
APPLICATION ON 
INFLAMMATION



INFLAMMATION: DEFENCE AND REPAIR

Inflammation = protective, defense response to exogenous and 
endogenous stimuli

Inflammation = adaptive response that is triggered by noxious
stimuli and conditions, such as infection and tissue injury

The general physiological role of inflammation is to restore 
tissue homeostasis 

Regardless of the cause, inflammation presumably evolved as an 
adaptive response for restoring homeostasis
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injured, the presence of the infection or damage is sensed 
by resident cells, including macrophages, dendritic cells, 
mast cells, and other cell types. These cells secrete mol-
ecules (cytokines and other mediators) that induce and 
regulate the subse uent in ammatory response. In am-
matory mediators are also produced from plasma proteins 
that react to the microbes or to products of necrotic cells. 
Some of these mediators promote the ef ux of plasma  
and the recruitment of circulating leukocytes to the site 
where the offending agent is located. Mediators also acti-
vate the recruited leukocytes, enhancing their ability to 
destroy and remove the offending agent. nderstanding 
the role of chemical mediators is important because most 
anti-in ammatory drugs target specific mediators. We 
shall discuss the mediators of in ammation in detail later, 
after we review the main steps in in ammatory reactions.

he e ternal anifestations of in a ation  often 
called its cardinal signs  are heat calor in Latin  redness 
rubor  s elling tu or  pain dolor  and loss of func-

tion functio laesa . The first four of these were described 
more than 2000 years ago by a Roman encyclopedist named 
Celsus, who wrote the then-famous text De Medicina, and 
the fifth was added in the late 19th century by Rudolf 
Virchow, known as the father of modern pathology.  
These manifestations occur as conse uences of the vascular 
changes and leukocyte recruitment and activation, as will 
be evident from the discussion that follows.

Although normally protective, in so e situations  the 
in a atory reaction beco es the cause of disease  
and the da age it produces is its do inant feature. For 
example, in ammatory reactions to infections are often 
accompanied by local tissue damage and its associated signs 
and symptoms (e.g., pain and functional impairment). Typi-
cally, however, these harmful conse uences are self-limited 
and resolve as the in ammation abates, leaving little or no 
permanent damage. In contrast, there are many diseases in 
which the in ammatory reaction is misdirected (e.g., against 
self tissues in autoimmune diseases), occurs against normally 
harmless environmental substances that evoke an immune 
response (e.g., in allergies), or is excessively prolonged (e.g., 
in infections by microbes that resist eradication).

In ammatory reactions underlie common chronic dis-
eases, such as rheumatoid arthritis, atherosclerosis, and 
lung fibrosis, as well as life-threatening hypersensitivity 
reactions to insect bites, drugs, and toxins (Table 3.2). For 
this reason our pharmacies abound with anti-in ammatory 
drugs, which ideally would control the harmful se uelae 
of in ammation yet not interfere with its beneficial effects. 
In fact, in ammation may contribute to a variety of dis-
eases that are thought to be primarily metabolic, degenera-
tive, or genetic disorders, such as type 2 diabetes, Alzheimer 
disease, and cancer. Hence, anti-in ammatory drugs may 
well have a broader role than currently indicated. In rec-
ognition of the wide-ranging harmful conse uences of 
in ammation, the lay press has rather melodramatically 
referred to it as the silent killer.

Not only excessive in ammation but also defective 
in ammation is responsible for serious illness. Too little 
in ammation, which is typically manifested by increased 
susceptibility to infections, is most often caused by a 
reduced number of leukocytes resulting from replacement 
of the bone marrow by cancers and suppression of the 

of in ammation that is called chronic in ammation. As dis-
cussed later in this chapter, chronic in ammation may 
follow acute in ammation or arise de novo. It is of longer 
duration and is associated with more tissue destruction, 
the presence of lymphocytes and macrophages, the prolif-
eration of blood vessels, and fibrosis.

In a ation is induced by che ical ediators that 
are produced by host cells in response to in urious 
sti uli. When a microbe enters a tissue or the tissue is 

Fig. 3.1 Sequence of events in an inflammatory reaction. Macrophages 
and other cells in tissues recognize microbes and damaged cells and  
liberate mediators, which trigger the vascular and cellular reactions of inflam-
mation. Recruitment of plasma proteins from the blood is not shown. 
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Table 3.1 Features of Acute and Chronic Inflammation

Feature Acute Chronic

Onset Fast: minutes or 
hours

Slow: days

Cellular infiltrate Mainly neutrophils Monocytes/macrophages 
and lymphocytes

Tissue injury, 
fibrosis

Usually mild and 
self-limited

May be severe and 
progressive

Local and systemic 
signs

Prominent Less
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INFLAMMATION  AND REPAIR

Inflammation: ACUTE and CHRONIC



Has three major components: 
(1) dilatation of small vessels, 
leading to an increase in blood
flow, 
(2) increased permeability of the 
microvasculature, enabling plasma 
proteins and leukocytes to leave the 
circulation,
(3) emigration of the leukocytes from 
the microcirculation, their
accumulation in the site of injury, and 
their activation to eliminate the 
offending agent 

ACUTE INFLAMMATION 



CELLULAR PHENOMENA:LEUKOCYTE MIGRATION
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by resident cells, including macrophages, dendritic cells, 
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ecules (cytokines and other mediators) that induce and 
regulate the subse uent in ammatory response. In am-
matory mediators are also produced from plasma proteins 
that react to the microbes or to products of necrotic cells. 
Some of these mediators promote the ef ux of plasma  
and the recruitment of circulating leukocytes to the site 
where the offending agent is located. Mediators also acti-
vate the recruited leukocytes, enhancing their ability to 
destroy and remove the offending agent. nderstanding 
the role of chemical mediators is important because most 
anti-in ammatory drugs target specific mediators. We 
shall discuss the mediators of in ammation in detail later, 
after we review the main steps in in ammatory reactions.

he e ternal anifestations of in a ation  often 
called its cardinal signs  are heat calor in Latin  redness 
rubor  s elling tu or  pain dolor  and loss of func-

tion functio laesa . The first four of these were described 
more than 2000 years ago by a Roman encyclopedist named 
Celsus, who wrote the then-famous text De Medicina, and 
the fifth was added in the late 19th century by Rudolf 
Virchow, known as the father of modern pathology.  
These manifestations occur as conse uences of the vascular 
changes and leukocyte recruitment and activation, as will 
be evident from the discussion that follows.

Although normally protective, in so e situations  the 
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accompanied by local tissue damage and its associated signs 
and symptoms (e.g., pain and functional impairment). Typi-
cally, however, these harmful conse uences are self-limited 
and resolve as the in ammation abates, leaving little or no 
permanent damage. In contrast, there are many diseases in 
which the in ammatory reaction is misdirected (e.g., against 
self tissues in autoimmune diseases), occurs against normally 
harmless environmental substances that evoke an immune 
response (e.g., in allergies), or is excessively prolonged (e.g., 
in infections by microbes that resist eradication).

In ammatory reactions underlie common chronic dis-
eases, such as rheumatoid arthritis, atherosclerosis, and 
lung fibrosis, as well as life-threatening hypersensitivity 
reactions to insect bites, drugs, and toxins (Table 3.2). For 
this reason our pharmacies abound with anti-in ammatory 
drugs, which ideally would control the harmful se uelae 
of in ammation yet not interfere with its beneficial effects. 
In fact, in ammation may contribute to a variety of dis-
eases that are thought to be primarily metabolic, degenera-
tive, or genetic disorders, such as type 2 diabetes, Alzheimer 
disease, and cancer. Hence, anti-in ammatory drugs may 
well have a broader role than currently indicated. In rec-
ognition of the wide-ranging harmful conse uences of 
in ammation, the lay press has rather melodramatically 
referred to it as the silent killer.

Not only excessive in ammation but also defective 
in ammation is responsible for serious illness. Too little 
in ammation, which is typically manifested by increased 
susceptibility to infections, is most often caused by a 
reduced number of leukocytes resulting from replacement 
of the bone marrow by cancers and suppression of the 

of in ammation that is called chronic in ammation. As dis-
cussed later in this chapter, chronic in ammation may 
follow acute in ammation or arise de novo. It is of longer 
duration and is associated with more tissue destruction, 
the presence of lymphocytes and macrophages, the prolif-
eration of blood vessels, and fibrosis.

