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1: Tissue repair

Content
•	 Repair of  connective tissues

•	 Repair of  epithelial tissues

•	 Abnormalities of  wound healing

•	 Tissue repair & chronic diseases

Learning objectives 
At the end of  this unit, students will be 
able to:

1. Describe the sequential events involved 
in connective tissue repair (eg. granula-
tion tissue), and repair of  epithelial tis-
sues (eg. skin, intestine, kidney), includ-
ing the stimuli for repair, the cellular 
events, and the molecular mediators at 
a basic level.

2. Compare and describe the interactions 
between	the	processes	of 	inflammation,	
coagulation and tissue repair.

3. Explain the factors needed for suc-
cessful regeneration of  epithelium, and 
describe the causes and infer the out-
comes of  suboptimal repair and regen-

eration in both stromal and epithelial 
organs.

4. Explain the adverse effects of  tissue 
repair on organ form and function, and 
how	these	sequelae	can	be	modified	by	
therapeutic intervention.

Sample questions
1. Describe the chronology and the cellu-

lar, molecular, and tissue events during 
repair of  the connective tissue (dermis) 
and epithelium (epidermis) following a 
surgical incision.

2. Describe the differences between 
first	and	second	intention	healing	of 	
wounds.

3. How	does	inflammation	contribute	to	
wound repair?

4. What factors determine whether renal 
tubular	necrosis	will	heal	by	fibrosis	
(scarring) or by epithelial regenera-
tion? In each case, what is the expected 
outcome in terms of  return to normal 
renal function?

5. How does scarring impair organ func-
tion?

6. What is the histologic and clinical 
appearance of  granulation tissue? What 
function does it serve?

7. Why might wounds fail to heal?

8. Describe the process of  fracture repair, 
and list several causes of  non-union of  
fractures.

Repair and  
regeneration

Facilitating tissue repair and regenera-
tion is the goal of  many veterinary 

interventions: “help the body heal itself ”.  
Repair	of 	damaged	tissues,	like	inflam-
mation, is a complex coordinated series 
of  interactions between cells, such as 
macrophages,	platelets,	fibroblasts,	endo-
thelial cells, and epithelial cells; extracel-
lular	matrix,	such	as	collagen,	fibronectin,	
basement membrane proteins, and proteo-
glycans; and growth factors. Tissue repair 
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begins during the phase of  coagulation 
and	inflammation,	and	these	three	disease	
processes are closely intertwined. The 
goals of  tissue repair include removal of  
damaged tissue, regeneration of  epithelial 
and stromal tissues, and—where neces-
sary—replacement of  damaged tissue by 
fibrous	tissue.

Healing of  epithelial 
abrasions

The simplest skin wound is an abra-
sion. Think of  running your hand 

across sandpaper, vigorously. Some epi-
thelium is lost, but the basal cells and the 
basement membrane remains intact, the 
dermis is unaffected, and there is no bleed-
ing. How does this wound heal?

Surviving epithelial cells migrate quickly 
(within hours) to cover in the defect. Basal 
epithelial cells undergo mitosis within 1-2 
days, and the new epithelial cells populate 
the defect and undergo the process of  dif-
ferentiation to complete heal the defect.

Problem solved.

Healing of  skin  
incisions

Think now of  an incision or laceration 
in the skin. In our recent necropsy 

technique lab, you accidentally cut yourself  
with a scalpel, and the wound bled for a 
few minutes until pressure was applied. 
But the wound was minor, and because of  
the possibility of  bacterial contamination 
we decided that suturing was contraindi-
cated and unnecessary. The wound is 4 
mm long, gapes open 2 mm, and is about 
2	mm	deep.	The	wound	is	filled	with	fibrin 
that has formed within minutes (think of  
the time needed for the bleeding to stop). 
How will it heal?

In this case the epithelium cannot migrate 
to cover the defect, partly because the 2 
mm size of  the defect is too long an expe-
dition for a 10 mm epithelial cell. More 
importantly, epithelial cells are fussy and 
cannot	survive	upon	the	fibrin	filling	the	
gap.	Epithelial	cells	on	fibrin	are	like	the	
cat on a hot tin roof. They need a more 
comforting base of  granulation tissue, 
where they can be nourished and feel at 
home. 

