In conclusion, tissue injury and inflammation
lead to a surprisingly complex behavioral phenotype
characterized by ongoing pain and the appearance of
states wherein moderate noxious or frankly innocu-
ous stimuli will lead to an augmented pain state at the
injury site (primary) and adjacent to the injury site
(secondary). The mechanisms underlying these behav-
ioral states are equally complex, reflecting the release
of active factors at the injury site, which initiates affer-
ent traffic and produces a sensitization of the afferent
terminal leading to an enhanced response to a given
stimulus. In addition, the ongoing activity initiated
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Figure 17.9. Small afferent input activates ascending projections for Lamina V neurons that
activate raphe spinal neurons that send serotonin projections to the spinal cord. At the spi-
nal level 5HT released from the bulbospinal projection activates the second-order lamina V
neuron through a 5HT; receptor.
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Figure 17.10. Dorsal horn non-neuronal cells (microglia/astrocytes) are activated by over-
flow from dorsal horn synapses, from second-order neuron, from each other, and through
products in the cerebral vasculature. Such activation leads to the secretion of a large vari-
ety of inflammatory products that can influence the excitability of neuronal transmission.
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by injury leads to a powerful spinal facilitation of spi-
nal sensory networks that is mediated by increases in
local circuit excitability, activation of non-neuronal
cells and extraspinal feedback loops (Figure 17.10).
Interestingly, the role of spinal non-neuronal cells pro-
vides an important link between circulating factors
generated by the body’s response to injury and inflam-
mation and the central nervous system processing. It is
of particular interest in that a variety of Toll receptors
are present on both microglia and astrocytes. These
recptors likely mediate the efects of circulating prod-
ucts (such as LPS) on CNS function and it is increas-
ingly likely that products released within the neuraxis
may also serve to modulate the role played by these
non neuronal cells in regulating spinal excitability in
the face of persistent afferent input and tissue injury.
Importantly, these scenarios find their expression
in all innervated systems, from the skin to the inner
lumen of visceral organs. Conversely, as reviewed,
antidromic activity on sensory afferents can modulate
the peripheral inflammatory response.
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INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs),
sometimes called the “aspirin-like drugs,” are among
the most widely used of all drugs. Aspirin itself was
introduced by Bayer in 1898 as a replacement for sali-
cylic acid, which had been available in synthetic form
since the 1870s and as the active constituent of plant
(e.g., willow bark) preparations for many centuries
before that. Since the beginning of the 20th century,
the number of NSAIDs has grown substantially: phe-
nylbutazone was introduced in the 1940s, the fena-
mates in the 1950s, indomethacin in the 1960s, the
proprionates in the 1970s, and the oxicams in the
1980s. The 1990s saw a radical new development — the
introduction of “coxibs” and the new millennium has
ushered in an era of reappraisal and reassessment
of our understanding of the pharmacology of these
drugs and their therapeutic and unwanted effects.
There are now more than 50 different NSAIDs on
the global market and some of the more prominent
examples are listed in Figure 18.1. (Chemical struc-
tures of NSAIDs shown, grouped according to chemi-
cal structure.)

NSAIDs had been in clinical use for a long time
prior to an understanding of their pharmacological
mechanism of action. The real breakthrough in NSAID
pharmacology was made in the early 1970s when John
Vane identified that NSAIDs work by inhibition of
prostaglandin (PG)-forming cyclo-oxygenase (COX)
activity resulting in the reduction of prostanoid syn-
thesis. The second breakthrough came about in the
early 1990s with the discovery of COX-2 that eventually
lead to the development of the COX-2-selective NSAIDs
that lacked some of the major side effects of classical
NSAIDs.

Clinically, the NSAIDs provide symptomatic relief
from pain and swelling in chronic joint disease such
as occurs in osteo- and rheumatoid arthritis as well as
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in more acute inflammatory conditions such as sports
injuries, fractures, sprains, and other soft tissue
injuries; can also alleviate postoperative, dental, and
menstrual pain, as well as headaches and migraine.
Many NSAIDs are available in a variety of different
formulations such as tablets, injections, and gels and
several NSAIDs are available from pharmacies “over-
the-counter” without prescription. The latter are taken
in large quantities for many types of minor aches and
pains — and occasionally abused. Aspirin itself is still
consumed in prodigious amounts around the world
and new uses are continually being found for this
drug. Virtually all NSAIDs, particularly the “classical”
NSAIDs, can have significant unwanted effects, espe-
cially in the elderly. Newer agents have less severe
adverse actions.

PRINCIPAL PHARMACOLOGICAL ACTIONS

NSAIDs are sometimes known as the aspirin-like
drugs because their pharmacology is broadly similar
to that of aspirin the “archetypal” NSAID. Their three
main therapeutic effects are an anti-inflammatory
effect — reducing the symptoms of inflammation;
an analgesic effect — reduction of certain types of
(especially inflammatory) pain and an antipyretic
effect — lowering the body temperature when this is
raised in disease (i.e., fever). It is important to note
that whilst NSAIDs relieve many of the symptoms
of inflammation, they have little or no action on the
actual progress of underlying chronic diseases itself.
As a class, they are generally without effect on other
aspects of inflammation such as leukocyte migra-
tion, T-cell function, lysosomal enzyme release, toxic
oxygen radical production, and so on that contrib-
ute to tissue damage in chronic inflammatory con-
ditions such as rheumatoid arthritis, vasculitis, and
nephritis.
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Figure 18.1. The chemical structures of some NSAIDs and “coxibs” representative of the main classes of these
drugs. Note that whilst NSAIDs are often carboxylic acids, the coxibs are not. This has some relevance to their

isoform selectivity (see Figure 18.2).