In a ation is induced by che ical ediators that 
are produced by host cells in response to in urious 
sti uli. When a microbe enters a tissue or the tissue is 

Fig. 3.1 Sequence of events in an inflammatory reaction. Macrophages 
and other cells in tissues recognize microbes and damaged cells and  
liberate mediators, which trigger the vascular and cellular reactions of inflam-
mation. Recruitment of plasma proteins from the blood is not shown. 
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Sequence of events in an inflammatory reaction
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Table 3.3 Properties of Neutrophils and Macrophages

Neutrophils Macrophages

Origin HSCs in bone marrow • HSCs in bone marrow (in inflammatory reactions)
• Many tissue-resident macrophages: stem cells in yolk

sac or fetal liver (early in development)

Life span in tissues 1–2 days Inflammatory macrophages: days or weeks
Tissue-resident macrophages: years

Responses to activating stimuli Rapid, short-lived, mostly degranulation 
and enzymatic activity

More prolonged, slower, often dependent on new gene 
transcription

• Reactive oxygen species Rapidly induced by assembly of phagocyte 
oxidase (respiratory burst)

Less prominent

• Nitric oxide Low levels or none Induced following transcriptional activation of iNOS

• Degranulation Major response; induced by cytoskeletal 
rearrangement

Not prominent

• Cytokine production Low levels or none Major functional activity, requires transcriptional 
activation of cytokine genes

• NET formation Rapidly induced, by extrusion of nuclear 
contents

No

• Secretion of lysosomal enzymes Prominent Less

HSC, Hematopoietic stem cells; iNOS, inducible nitric oxide synthase; NET, neutrophil extracellular traps.
This table lists the major differences between neutrophils and macrophages. The reactions summarized above are described in the text. Note that the two cell types share many 
features, such as phagocytosis, ability to migrate through blood vessels into tissues, and chemotaxis.

necrosis factor (TNF), cytokines that are produced by 
tissue macrophages, dendritic cells, mast cells, and 
endothelial cells themselves following encounters with 
microbes and dead tissues. (These and other cytokines 
are described in more detail later.) Leukocytes express 
L-selectin at the tips of their microvilli and also express 
ligands for E- and P-selectins, all of which bind to the 
complementary molecules on the endothelial cells. These 
are low-affinity interactions with a fast off rate, and they 
are easily disrupted by the owing blood. As a result, 
the bound leukocytes bind, detach, and bind again, 
and thus begin to roll along the endothelial surface. 
These weak selectin-mediated rolling interactions slow 
down the leukocytes and give them the opportunity 
to recognize additional adhesion molecules on the  
endothelium.

ir  adhesion of leu ocytes to endotheliu  is edi-
ated by a fa ily of leu ocyte surface proteins called 
integrins. Integrins are transmembrane two-chain gly-
coproteins that mediate the adhesion of leukocytes to 
endothelium and of various cells to the extracellular 
matrix. They are normally expressed on leukocyte 
plasma membranes in a low-affinity form and do not 
adhere to their specific ligands until the leukocytes are 
activated by chemokines. Chemokines are chemoattrac-
tant cytokines that are secreted by many cells at sites of 
in ammation, bind to endothelial cell proteoglycans, 
and are displayed at high concentrations on the endo-
thelial surface. When the rolling leukocytes encounter 
the displayed chemokines, the cells are activated, and 
their integrins undergo conformational changes and 
cluster together, thus converting to a high-affinity form. 
At the same time, other cytokines, notably TNF and 
IL-1, activate endothelial cells to increase their expres-
sion of ligands for integrins. These ligands include inter-
cellular adhesion molecule-1 (ICAM-1), which binds to 
the integrins leukocyte function–associated antigen-1 
(LFA-1) (also called CD11aCD18) and macrophage-1 

leukocytes attach loosely. These cells bind and detach and 
thus begin to tumble on the endothelial surface, a process 
called rolling. The cells finally come to rest at some point 
where they adhere firmly (resembling pebbles over which 
a stream runs without disturbing them).

The attachment of leukocytes to endothelial cells is 
mediated by complementary adhesion molecules on the 
two cell types whose expression is enhanced by cytokines. 
Cytokines are secreted by cells in tissues in response to 
microbes and other injurious agents, thus ensuring that 
leukocytes are recruited to the tissues where these stimuli 
are present. The two major families of molecules involved 
in leukocyte adhesion and migration are the selectins and 
integrins (Table 3.4). These molecules are expressed on 
leukocytes and endothelial cells, as are their ligands.

electins ediate the initial ea  interactions bet een
leu ocytes and endotheliu . Selectins are receptors 
expressed on leukocytes and endothelium that contain 
an extracellular domain that binds sugars (hence the 
lectin part of the name). The three members of this 
family are E-selectin (also called CD62E), expressed on 
endothelial cells; P-selectin (CD62P), present on plate-
lets and endothelium; and L-selectin (CD62L), found 
on the surface of most leukocytes. The ligands for selec-
tins are sialic acid-containing oligosaccharides bound to 
glycoprotein backbones. The endothelial selectins are 
typically expressed at low levels or not at all on unac-
tivated endothelium, and are upregulated after stim-
ulation by cytokines and other mediators. Therefore, 
binding of leukocytes is largely restricted to the endo-
thelium at sites of infection or tissue injury (where the 
mediators are produced). For example, in unactivated 
endothelial cells, P-selectin is found primarily in intra-
cellular Weibel-Palade bodies; however, within minutes 
of exposure to mediators such as histamine or thrombin, 
P-selectin is distributed to the cell surface. Similarly, 
E-selectin and the ligand for L-selectin are expressed on 
endothelium only after stimulation by IL-1 and tumor 
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Neutrophils and macrophages: innate cells of the 
acute inflammatory responses 
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ACUTE INFLAMMATION:



C H A P T E R  3 Inflammation and Repair72

Fig. 3.9 Production of AA metabolites and their roles in inflammation. Clinically useful antagonists of different enzymes and receptors are indicated in red. 
While leukotriene receptor antagonists inhibit all actions of leukotrienes, they are used in the clinic to treat asthma, as shown. COX-1, COX-2, Cyclooxygenase 
1 and 2; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid. 
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Table 3.6 Principal Actions of Arachidonic Acid Metabolites in 
Inflammation

Action Eicosanoid

Vasodilation Prostaglandins PGI2 (prostacyclin), 
PGE1, PGE2, PGD2

Vasoconstriction Thromboxane A2, leukotrienes C4, 
D4, E4

Increased vascular permeability Leukotrienes C4, D4, E4

Chemotaxis, leukocyte adhesion Leukotriene B4

Smooth muscle contraction Prostaglandins PGC4, PGD4, PGE4 

the kidneys, cytoprotection in the gastrointestinal tract). In 
contrast, CO -2 is induced by in ammatory stimuli and 
thus generates the PGs that are involved in in ammatory 
reactions, but it is low or absent in most normal tissues.

Prostaglandins are named based on structural features 
coded by a letter (e.g., PGD, PGE, PGF, PGG, and PGH) 
and a subscript numeral (e.g., 1, 2), which indicates the 
number of double bonds in the compound. The most 
important prostaglandins in in ammation are PGE2, PGD2, 
PGF2a, PGI2 (prostacyclin), and T A2 (thromboxane A2), 
each of which is derived by the action of a specific enzyme 
on an intermediate in the pathway. Some of these enzymes 
have restricted tissue distribution and functions.

PGD2 is the major prostaglandin made by mast cells;
along with PGE2 (which is more widely distributed), it 
causes vasodilation and increases the permeability of 
postcapillary venules, thus potentiating exudation and 
resultant edema. PGD2 also is a chemoattractant for 
neutrophils.
Platelets contain the enzyme thromboxane synthase,
which is responsible for synthesizing T A2, the major 
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Le citochine
Le citochine sono polipeptidi prodotti in risposta a microbi e antigeni e hanno il 
ruolo di mediare e regolare le risposte immuni e infiammatorie.



The cytokine network
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The Major Proinflammatory Cytokines TNF, IL-1,  
and IL-6

One of the earliest responses of the innate immune system 
to infection and tissue damage is the secretion of cytokines 
by tissue cells, which is critical for the acute inflammatory 
response. The cytokines of innate immunity have some 
important general properties and functions (Table 4-4).  

 ●  They are produced mainly by tissue macrophages and 
dendritic cells, although other cell types, including en-
dothelial and some epithelial cells, can also produce 
them.

 ●  Most of these cytokines act on cells close to their cell 
of origin (paracrine action). In some severe infections, 
enough of the cytokines may be produced that they enter 
the circulation and act at a distance (endocrine action).

 ●  Different cytokines have similar or overlapping actions, 
or are functionally unique. One cytokine may stimulate 
the production of others, thus setting up cascades that 
amplify the reaction or induce new reactions.

 ●  The cytokines of innate immunity serve several roles: 
inducing inflammation, inhibiting viral replication, 
promoting T cell responses, and limiting innate im-
mune responses. These functions are described next 
and later in the chapter.  

Three of the most important proinflammatory cyto-
kines of the innate immune system are TNF, IL-1 (which 
we have mentioned several times), and IL-6. We will 
discuss the major features of these cytokines, focusing 
mainly on TNF and IL-1, before describing their role in 
acute inflammation.