Granulation tissue	is	composed	of 	fibro-
blasts, new blood vessels and immature 
collagen. It is new immature connec-
tive	that	the	body	forms	to	fill	defects,	
replace	fibrin,	and	provide	nutrition	to	
the overlying epithelium. Epithelial cells 

can migrate across this granulation tissue, 
secrete a basement membrane, proliferate 
and differentiate. The epithelium provides 
the cover, the granulation tissue provides 
some strength, and over time the latter 
will	mature	into	fibrous	tissue	with	similar	
strength as the normal dermis. Another 
problem solved...but for this one there 
are a few additional details that should be 
recognized. It is convenient to divide the 
stages	of 	wound	repair	into	inflammatory,	
proliferative and remodeling phases.

Inflammatory	phase	of 	wound	repair.

The	inflammatory	response	plays	a	key	
role in wound healing by eliminating bac-
terial infection, removing damaged tissue, 
and initiating the process of  repair.

The	fibrin	scaffold.	Fibrin	fills	the	defect	
between the opposed surfaces quickly 
(minutes) after the wound is created. It not 
only causes hemostasis, but also forms a 
provisional scaffold on which subsequent 
events can occur. Fibroblasts and endothe-
lial cells cannot swim through serum; they 
can	only	crawl	along	a	matrix.	But	fibrin	
does not form a suitable matrix for epi-
thelial cells to grow on, nor does it contain 
any blood vessels to nourish the epithe-
lium. Nonetheless, it’s a good start.

Necrotic tissue must be removed. Necrotic 
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tissue is a barrier to effective wound repair, 
as has poor blood supply and is a poor 
source of  regenerative cells. Removal of  
necrotic tissue is an important early step in 
wound repair. Macrophages	infiltrate	many	
inflammatory	lesions,	where	they	phagocy-
tose and remove necrotic cells and extra-
cellular debris. As well, matrix metallopro-
teinases are released from the granules of  

activated neutrophils and macrophages. 
These proteases degrade and remove extra-
cellular matrix constituents that were dam-
aged	by	trauma,	infection,	or	inflammation.	
Veterinarians can augment this process by 
debridement—surgical removal of  non-
viable tissue—from wounds of  the skin 
and soft tissues. Because this necrotic tis-
sue must be removed prior to tissue repair, 

and the persistence of  necrotic tissue will 
enhance scar formation, debridement of  
wounds is an important method of  pro-
moting wound repair.

Macrophages and platelets secrete growth 
factors that direct the process of  repair. 
These growth factors are a key link 
between	the	processes	of 	inflammation	
and repair; their function is described in 
the next section.

Proliferative phase of  wound repair.

The proliferative phase of  wound repair 
involves	proliferation	of 	fibroblasts,	angio-
genesis, and production of  extracellular 
matrix. This phase does not begin imme-
diately; rather there is a lag of  3-4 days 
before	fibroblast	proliferation	and	angio-
genesis	are	first	apparent	in	tissues.	This	
lag represents the time needed for macro-
phages	to	infiltrate	the	site	of 	inflamma-
tion, begin removing necrotic tissue, and 
secrete growth factors; as well as the delay 

Healing a skin wound
Inflammatory	phase

•	 Fibrin	fills	the	defect,	within	minutes,	
providing hemostasis and a provisional 
matrix for cell migration.

•	 Macrophages invade the wound and are 
numerous by day 3. 

•	 Damaged or necrotic tissue is removed 
by macrophages and by proteases.

Proliferative phase

•	 Granulation tissue, composed of  new 
blood	vessels	and	proliferating	fibro-
blasts,	starts	to	invade	the	fibrin	on	day	
4. 

•	 Production of  extracellular matrix 
(immature collagen) begins by day 6. 

Remodeling phase

•	 Remodeling increases the strength of  
the repaired tissue for weeks or months 
after the wound occurred.

Healing of  tornado wreckage
Emergency response

•	 First aid, evacuation, basic removal of  
debris to allow access (fibrin). 

•	 Entry of  cleanup crews and general 
contractors (macrophages).

•	 Cleanup of  debris (debridement). 

Basic repair and rebuilding

•	 Repair of  roads (blood vessels) to allow 
access by construction crews, equip-
ment (fibroblasts) and building materials 
(blood constituents). 

•	 Basic building repair & reconstruction 
(immature connective tissue). 

Long term repair

•	 Redecorating, additional reconstruc-
tion, ... (maturation of  connective tissue) 
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before	fibroblasts	and	endothelial	cells	
undergo mitosis. 

These events result in the formation of  
granulation tissue:	proliferating	fibroblasts,	
new blood vessels, and immature collag-

enous connective tissue. Granulation tissue 
is named based on its gross appearance, as 
the tiny new blood vessels gives a granular 
or pebbled pink appearance. Because the 
new blood vessels are leaky and fragile, 
granulation tissue is often edematous and 
bleeds readily when abraded. 