We Will Review Each of Their Principal
Actions in Turn

Anti-Inflammatory Effects

Many mediators act to initiate and coordinate acute
inflammatory and allergic reactions. Whilst some are
produced in response to specific stimuli (e.g., histamine
in allergic inflammation) there is considerable redun-
dancy and each facet of the response — vasodilatation,
increased vascular permeability, cell accumulation,

and so forth — can generally be produced by several
separate mechanisms.

NSAIDs reduce mainly those components of the
inflammatory and immune response in which pros-
taglandins, predominantly derived from COX-2 (see
later), play a significant part. These include vaso-
dilatation, in which the blood flow to inflamed tis-
sues is increased by a direct vasodilator action of
prostanoids (giving rise to the “redness” of inflam-
mation); and oedema, this is brought about through
an indirect potentiation of the effect of other agents
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(e.g., histamine) which directly increase the perme-
ability of postcapillary venules leading to increased
fluid movement through the microvasculature and
giving rise to the “swelling” of inflammation.

In experimental animals, NSAIDs have been shown
to prevent resolution of the inflammatory reaction
if administered toward the end of the acute inflam-
matory process. These findings provide supportive
evidence for an anti-inflammatory role for some pros-
taglandins, which have been shown to increase at the
latter phase of acute inflammation.

Analgesic Effects

The NSAIDs are suitable for the treatment of many
types of mild-moderate pain including inflammatory
and postoperative pain. They are generally without
action in neuropathic pain. NSAIDs provide a differ-
ent quality of analgesia to that of the opiates in the
sense that they do not affect other sensory modalities.
Their analgesic “ceiling” is also different. Two sites
of action have been identified: peripherally, NSAIDs
decrease production of the prostaglandins that sen-
sitize nociceptors to the direct action of inflamma-
tory mediators such as bradykinin. In doing so they
relieve the hyperalgesia in conditions that are associ-
ated with increased local prostaglandin synthesis such
as arthritis, bursitis, pain of muscular and vascular
origin, toothache, dysmenorrhoea, the pain of post-
partum states, and the pain of cancer metastases in
bone. They may be administered in combination with
opioids and in some cases can substantially reduce the
requirement for opioids required to produce an anal-
gesic effect. Their ability to relieve some types of head-
ache (less frequently migraine) may be related to the
abrogation of the vasodilator effect of prostaglandins
on the cerebral vasculature.

In addition to these peripheral effects, there is a
less well-characterized central action possibly in the
spinal cord. Inflammation increases COX-2 expres-
sion in the cord and local prostaglandin release facili-
tates transmission by afferent nociceptive fibers, by
enhancing the release of excitatory mediators such
as substance P and glutamate, to relay neurons in
the dorsal horn. Prostaglandins have an inhibitory
effect on descending noradrenergic and glycinergic
inhibitory pathways that terminate in the spinal cord,
thus causing dis-inhibition of spinal nociceptive path-
ways enhancing facilitation further. Prostaglandins
may also activate microglia in the cord that destroy
inhibitory interneurones leading to a remodeling and
permanent activation of pain pathways.

Other sites of action have been mooted: NSAIDs
and COX-2-selective inhibitors injected directly to the
preoptic area of the hypothalamus have been shown to

induce analgesia in response to systemically adminis-
tered noxious agents.

Antipyretic Effect

Body temperature is regulated by the preoptic area of
the hypothalamus, which functions in a way similar to
a thermostat by controlling the balance between heat
loss and heat production, thereby regulating the over-
all temperature of the organism around a “set point”
(e.g., normal body temperature). Fever occurs when
there is a disturbance of this homeostatic system,
which leads to the set-point of body temperature being
raised. During an inflammatory reaction, bacterial
endotoxins, viruses, or other foreign substances act-
ing through TOLL receptors, cause the release from
macrophages and other cells of cytokines such as TNF
and IL-1. These substances can directly stimulate
the generation, in the hypothalamus, of E-type pros-
taglandins which elevate the temperature set-point.
COX-2 is induced by IL-1 in vascular endothelium
in the hypothalamus. NSAIDs exert their antipyretic
action largely through inhibition of prostaglandin
production in (or close to) the hypothalamus. There
is some evidence that prostaglandins are not the only
mediators of fever; hence, NSAIDs may have an addi-
tional antipyretic effect through mechanisms as yet
unknown. Once there has been a return to the normal
hypothalamic set-point, the temperature-regulating
mechanisms (dilatation of superficial blood vessels,
sweating, etc.) then operate to reduce temperature to
normal. Normal body temperature in humans is not
affected by NSAIDs.

UNWANTED EFFECTS

The NSAIDs also share, to a greater or lesser degree, the
same types of mechanism-based side effects although
there may be other additional unwanted effects pecu-
liar to individual members of the group. The main
effects include gastric irritation, which may range
from simple discomfort to ulcer formation; an effect
on renal blood flow, particularly in the compromised
kidney; and a tendency to prolong bleeding through
inhibition of platelet function and skin reactions. More
controversially, it is argued that all NSAIDs - but espe-
cially COX-2 selective drugs - increase the likelihood
of thr