Tumor Necrosis Factor
Tumor necrosis factor (TNF) is a mediator of the acute 
inflammatory response to bacteria and other infectious 
microbes. The name of this cytokine derives from its origi-
nal identification as a serum substance (factor) that caused 
necrosis of tumors, now known to be the result of inflam-
mation and thrombosis of tumor blood vessels. TNF is also 
called TNF-α to distinguish it from the closely related TNF-β, 

TABLE 4-4  Cytokines of Innate Immunity

Cytokine Size Principal Cell Source Principal Cellular Targets and Biologic Effects

Tumor necrosis factor 
(TNF)

17 kD; 51-kD homotrimer Macrophages, T cells Endothelial cells: activation (inflammation, 
coagulation)

Neutrophils: activation
Hypothalamus: fever
Muscle, fat: catabolism (cachexia)
Many cell types: apoptosis

Interleukin-1 (IL-1) 17-kD mature form; 33-kD 
precursors

Macrophages, endothelial 
cells, some epithelial cells

Endothelial cells: activation (inflammation, 
coagulation)

Hypothalamus: fever
Liver: synthesis of acute-phase proteins
T cells: TH17 differentiation

Chemokines (see Table 3-2) 8-12 kD Macrophages, endothelial 
cells, T cells, fibroblasts, 
platelets

Leukocytes: chemotaxis, activation; migration into 
tissues

Interleukin-12 (IL-12) Heterodimer of 35-kD and 
40-kD subunits

Macrophages, dendritic cells T cells: TH1 differentiation
NK cells and T cells: IFN-γ synthesis, increased 

cytotoxic activity

Type I interferons (IFN-α, 
IFN-β)

IFN-α: 15-21 kD
IFN-β: 20-25 kD

IFN-α: macrophages, plasma-
cytoid dendritic cells

IFN-β: fibroblasts

All cells: antiviral state, increased class I MHC 
expression

NK cells: activation

Interleukin-10 (IL-10) Homodimer of 34-40-kD 
and 18-kD subunits

Macrophages, T cells (mainly 
regulatory T cells)

Macrophages, dendritic cells: inhibition of IL-12 
production and expression of costimulators and 
class II MHC molecules

Interleukin-6 (IL-6) 19-26 kD Macrophages, endothelial 
cells, T cells

Liver: synthesis of acute-phase proteins
B cells: proliferation of antibody-producing cells
T cells: TH17 differentiation

Interleukin-15 (IL-15) 13 kD Macrophages, others NK cells: proliferation
T cells: proliferation (memory CD8+  cells)

Interleukin-18 (IL-18) 17 kD Macrophages NK cells and T cells: IFN-γ synthesis

Interleukin-23 (IL-23) Heterodimer of unique 
19-kD subunit and 40-kD 
subunit of IL-12

Macrophages and dendritic 
cells

T cells: maintenance of IL-17–producing T cells

Interleukin-27 (IL-27) Heterodimer of 28-kD and 
13-kD subunits

Macrophages and dendritic 
cells

T cells: TH1 differentiation; inhibition of TH17 cells
NK cells: IFN-γ synthesis
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TABLE 4-3  Pattern Recognition Molecules of the Innate Immune System

Pattern  Recognition Receptors Location Specific Examples PAMP/DAMP Ligands

Cell-Associated

Toll-like receptors (TLRs) Plasma membrane and endosomal 
membranes of dendritic cells, 
phagocytes, B cells, endothelial 
cells, and many other cell types

TLRs 1-9 Various microbial molecules including 
bacterial LPS and peptidoglycans, 
viral nucleic acids

NOD-like receptors (NLRs) Cytosol of phagocytes, epithelial 
cells, and other cells

NOD1/2 Bacterial cell wall peptidoglycans

NLRP family (inflammasomes) Intracellular crystals (urate, silica); 
changes in cytosolic ATP and ion 
concentrations; lysosomal damage

RIG-like receptors (RLRs) Cytosol of phagocytes and other 
cells

RIG-1, MDA-5 Viral RNA

Cytosolic DNA sensors
(CDSs)

Cytosol of many cell types AIM2; STING-associated 
CDSs

Bacterial and viral DNA

C-type lectin–like receptors (CLRs) Plasma membranes of phagocytes Mannose receptor Microbial surface carbohydrates with 
terminal mannose and fructose

Dectin Glucans present in fungal cell walls

Scavenger receptors Plasma membranes of phagocytes CD36 Microbial diacylglycerides

N-Formyl met-leu-phe receptors Plasma membranes of phagocytes FPR and FPRL1 Peptides containing N-formylmethionyl 
residues

 
Soluble

Pentraxins Plasma C-reactive protein Microbial phosphorylcholine and phos-
phatidylethanolamine

Collectins Plasma Mannose-binding lectin Carbohydrates with terminal mannose 
and fructose

Alveoli Surfactant proteins SP-A and 
SP-D

Various microbial structures

Ficolins Plasma Ficolin N-Acetylglucosamine and lipoteichoic 
acid components of the cell walls of 
gram-positive bacteria

Complement Plasma Various complement proteins Microbial surfaces

  

Pattern recognition 
molecules of the innate 

immune system

NOD-like receptors 
(NLRs): nucleotide-

binding oligomerization 
domain-like receptors

RIG-I-like receptors: 
retinoic acid-inducible 
gene-I-like receptors



Signal transduction pathways activated by Toll-like receptors

MD2 = proteina accessoria
TIR = Toll-interleukin-1 receptor
TRIF = TIR domain-containing adapter 
inducing interferon beta
TRAM = TRIF-related adapter molecule
MAL = MyD88 adapter-like
IRAK = IL-1 receptor-associated kinase
TRAF = TNF receptor-associated factor
TAK = TGFbeta-activated kinase
IkB = inhibitory protein of NF-kB
IKK = IkB kinasi
NF-kB = nuclear factor of kappa light chain 
gene enhancer in B-cells
TBK = TRAF family member associated NF-kB
activator binding kinase
IRF = interferon response factor
AP = Activator protein (formato dalle proteine
jun e fos)
MAP-mitogen associated protein
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A network-based analysis of systemic inflammation
in humans
Steve E. Calvano1*, Wenzhong Xiao2*, Daniel R. Richards3, Ramon M. Felciano3, Henry V. Baker4,5,
Raymond J. Cho3, Richard O. Chen3, Bernard H. Brownstein6, J. Perren Cobb6, S. Kevin Tschoeke5,
Carol Miller-Graziano7, Lyle L. Moldawer5, Michael N. Mindrinos2, Ronald W. Davis2, Ronald G. Tompkins8,
Stephen F. Lowry1 & the Inflammation and Host Response to Injury Large Scale Collaborative Research
Program†

Oligonucleotide and complementary DNA microarrays are being
used to subclassify histologically similar tumours,monitor disease
progress, and individualize treatment regimens1–5. However,
extracting new biological insight from high-throughput genomic
studies of human diseases is a challenge, limited by difficulties in
recognizing and evaluating relevant biological processes from
huge quantities of experimental data. Here we present a structured
network knowledge-base approach to analyse genome-wide tran-
scriptional responses in the context of known functional inter-
relationships among proteins, small molecules and phenotypes.
This approach was used to analyse changes in blood leukocyte
gene expression patterns in human subjects receiving an inflam-
matory stimulus (bacterial endotoxin). We explore the known
genome-wide interaction network to identify significant func-
tional modules perturbed in response to this stimulus. Our
analysis reveals that the human blood leukocyte response to
acute systemic inflammation includes the transient dysregulation
of leukocyte bioenergetics and modulation of translational
machinery. These findings provide insight into the regulation of
global leukocyte activities as they relate to innate immune system
tolerance and increased susceptibility to infection in humans.
Inflammation is a hallmark of many human diseases6–8. We focus

on blood leukocytes and other tissues of critically injured patients, in
order to better elucidate the mechanisms underlying systemic
inflammatory responses9. This approach cannot be fully replicated
using animal models or human cell lines, and studies of injury in
humans can be complicated by antecedent illnesses and concurrent
treatment regimes that may alter the recovery process. To our
knowledge, no study has evaluated the genome-wide response to
systemic inflammation in the context of a fully predictable recovery.
Here we combine genome-wide expression analysis with a new
bioinformatics method to identify functional networks responsible
for the systemic activation and spontaneous resolution of a well-
defined inflammatory challenge.
Gene expression in whole blood leukocytes was determined

immediately before and at 2, 4, 6, 9 and 24 h after the intravenous
administration of bacterial endotoxin to four healthy human sub-
jects. Four additional subjects were studied under identical con-
ditions but without endotoxin administration. The infusion of

endotoxin activates innate immune responses and presents with
physiological responses of brief duration10. Notably, there is an initial
proinflammatory phase and a subsequent counterregulatory phase,
with resolution of virtually all clinical perturbations within 24 h.
K-means cluster and principal component analyses were first used

to visualize the overall response to endotoxin administration. Figure
1a reveals probe sets clustered byK-mean analysis, where each bin has
a distinct endotoxin-induced temporal pattern. The signal intensity
of 5,093 probe sets—representing 3,714 unique genes—out of a total
of .44,000 probe sets changed significantly in response to endo-
toxin, whereas no significant changes were observed in control
subjects (estimated false discovery rate ,0.1%). Of the 5,093 probe
sets identified, over half showed reduced abundance at 2, 4, 6 and 9 h,
returning to baseline by 24 h (see bins 0–4). In contrast, a smaller
number of probe sets were induced by 2 h (bins 5, 6), and the
remaining probe sets showed a delayed response, peaking at 4–9 h but
returning to baseline by 24 h (bins 7–9).
Cluster and principal component analyses describe overall changes

in apparent gene expression, but provide few insights into the
biological processes and signalling networks invoked in propagation
and resolution of the inflammatory response. Identifying the per-
turbed biological networks underlying this complex clinical pheno-
type requires systematic analysis in the context of knownmammalian
biology, derived from basic and clinical research.
Using a web-based entry tool developed by Ingenuity Systems Inc.,

findings presented in peer-reviewed scientific publications were
systematically encoded into an ontology by content and modelling
experts. Using over 200,000 full-text scientific articles, a knowledge
base of more than 9,800 human, 7,900mouse and 5,000 rat genes was
manually curated and supplemented with curated relationships
parsed from MEDLINE abstracts. A molecular network of direct
physical, transcriptional and enzymatic interactions observed
between mammalian orthologues—the observed ‘interactome’—
was computed from this knowledge base. The resulting network
contains molecular relationships involving over 8,000 orthologues
with a high degree of connectivity. On average, individual genes have
11.5 interaction partners (median 4.0), of which 7.2 represent direct
physical interactions (median 3.0). Every gene interaction in the
network is supported by published information. For example, the
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had a maximum of 35 genes. (3) Pathways of highly interconnected genes were
identified by statistical likelihood using the following equation:

Score¼2log10 12
Xf21

i¼0

CðG; iÞCðN2G; s2 iÞ
CðN; sÞ

 !

where N is the number of genes in the genomic network, of which G are focus
genes, for a pathway of s genes, f of which are focus genes. C(n,k) is the binomial
coefficient. (4) Pathways with a score greater than 4 (P , 0.0001) were
combined to form a composite network representing the underlying biology
of the process.

Received 17 May; accepted 4 July 2005.
Published online 31 August 2005.

1. Heller, R. A. et al. Discovery and analysis of inflammatory disease-related
genes using cDNA microarrays. Proc. Natl Acad. Sci. USA 94, 2150–-2155
(1997).

2. Golub, T. R. et al. Molecular classification of cancer: class discovery and class
prediction by gene expression monitoring. Science 286, 531–-537 (1999).

3. Alizadeh, A. A. et al. Distinct types of diffuse large B-cell lymphoma identified
by gene expression profiling. Nature 403, 503–-511 (2000).

4. Bittner, M. et al. Molecular classification of cutaneous malignant melanoma by
gene expression profiling. Nature 406, 536–-540 (2000).

5. Perou, C. M. et al. Molecular portraits of human breast tumours. Nature 406,
747–-752 (2000).

6. Coussens, L. M. & Werb, Z. Inflammation and cancer. Nature 420, 860–-867
(2002).

7. Ridker, P. M., Hennekens, C. H., Buring, J. E. & Rifai, N. C-reactive protein and
other markers of inflammation in the prediction of cardiovascular disease in
women. N. Engl. J. Med. 342, 836–-843 (2000).

8. Cheung, C. Y. et al. Induction of proinflammatory cytokines in human
macrophages by influenza A (H5N1) viruses: a mechanism for the unusual
severity of human disease? Lancet 360, 1831–-1837 (2002).

9. Bone, R. C. et al. Definitions for sepsis and organ failure and guidelines for the
use of innovative therapies in sepsis. The ACCP/SCCM Consensus Conference
Committee. American College of Chest Physicians/Society of Critical Care
Medicine. Chest 101, 1644–-1655 (1992).

10. Fong, Y. M. et al. The acute splanchnic and peripheral tissue metabolic
response to endotoxin in humans. J. Clin. Invest. 85, 1896–-1904 (1990).

11. Dinauer, M. C., Orkin, S. H., Brown, R., Jesaitis, A. J. & Parkos, C. A. The
glycoprotein encoded by the X-linked chronic granulomatous disease locus is a
component of the neutrophil cytochrome b complex. Nature 327, 717–-720
(1987).

12. Wolk, K., Docke, W. D., von Baehr, V., Volk, H. D. & Sabat, R. Impaired antigen

presentation by human monocytes during endotoxin tolerance. Blood 96,
218–-223 (2000).

13. Wolk, K., Kunz, S., Crompton, N. E., Volk, H. D. & Sabat, R. Multiple
mechanisms of reduced major histocompatibility complex class II expression in
endotoxin tolerance. J. Biol. Chem. 278, 18030–-18036 (2003).

14. Nakagawa, T. et al. Cyclophilin D-dependent mitochondrial permeability
transition regulates some necrotic but not apoptotic cell death. Nature 434,
652–-658 (2005).

15. Baines, C. P. et al. Loss of cyclophilin D reveals a critical role for mitochondrial
permeability transition in cell death. Nature 434, 658–-662 (2005).

16. Buttgereit, F. & Brand, M. D. A hierarchy of ATP-consuming processes in
mammalian cells. Biochem. J. 312, 163–-167 (1995).

17. Crouser, E. D., Julian, M. W., Blaho, D. V. & Pfeiffer, D. R. Endotoxin-induced
mitochondrial damage correlates with impaired respiratory activity. Crit. Care
Med. 30, 276–-284 (2002).

18. Padfield, K. E. et al. Burn injury causes mitochondrial dysfunction in skeletal
muscle. Proc. Natl Acad. Sci. USA 102, 5368–-5373 (2005).

19. Brealey, D. et al. Association between mitochondrial dysfunction and severity
and outcome of septic shock. Lancet 360, 219–-223 (2002).

20. Fink, M. P. Cytopathic hypoxia. Mitochondrial dysfunction as a mechanism
contributing to organ dysfunction in sepsis. Crit. Care. Clin. 17, 219–-237 (2001).

21. Kalil, A. C. et al. Effects of drotrecogin alfa (activated) in human endotoxemia.
Shock 21, 222–-229 (2004).

22. Li, C. & Wong, W. H. Model-based analysis of oligonucleotide arrays:
expression index computation and outlier detection. Proc. Natl Acad. Sci. USA
98, 31–-36 (2001).

23. Tusher, V. G., Tibshirani, R. & Chu, G. Significance analysis of microarrays
applied to the ionizing radiation response. Proc. Natl Acad. Sci. USA 98,
5116–-5121 (2001).

24. Eisen, M. B., Spellman, P. T., Brown, P. O. & Botstein, D. Cluster analysis and
display of genome-wide expression patterns. Proc. Natl Acad. Sci. USA 95,
14863–-14868 (1998).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank S. M. Coyle for clinical assistance, and
J. Wilhelmy, A. Kumar, S. MacMillan and A. Abouhamze for technical
assistance. This work was supported by an Injury and the Host Response to
Inflammation Large Scale Collaborative Research Program Award from the
National Institute of General Medical Sciences (to R.G.T.).

Author Information Reprints and permissions information is available at
npg.nature.com/reprintsandpermissions. The authors declare competing
financial interests: details accompany the paper on www.nature.com/nature.
Correspondence and requests for materials should be addressed to R.W.D.
(dbowe@stanford.edu).

Inflammation and Host Response to Injury Large Scale Collaborative Research Program Paul E. Bankey1, Timothy R. Billiar2, David G.
Camp3, George Casella4, Irshad H. Chaudry5, Mashkoor A. Choudhry5, Charles Cooper26, Asit De1, Constance Elson6, Bradley
Freeman7, Richard L. Gamelli8, Celeste Campbell-Finnerty9, Nicole S. Gibran10, Douglas L. Hayden6, Brian G. Harbrecht2, David N.
Herndon9, Jureta W. Horton11, William J. Hubbard5, John L. Hunt12, Jeffrey Johnson13, Matthew B. Klein14, James A. Lederer15, Tanya
Logvinenko6, Ronald V. Maier10, John A. Mannick15, Philip H. Mason26, Bruce A. McKinley16, Joseph P. Minei11, Ernest E. Moore13,
Frederick A. Moore16, Avery B. Nathens10, Grant E. O’Keefe10, Laurence G. Rahme17, Daniel G. Remick18, David A. Schoenfeld6, Martin
Schwacha5, Michael B. Shapiro19, Geoffrey M. Silver8, Richard D. Smith3, John D. Storey20, Mehmet Toner21, H. Shaw Warren22,
Michael A. West19

10Affiliations for participants: Department of Surgery, University of Rochester School of Medicine, Rochester, New York 14642, USA. 11Department of Surgery, University of
Pittsburgh School of Medicine, Pittsurgh, Pennsylvania 15213, USA. 12Pacific Northwest National Laboratory, Richland, Washington 99352, USA. 13Department of Statistics,
University of Florida, Gainesville, Florida 32611, USA. 14Department of Surgery, University of Alabama School of Medicine, Birmingham, Alabama 35294, USA. 15Department of
Biostatistics, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02114, USA. 16Department of Surgery, Washington University School of Medicine,
St Louis, Missouri 63110, USA. 17Department of Surgery, Loyola University Stritch School of Medicine, Maywood, Illinois 60153, USA. 18Department of Surgery, University of
Texas Medical Branch, Shriners Burns Hospital, Galveston, Texas 77550, USA. 19Department of Surgery, University of Washington Harborview Medical Center, Seattle,
Washington 98104, USA. 20Department of Surgery, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA. 21Division of Trauma, Burns, and Critical Care,
University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA. 22Department of Surgery, University of Colorado Denver Health Medical Center, Denver, Colorado
80204, USA. 23Burn Center and Division of Plastic Surgery, University of Washington Harborview Medical Center, Seattle, Washington 98104, USA. 24Department of Surgery,
Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts 02115, USA. 25Department of Surgery, University of Texas Houston Health Science Center,
Houston Medical School, Houston, Texas 77030, USA. 26Department of Molecular Biology, Massachusetts General Hospital Harvard Medical School, Boston, Massachusetts
02114, USA. 27Department of Medical Science, University of Michigan Medical School, Ann Arbor, Michigan 48109, USA. 28Department of Surgery, Northwestern University
Medical School, Chicago, Illinois 60611, USA. 29Department of Biostatistics, University of Washington, Seattle, Washington 98195, USA. 30Center for Engineering in Medicine,
Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 02114, USA. 31Department of Medicine, Massachusetts General Hospital, Harvard Medical
School, Boston, Massachusetts 02114, USA.

NATURE|Vol 437|13 October 2005 LETTERS

1037



Aim: identify the mechanisms responsible for the systemic
inflammatory response to LPS in the context of complete
recovery

Questo studio NON può essere eseguito su cellule

Questo studio NON può essere eseguito su pazienti “veri” in 
quanto i pazienti con endotossiemia hanno spesso patologie
pregresse oppure vanno incontro a trattamenti che alterano la 
risposta infiammatoria



APPLICATION PHASES:

1. Human subjects and induction of endotoxemia

2. The dynamics of the genomic inflammatory response 

3. Interactome building

4. The systemic inflammatory network

5. Analysis of the dynamics of inflammation pathways

6. Conclusions



1. Human subjects and induction of endotoxemia

a. The model of human endotoxemia:

8 soggetti sani tra 18-40 anni sono stati divisi in 2 gruppi: controllo e 
trattati con LPS 2ng/kg

b. Blood sampling:

I campioni di sangue sono stati ottenuti da ogni paziente a tempo 0, 
e a 2h, 4h, 6h, 9h e 24h dopo l’infusione di LPS (dynamic analysis)

c. Obtainment of total blood leukocytes and extraction of RNA

- Isolamento dei leucociti dopo la lisi dei globuli rossi
- Isolamento del RNA totale mediante kit Qigen



2. The dynamics of the genomic inflammatory response 
Profili di espressione genica nei leucociti circolanti in risposta

all’endotossina

The clustering of probe sets 
in 10 bins was made with
K-means analysis using
Cluster and TreeView (che
rappresentano due programmi
integrati per analizzare e visualizzare
risultati di esperimenti complessi
di microarrays).

Ogni bin rappresenta un 
pattern temporale distinto

Results form micorarrays:

- 5.093 probe sets vary in a significant 
manner LPS 

- identified3.714 geni EntrezGeneID
(http://www.ncbi.nih.gov/Entrez/)



2. The dynamics of the genomic inflammatory response 

Results:

More than half of genes show reduction of 
expression (bins 0-4)

One small group shows an increase of 
expression at 2h (bins 5, 6)

The expression of other genes increases 
at later time points (bins 7-9)



2. The dynamics of the genomic inflammatory response 

3D plot del principal component dei probe sets significativi a vari
time points dopo la somministrazione di LPS



Principal components analysis (PCA) is a statistical technique for 
determining the key variables in a multidimensional data set that 
explain the differences in the observations, and can be used to simplify 
the analysis and visualization of multidimensional data sets. PCA 
allows us to summarize the ways in which gene responses vary under 
different conditions. 

PCA is a method that reduces data dimensionality by performing a 
covariance analysis between factors. As such, it is suitable for data sets in 
multiple dimensions, such as a large experiment in gene expression.

PRINCIPAL COMPONENT ANALYSIS per dati di microarays



3. Interactome building
The DATABASE

Sono state utilizzate le informazioni fornite dal database di Ingenuity 
Systems Inc. (a pagamento!)

2005: “The Ingenuity Pathways Knowledge Base (KB) is the largest curated 
database of previously published findings on mammalian biology from the 
public literature. 
The KB is constructed through the efforts of Ph.D.-level scientists who have 
read the abstracts of every paper in the Ingenuity KB. These scientists 
manually extracted the findings in the KB from the full text of >200,000 
articles, including the abstract, text, tables, and figures. 

As of January 2005, the KB includes information of more than 9,800 human 
(including the ~9,500 Reviewed and Validated Human RefSeqs, 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=gene ), 7,900 
mouse, and 5,000 rat genes.”

http://www.ingenuity.com/

http://www.ingenuity.com/


3. Interactome building

The DATABASE

2011: The Ingenuity Pathways Analysis (IPA) program is a software that 
helps researchers model, analyze, and understand data derived from gene 
expression, microRNA, and SNP microarrays; metabolomics, proteomics, and 
RNA-Seq experiments; and small-scale experiments that generate gene and 
chemical lists.

Network analysis was performed on molecular relationships involving 
8,000 human orthologs (between human, mouse and rat, as defined by 
Homologene, 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=homologene). 

http://www.ingenuity.com/

http://www.ingenuity.com/


IPA® is an all-in-one, web-based software application that enables you to analyze, integrate,  
and understand data derived from gene expression, microRNA, and SNP microarrays; metabolomics, 
proteomics, and RNA-Seq experiments; and small-scale experiments that generate gene and 
chemical lists. With IPA you can search for targeted information on genes, proteins, chemicals, 
and drugs, and build interactive models of your experimental systems. IPA’s data analysis and 

search capabilities help you 
understand the significance 
of your data, specific target, 
or candidate biomarker in the 
context of larger biological or 
chemical systems, backed by 
the Ingenuity® Knowledge Base 
of highly structured, detail-
rich biological and chemical 
Findings. 

IPA® 9.0

Path Designer transforms networks 
and pathways into publication quality 
representations of biological systems.

Applications
• Target Identification and Validation
• Biomarker Discovery
• Drug Mechanism of Action
• Drug Mechanism of Toxicity
• Disease Mechanisms

Experimental approaches supported
• RNA-Seq
• microarray
• microRNA
• mRNA
• qPCR
• proteomics
• genotyping

Identifiers supported in IPA 
• Affymetrix (Exon/Gene 

Expression, 3’ IVT Expression)
• Affymetrix SNP ID (Genotyping)
• Agilent (Gene Expression, microRNA)
• Applied Biosystems  

(Gene Expression, microRNA)
• CAS Registry 
• CodeLink 
• dbSNP IDs (including Illumina  

genotyping arrays with dbSNP ids)
• Entrez Gene 
• Ensembl 
• GenBank 
• GenPept 
• GI Number 
• HUGO Gene Symbol 
• Human Metabolome Database (HMDB)
• Illumina (whole-genome

& microRNA arrays)
• International Protein Index 
• KEGG ID 
• miRBase (mature)
• PubChem CID 
• RefSeq 
• UCSC Human Isoform IDs (hg 18 & hg 19)
• UniGene 
• UniProt/SwissProt Accession

Species-specific identifiers  
supported in IPA
• Human
• Mouse
• Rat
• Additional species supported 

via ortholog mapping

new

new

IPA Core Analysis delivers a rapid 
assessment of the signaling and metabolic 
pathways, molecular networks, and biological 
processes that are most significantly perturbed 
in a dataset of interest. 

•� Understand the relative impact of  
 changes in mRNA, microRNA, protein   
 or metabolite levels in the context  
 of well-characterized pathways. 

•� Identify the cellular and disease   
   phenotypes most significant to a   
 set of genes, and understand how   
 those genes impact that phenotype,  
 i.e. whether they increase or  
 decrease a biological process. 

•� Optimize visualization and biological context of analyses with Context and Network 
 Size parameters. 

Identify pathways implicated by multiple  
experimental platforms.

Data Analysis & Interpretation

IPA’s Data Analysis and Interpretation unlocks the insights buried in experimental data by 
quickly identifying relationships, mechanisms, functions, and pathways of relevance, allowing you 
to move beyond statistical analysis to novel biological insights, testable hypotheses, and validation 
experiments.



Search HomoloGene for  Go  Clear

All Databases PubMed Nucleotide Protein Genome Structure OMIM PMC Journals Books

HomoloGene
Homepage
Query Tips
Build Procedure
FTP site

Genome
Resources
Homo sapiens
Mus musculus
Rattus
norvegicus
Danio rerio

HomoloGene is a system for automated detection of homologs among the annotated genes of
several completely sequenced eukaryotic genomes.

HomoloGene Release 65 Statistics
Initial numbers of genes from complete genomes, numbers of genes
placed in a homology group, and the numbers of groups for each
species. 
Species   Number of Genes  HomoloGene
 Input Grouped  groups
Homo sapiens 19,943* 18,981  18,431
Pan troglodytes 25,096 16,850  15,980
Canis familiaris 19,766 16,708  15,951
Bos taurus 22,049 18,180  16,224
Mus musculus 25,388 21,766  19,005
Rattus norvegicus 21,991 19,229  17,473
Gallus gallus 17,959 13,142  11,905
Danio rerio 26,690* 21,084  14,067
Drosophila melanogaster 13,827* 9,282  7,749
Anopheles gambiae 12,460 8,867  7,541
Caenorhabditis elegans 20,132* 8,678  4,810
Schizosaccharomyces pombe 5,043 3,225  2,935
Saccharomyces cerevisiae 5,880 4,851  4,370
Kluyveromyces lactis 5,335 4,459  4,382
Eremothecium gossypii 4,722 3,928  3,884
Magnaporthe grisea 12,832 7,330  6,399
Neurospora crassa 9,821* 6,287  6,144
Arabidopsis thaliana 27,309* 19,961  11,243
Oryza sativa 26,887 17,276  10,627
Plasmodium falciparum 5,266 1,862  799
'*' indicates organisms where new genome annotation data is used in this
build. 
Last updated on: Mon Feb 14 2011 

We have recently adopted a new build procedure that makes use of
amino acid sequence searching (blastp) to find more distant
relationships, but the procedure still refers to the DNA sequence for
computation of some of the statistics. The matching strategy is guided
by the taxonomic tree such that more closely related organisms are
compared first. Moreover, HomoloGene entries now include paralogs
in addition to orthologs.

Sources of Additional Information
HomoloGene entries have been augumented with homology and
phenotype information drawn from the following sources.
Online Mendelian Inheritance in Man (OMIM)
Mouse Genome Informatics (MGI)
Zebrafish Information Network (ZFIN)
Saccharomyces Genome Database (SGD)
FlyBase

 

What's New
HomoloGene release 65
includes updated annotations
for the following species: Homo
sapiens (NCBI release 37.2),
Danio rerio (NCBI release 4.1),
Drosophila melanogaster (NCBI
release 9.3) Caenorhabditis
elegans (NCBI release 9.1),
Arabidopsis thaliana (NCBI
release 9.1).

Tip of The Day

Use [unigene id] in your search
query to restrict search results

to that particular unigene
cluster. e.g. Hs.15484[unigene

id].
[More Tips] 

Related Resources

Entrez Genomes

A collection of complete genome
sequences that includes more than
1000 viruses and over hundred
microbes
  Archaea
  Bacteria
  Eukaryota
  Viruses

 

 

 

 

 

 

Write to the Help Desk
NCBI | NLM | NIH

Department of Health & Human Services
Privacy Statement | Freedom of Information Act | Disclaimer

My NCBI
[Sign In] [Register]

Limits Preview/Index History Clipboard Details

National Center for
Biotechnology Information



3. Interactome building
Esempio: il network del gene RELA estratto dal KB e visualizzato con IPA

1. Examining KB content for RELA (Suppl Figure 1) 
Supplementary Figure 1 describes the network neighborhood surrounding a single gene, RELA. 
To reproduce this network in IPA, please perform the following steps identified below. The 
network neighborhood is derived from findings extracted from the public literature and stored in 
the KB. Every gene interaction is supported by evidence from the underlying papers. 
 

 

Gene Neighboring Genes Direct Interactions Findings Papers 
RELA 150 619 7,118 847 

Please note that the above table in the report is based on KB content statistics from September, 
2004, and new content is being added to the KB on an ongoing basis (the following examples are 
taken from January, 2005). 
 
To view the textual web page view of KB information on a gene and its related gene products and 
complexes:  

1. Log into the IPA system. 
2. From the “Click on the Name of an Analyzed Dataset” (for example, “Systemic 
 Inflammation | LPS-treated human leukocytes”) to go to the “Analysis Summary” page. 
3. From the “Analysis Summary” page, click the “Search” tab. 
4  From the “Search” tab, select “Ingenuity Pathways Knowledge Base”, type the short 

name or symbol of your gene (e.g., “RELA” or “XXXX”), and click Search. 
 

       
 

5. The “Search Results” displays genes that match your criteria (use “*” for wildcard 
searches). There are three values under “Exp Val”:  

a. the first is for coloring the node of the gene based on the bin number (see Figure 
1). Genes in bins 0-4 are colored blue, and in bins 5-9 are colored red.  

b. the second shows whether the gene is verified in the verification experiment. A 
label of “1.000” indicates that the gene is also identified as significant in the 
verification experiment, and a label of “-1.000” indicates that it is not significant 
in the second experiment (FDR <0.01)) 

c. the third shows the bin number of the gene (0-9) 
  

 
       

6. From the “Search Results”, click the “Gene” name to go to the Node View page for that 
 Gene. 

a. This page includes the number of findings for that gene. Click on “Show Details” 
at the bottom of the page to view a detailed breakdown of findings about this 
gene. 

b. Click on the Human / Mouse / Rat tabs to see species-specific information, 



3. Examining the Innate Immunity Network (Figure 2)  
 
To examine the literature evidence underlying the relationships in Figure 2 (or any other 
network), please select a pair of genes of interest, use the steps outlined above to view the 
“Network Neighborhood” for the first gene, locate the second gene in the diagram, and click the 
edge / link that connects them to see the supporting findings.  
 
As an example, RELA and RELB (near the center of Figure 2) are selected as a pair of genes of 
interest. Shown below are the steps to examine the literature evidence underlying the relationship 
between these two genes. Please note that using the same approach, one can browse and examine 
the entire Innate Immunity Network from Figure 2. 

1.   Log in to IPA.  
2.   Click on the “Systemic Inflammation | LPS-treated human leukocytes” analysis results to 

go to the “Analysis Summary” page.  
3.   From the “Analysis Summary” page, click the “Search” tab.  
4.   From the “Search” tab, select “Ingenuity Pathways Knowledge Base”, type the short 

name or symbol of your gene (e.g., “RELA”), and click “Search”.  
5.   From the “Search” results, click the “RELA” link to go to the “Node View” for that gene:  
6.   From the “Node View” page for “RELA”, click “Neighborhood Explorer” at the top of 

the page to view the “Network Neighborhood Explorer” for your gene.  
7.   From the “Network Neighborhood Explorer”, with RELA in red in the center, locate 

RELB in the diagram and click on it. Alternately, select “RELB” in the Map of Network 
list on the left. RELB is highlighted in blue, as are the edges to its neighbors, including 
RELA:  

 

 
 

8.   Click on the edge connecting RELA to RELB to display the “RELB/RELA” Edge 
Summary. Edge Summary provides a brief overview of the relationship between two 
gene products. Clicking on any edge opens the edge summary window on the left side of 
the screen:

NF-kB = nuclear factor of kappa light chain gene enhancer in B-cells
Rel/NFKB family includes REL (c-Rel) (MIM164910), RELA (RelA/p65) (MIM 164014), RELB 

(RelB) (604758), NFKB1 (P105/p50) (MIM 164011), and NFKB2 (p100/p52) (MIM 164012).

NFKB is activated by a wide variety of stimuli such as cytokines, oxidant-free radicals, inhaled 
particles, ultraviolet irradiation, and bacterial or viral products. Inappropriate activation of NF-
kappa-B has been linked to inflammatory events associated with autoimmune arthritis, asthma, 
septic shock, lung fibrosis, glomerulonephritis, atherosclerosis, and AIDS.



A. THE VIRTUAL INFLAMMATORY CELL: the specific response 
of the innate immunity cell

292 representative genes involved in inflammation and innate immunity. Genes for which the expression statistically increased from baseline 
are coloured red, those for which expression decreased are shown in blue

4. The systemic inflammatory network
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Figure 2 | Pathway analysis of representative genes involved in innate
immunity. A prototypical inflammatory cell was constructed from 292
representative genes involved in inflammation and innate immunity. Genes
for which the expression statistically increased from baseline are coloured
red, those for which expression decreased are shown in blue. a, Composite

changes in apparent expression over 24 h, identifying nodes and
interactions. b, Temporal changes in apparent expression. The response to
endotoxin administration in blood leukocytes can be viewed as an integrated
cell-wide response, propagating and resolving over time.
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4. The systemic inflammatory network

B. The intracellular network of the inflammatory response 
(formed by 1.556 genes)

© 2005 Nature Publishing Group 

 

Figure 3 | Network representation of the biological processes underlying
the temporal response of blood leukocytes to in vivo endotoxin
administration. a, The network consists of 1,214 genes showing perturbed
expression, and 342 genes highly interconnected to this group (red,
increased; blue, decreased expression). b, Selected regions of the network,
highlighting several groups of genes. Group 1, mitochondrial respiratory
chain complex I (NDUF genes). Group 2, mitochondrial respiratory chain

complex III (UQCR genes). Group 3, ATP synthase complex (ATP5 genes).
Group 4, pyruvate dehydrogenase complex. Group 5, mitochondrial
permeability transition pore complex. Group 6, elongation initiation factor
complex (EIF3 genes). Group 7, ribosomal proteins (RPL, RPS genes).
Group 8, COP9 signallosome (COPS genes). Group 9, proteasome (PSM
genes).
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5. Analysis of 
the dynamics of 
inflammation 
pathways

Analysis of pathways of
representative genes 
of the innate immunity
pathways in the 
virtual cell
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5. Analysis of the dynamics of inflammation pathways
The virtual cell: Results

2-4h
- Espressione massima di citochine e chemochine proinfiammatorie: 
TNFSF2 (TNFa), IL1alpha, IL1beta, CXCL1 (GROalpha), CXCL2 
(GRO-beta), CXCL8 (IL-8) and CXCL10
- Espressione di molecole pro-infiammatorie come PTGS2 (sintesi di 
prostaglandine), 
- Espressione di SOD2, formazione di ROS (reactive oxygen species) 
come H2O2
- Espressione di TLRs
- Espressione di fattori di trascrizione pro-infiammatori a 2-4h: membri
della famiglia di nuclear factor kappa/RelA (NFKB1, NFKB2, RELA 
and RELB) e STAT
- Espressione di geni per fattori di trascrizione che limitano la risposta
innata come per esempio suppressor of cytokine signalling 3 (SOCS3).

TNSF2 = Tumor necrosis factor ligand superfamily member 2 = TNFalpha
PTGS2 = Prostaglandin G/H synthase 2 and  Cyclooxygenase-2 
SOD2 = Superoxide dismutase [Mn], mitochondrial
STAT = Signal Transducer and Activator of Transcription



5. Analysis of the dynamics of inflammation pathways

The virtual cell: Results

6h

- Espressione di geni per STAT (signal transductor and activator of 
transcription) e cAMP-response element-binding protein (CREB) 
genes.

- Espressione di geni per fattori di trascrizione che limitano la 
risposta innata come per esempio suppressor of cytokine 
signalling 3 (SOCS3).

- Espressione per TLRs
- Riduzione dell’espressioni di geni pro-infiammatori upregolati a 4h

9h – Riduzione dei geni pro-infiammatori

24h – Ritorno ad uno stato simile alla fase iniziale (tempo 0)



5. Analysis of the dynamics of inflammation pathways

Il network intracellulare della
risposta infiammatoria
generale cellulare
(formato da 1.556 geni)

Blu = geni con ridotta espressione
Rosso = geni con aumentata espressione



NAD = Nicotinamide adenine dinucleotide
FAD = flavin adenine dinucleotide  



The electron transport chain (ETC) in mitochondriato produce ATP, which provides energy to power other cellular reactions. A small amount of
ATP is available from substrate-level phosphorylation, for example, in glycolysis. In most
organisms the majority of ATP is generated in electron transport chains, while only some
obtain ATP by fermentation.[citation needed]

Electron transport chains in mitochondria

Most eukaryotic cells contain mitochondria, which produce ATP from products of the Krebs
cycle, fatty acid oxidation, and amino acid oxidation. At the mitochondrial inner membrane,
electrons from NADH and succinate pass through the electron transport chain to oxygen, which
is reduced to water. The electron transport chain comprises an enzymatic series of electron
donors and acceptors. Each electron donor passes electrons to a more electronegative acceptor,
which in turn donates these electrons to another acceptor, a process that continues down the
series until electrons are passed to oxygen, the most electronegative and terminal electron
acceptor in the chain. Passage of electrons between donor and acceptor releases energy, which
is used to generate a proton gradient across the mitochondrial membrane by actively pumping
protons into the intermembrane space, producing a thermodynamic state that has the potential
to do work. A small percentage of electrons do not complete the whole series and instead
directly leak to oxygen, resulting in the formation of the free-radical superoxide, a highly
reactive molecule that contributes to oxidative stress and has been implicated in a number of
diseases and aging.

Mitochondrial redox carriers

Stylized representation of the ETC

Energy obtained through the transfer of electrons (black arrows) down the ETC is used to
pump protons (red arrows) from the mitochondrial matrix into the intermembrane space,
creating an electrochemical proton gradient across the mitochondrial inner membrane (IMM)
called ". This electrochemical proton gradient allows ATP synthase (ATP-ase) to use the
flow of H+ through the enzyme back into the matrix to generate ATP from adenosine
diphosphate (ADP) and inorganic phosphate. Complex I (NADH coenzyme Q reductase;
labeled I) accepts electrons from the Krebs cycle electron carrier nicotinamide adenine
dinucleotide (NADH), and passes them to coenzyme Q (ubiquinone; labeled UQ), which also
receives electrons from complex II (succinate dehydrogenase; labeled II). UQ passes electrons
to complex III (cytochrome bc1 complex; labeled III), which passes them to cytochrome c (cyt

to produce ATP, which provides energy to power other cellular reactions. A small amount of
ATP is available from substrate-level phosphorylation, for example, in glycolysis. In most
organisms the majority of ATP is generated in electron transport chains, while only some
obtain ATP by fermentation.[citation needed]

Electron transport chains in mitochondria

Most eukaryotic cells contain mitochondria, which produce ATP from products of the Krebs
cycle, fatty acid oxidation, and amino acid oxidation. At the mitochondrial inner membrane,
electrons from NADH and succinate pass through the electron transport chain to oxygen, which
is reduced to water. The electron transport chain comprises an enzymatic series of electron
donors and acceptors. Each electron donor passes electrons to a more electronegative acceptor,
which in turn donates these electrons to another acceptor, a process that continues down the
series until electrons are passed to oxygen, the most electronegative and terminal electron
acceptor in the chain. Passage of electrons between donor and acceptor releases energy, which
is used to generate a proton gradient across the mitochondrial membrane by actively pumping
protons into the intermembrane space, producing a thermodynamic state that has the potential
to do work. A small percentage of electrons do not complete the whole series and instead
directly leak to oxygen, resulting in the formation of the free-radical superoxide, a highly
reactive molecule that contributes to oxidative stress and has been implicated in a number of
diseases and aging.

Mitochondrial redox carriers

Stylized representation of the ETC

Energy obtained through the transfer of electrons (black arrows) down the ETC is used to
pump protons (red arrows) from the mitochondrial matrix into the intermembrane space,
creating an electrochemical proton gradient across the mitochondrial inner membrane (IMM)
called ". This electrochemical proton gradient allows ATP synthase (ATP-ase) to use the
flow of H+ through the enzyme back into the matrix to generate ATP from adenosine
diphosphate (ADP) and inorganic phosphate. Complex I (NADH coenzyme Q reductase;
labeled I) accepts electrons from the Krebs cycle electron carrier nicotinamide adenine
dinucleotide (NADH), and passes them to coenzyme Q (ubiquinone; labeled UQ), which also
receives electrons from complex II (succinate dehydrogenase; labeled II). UQ passes electrons
to complex III (cytochrome bc1 complex; labeled III), which passes them to cytochrome c (cyt

to produce ATP, which provides energy to power other cellular reactions. A small amount of
ATP is available from substrate-level phosphorylation, for example, in glycolysis. In most
organisms the majority of ATP is generated in electron transport chains, while only some
obtain ATP by fermentation.[citation needed]

Electron transport chains in mitochondria

Most eukaryotic cells contain mitochondria, which produce ATP from products of the Krebs
cycle, fatty acid oxidation, and amino acid oxidation. At the mitochondrial inner membrane,
electrons from NADH and succinate pass through the electron transport chain to oxygen, which
is reduced to water. The electron transport chain comprises an enzymatic series of electron
donors and acceptors. Each electron donor passes electrons to a more electronegative acceptor,
which in turn donates these electrons to another acceptor, a process that continues down the
series until electrons are passed to oxygen, the most electronegative and terminal electron
acceptor in the chain. Passage of electrons between donor and acceptor releases energy, which
is used to generate a proton gradient across the mitochondrial membrane by actively pumping
protons into the intermembrane space, producing a thermodynamic state that has the potential
to do work. A small percentage of electrons do not complete the whole series and instead
directly leak to oxygen, resulting in the formation of the free-radical superoxide, a highly
reactive molecule that contributes to oxidative stress and has been implicated in a number of
diseases and aging.

Mitochondrial redox carriers

Stylized representation of the ETC

Energy obtained through the transfer of electrons (black arrows) down the ETC is used to
pump protons (red arrows) from the mitochondrial matrix into the intermembrane space,
creating an electrochemical proton gradient across the mitochondrial inner membrane (IMM)
called ". This electrochemical proton gradient allows ATP synthase (ATP-ase) to use the
flow of H+ through the enzyme back into the matrix to generate ATP from adenosine
diphosphate (ADP) and inorganic phosphate. Complex I (NADH coenzyme Q reductase;
labeled I) accepts electrons from the Krebs cycle electron carrier nicotinamide adenine
dinucleotide (NADH), and passes them to coenzyme Q (ubiquinone; labeled UQ), which also
receives electrons from complex II (succinate dehydrogenase; labeled II). UQ passes electrons
to complex III (cytochrome bc1 complex; labeled III), which passes them to cytochrome c (cyt

to produce ATP, which provides energy to power other cellular reactions. A small amount of
ATP is available from substrate-level phosphorylation, for example, in glycolysis. In most
organisms the majority of ATP is generated in electron transport chains, while only some
obtain ATP by fermentation.[citation needed]

Electron transport chains in mitochondria

Most eukaryotic cells contain mitochondria, which produce ATP from products of the Krebs
cycle, fatty acid oxidation, and amino acid oxidation. At the mitochondrial inner membrane,
electrons from NADH and succinate pass through the electron transport chain to oxygen, which
is reduced to water. The electron transport chain comprises an enzymatic series of electron
donors and acceptors. Each electron donor passes electrons to a more electronegative acceptor,
which in turn donates these electrons to another acceptor, a process that continues down the
series until electrons are passed to oxygen, the most electronegative and terminal electron
acceptor in the chain. Passage of electrons between donor and acceptor releases energy, which
is used to generate a proton gradient across the mitochondrial membrane by actively pumping
protons into the intermembrane space, producing a thermodynamic state that has the potential
to do work. A small percentage of electrons do not complete the whole series and instead
directly leak to oxygen, resulting in the formation of the free-radical superoxide, a highly
reactive molecule that contributes to oxidative stress and has been implicated in a number of
diseases and aging.

Mitochondrial redox carriers

Stylized representation of the ETC

Energy obtained through the transfer of electrons (black arrows) down the ETC is used to
pump protons (red arrows) from the mitochondrial matrix into the intermembrane space,
creating an electrochemical proton gradient across the mitochondrial inner membrane (IMM)
called ". This electrochemical proton gradient allows ATP synthase (ATP-ase) to use the
flow of H+ through the enzyme back into the matrix to generate ATP from adenosine
diphosphate (ADP) and inorganic phosphate. Complex I (NADH coenzyme Q reductase;
labeled I) accepts electrons from the Krebs cycle electron carrier nicotinamide adenine
dinucleotide (NADH), and passes them to coenzyme Q (ubiquinone; labeled UQ), which also
receives electrons from complex II (succinate dehydrogenase; labeled II). UQ passes electrons
to complex III (cytochrome bc1 complex; labeled III), which passes them to cytochrome c (cyt

NAD = Nicotinamide adenine dinucleotide
UQ = ubiquinone
FAD = flavin adenine dinucleotide  



Group 1 
mitochondrial 
respiratory 
chain complex I 
(NDUF genes)

Group 3 
ATP synthase 
complex (ATP5 
genes). 

Group 4 
pyruvate 
dehydrogenase 
complex.

Group 2 
mitochondrial 
respiratory 
chain complex 
III (UQCR 
genes).

5. Analysis of the dynamics of inflammation pathways
Pathways which are suppressed after LPS treatment

NDUF = NADH Ubiquinone 
oxidoreductase Fe-S

UQCR = ubiquinol-cytochrome c 
reductase

Reduction of modules involved in cell respiration



Group 7 
ribosomal 
proteins (RPL, 
RPS genes).

Group 6 Group 
6, elongation 
initiation factor 
complex (EIF3 
genes) 
importanti
nella
traslazione. 

Group 5 
mitochondrial 
permeability 
transition pore
complex

5. Analysis of the dynamics of inflammation pathways

Reduction of modules involved in ribosomial activity

Reduction of genes involved in solute diffusion  through 
mitochondrial membrane



Group 9 
proteasome 
(PSM genes).

Group 8 
COP9 
signallosome
(COPS genes). 

5. Analysis of the dynamics of inflammation pathways

Reduction of modules involved in the ubiquitin-proteasome pathway



The ubiquitination system functions in a wide 
variety of cellular processes, including:

Antigen processing
Apoptosis
Biogenesis of organelles
Cell cycle and division
DNA transcription and repair
Differentiation and development
Immune response and inflammation
Neural and muscular degeneration
Morphogenesis of neural networks
Modulation of cell surface receptors, ion 
channels and the secretory pathway
Response to stress and extracellular modulators
Ribosome biogenesis
Viral infection
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Group f
Integrin chains

Group a 
members of the 
MHC II 
complex

5. Analysis of the dynamics of inflammation pathways
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Reduction of genes involved in antigen presentation and 
leukocyte migration (integrins)

NAD = Nicotinamide adenine dinucleotide
UQ = ubiquinone
FAD = flavin adenine dinucleotide  



TYPE S OF ADAPTIVE  IMMUNE  RE SPONSE S 3

TYPES OF ADAPTIVE IMMUNE RESPONSES

There are two types of adaptive immune responses, called 
humoral immunity and cell-mediated immunity, that are 
mediated by different components of the immune system 
and function to eliminate different types of microbes (Fig. 
1-2). Humoral immunity is mediated by molecules in 
the blood and mucosal secretions, called antibodies, 
which are produced by cells called B lymphocytes (also 
called B cells). Antibodies recognize microbial antigens, 
neutralize the infectivity of the microbes, and target 
microbes for elimination by various effector mechanisms. 
Humoral immunity is the principal defense mechanism 
against extracellular microbes and their toxins because 
secreted antibodies can bind to these microbes and tox-
ins and assist in their elimination. Antibodies themselves 
are specialized and may activate different mechanisms to 
combat microbes (effector mechanisms). For example, 
different types of antibodies promote the ingestion of 
microbes by host cells (phagocytosis), bind to and trigger 
the release of inflammatory mediators from cells, and are 
actively transported into the lumens of mucosal organs 
and through the placenta to provide defense against 
ingested and inhaled microbes and against infections of 
the newborn, respectively.

Cell-mediated immunity, also called cellular 
immunity, is mediated by T lymphocytes (also called 
T cells). Intracellular microbes, such as viruses and some 
bacteria, survive and proliferate inside phagocytes and 
other host cells, where they are inaccessible to circulating 
antibodies. Defense against such infections is a function 
of cell-mediated immunity, which promotes the destruc-
tion of microbes residing in phagocytes or the killing of 
infected cells to eliminate reservoirs of infection. Some 
T lymphocytes also contribute to eradication of extra-
cellular microbes by recruiting leukocytes that destroy 

these pathogens and by helping B cells make effective 
antibodies.

Protective immunity against a microbe is usually 
induced by the host’s response to the microbe (Fig. 1-3). 
The form of immunity that is induced by exposure to a 
foreign antigen is called active immunity because the 
immunized individual plays an active role in responding 

Microbe

Adaptive immunity

Epithelial
barriers

Phagocytes Dendritic
cells

NK cells,
ILCs

B lymphocytes

T lymphocytes

Antibodies

Effector T cells

Hours Days

Complement

Time after infection
0 6 12 1 4 7

Innate immunity

FIGURE 1-1 Innate and adaptive immunity. The mechanisms of innate immunity provide the initial 
defense against infections. Adaptive immune responses develop later and require the activation of lymphocytes. 
The kinetics of the innate and adaptive immune responses are approximations and may vary in different infections. 
ILC, innate lymphoid cell; NK, natural killer.

TABLE 1-2  Features of Innate and Adaptive Immunity

Innate Adaptive

Characteristics

Specificity For molecules shared 
by groups of related 
microbes and mol-
ecules produced by 
damaged host cells

For microbial and non-
microbial antigens

Diversity Limited; germline 
encoded

Very large; receptors 
are produced by so-
matic recombination 
of gene segments

Memory None Yes

Nonreactivity 
to self

Yes Yes

Components

Cellular and 
chemical  
barriers

Skin, mucosal epithelia; 
antimicrobial mol-
ecules

Lymphocytes in epithelia; 
antibodies secreted at 
epithelial surfaces

Blood proteins Complement, others Antibodies

Cells Phagocytes (macro-
phages, neutrophils), 
natural killer cells, 
innate lymphoid cells

Lymphocytes
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6. Conclusions on the dynamics of transient systemic 
inflammatory response

2. The analysis of the systemic inflammation network shows 
dysregulation of modules involved in leukocyte functions : 
energy metabolism, protein synthesis, protein degradation 
following transient endotoxemia

3. The suppression of important functional modules suggests 
that leukocytes exposed to pro-inflammatory stimuli have e 
reduced capacity to answer to subsequent stimuli (innate 
immunity tolerance)

1. The analysis of “virtual cell” shows an early transient increase 
of gene expression for pro-inflammatory molecules (cytokines, 
chemokines, ROS, transcription factors, TLRs). At longer time 
points are expressed genes with anti-inflammatory
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Group d . 
tubulin-A 
genes.

Group a . 
superoxide-
producing 
phagocyte 
NADPH-
oxidase.

5. Analisi della dinamica delle pathways di geni coinvolti

Attivazione di geni implicati nel danno ossidativo e mitosi