Angiogenesis is an important step in 
wound repair. In this process, existing 
blood	vessels	sprout	into	the	fibrin	scaf-
fold to supply nutrients to the replicating 
and	synthesizing	fibroblasts.	These	capil-
lary sprouts are formed both by migration 
of  existing endothelial cells and by prolif-
eration to form new endothelial cells.

Angiogenesis doesn’t happen by magic; it 
is elicited and controlled by growth fac-
tors. secreted by macrophages, platelets 
and endothelial cells. Growth factors are 
cytokines: proteins which mediate cell-to-
cell communication. Important angiogenic 
growth factors are vascular endothelial 
growth factor (VEGF), angiopoietins, and 
basic	fibroblast	growth	factor	(bFGF). 
Because neoplastic cells often induce 
angiogenesis to maintain nutrient supply to 
the proliferating tumour tissue, inhibitors 
of  angiogenesis are a promising area of  
research in cancer therapy.

Fibroplasia (the de novo formation of  
fibrous	tissue)	involves	fibroblast	prolifera-
tion and secretion of  matrix molecules, 
and is dependent on nutrient supply from 
the new blood vessels sprouting in the 

Time (days)
0    2    4        8        12                 weeks or months

Se
ve

rit
y

Fibroplasia

Macrophage responses

Fibrin formation & platelet activation

On the correct use of  language…
1. Don’t confuse the terms “granulation 
tissue”	and	“granulomatous	inflamma-
tion”. The two terms are not related.

2.	Do	not	to	mistake	the	terms	“fibrinous”	
and	“fibrous”.	They	have	very	different	
implications:	fibrin	develops	acutely	and	
can	be	removed;	fibrous	tissue	implies	
chronicity and is often permanent.
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Left upper: A fresh wound on a horses leg, with blood oozing from the exposed con-
nective tissue. Left lower:	A	similar	wound	10	days	later,	with	granulation	tissue	filling	
the wound bed.

Right:	Cow,	fibrinous	pericarditis	due	to	hardware	disease	(penetration	of 	a	wire	carry-
ing bacteria, from the 
reticulum through the 
diaphragm to the peri-
cardial sac). 

(Click the photo to 
scroll through the 
series)

The “pyogenic mem-
brane” of  chronic 
fibrinous	pericarditis	
illustrates the phases 
of 	tissue	fibrosis.	
Active	fibrin	deposi-
tion (in response to 
bacterial infection) is 
at	the	top	(“I”:	inflam-
matory phase). Fibro-
blasts and new blood 
vessels	infiltrate	this	
fibrin	(“P”:	prolifera-
tive phase). Note high 
cellularity and baso-
philia. At the bottom, 
there is maturation 
of  the collagen and 
lower cellularity (“R”: 
remodeling phase).
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wound.	As	for	angiogenesis,	fibroblast	
proliferation is induced by cytokine growth 
factors, particularly transforming growth 
factor-β (TGF-β) and platelet-derived 
growth factor (PDGF). There is some 
evidence that TGF-β promotes the forma-
tion	of 	dense	fibrous	tissue	and	scarring,	
whereas PDGF promotes tissue repair 
without scarring. An ability to control 
these cytokines and promote healing with-
out scar formation would be of  obvious 
therapeutic	benefit	in	maintaining	vision	
following corneal wounds or for cosmetic 
purposes in cutaneous repair. However, 
therapeutic interventions that target cyto-
kine modulation have a history of  being 
problematic, expensive, and associated 
with unforeseen complications. 

Secretion	of 	matrix	by	fibroblasts	increases 
progressively with time. The components 
of  the extracellular matrix include the 
following. Fibronectin	is	secreted	by	fibro-
blasts soon after their arrival at the wound 
site. Fibronectin is a weak matrix, but is 
an effective substrate for cells to adhere 
to and migrate along. Collagen is a major 
component of  the matrix and provides 
much tissue strength. Elastin and fibrillin 
allow elastic tissues to stretch and recoil. 
Proteoglycans bind to many matrix pro-
teins and contribute to the structural inter-

actions between proteins, regulate the per-
meability of  tissues to water and solutes, 
and bind water to make tissues viscous and 
resist compression.

During this process, the original scaffold 
of  fibrin	is	removed	by	proteases	and	by	
the action of  macrophages. Note that the 
fibrin	does	not	“become”	granulation	tis-
sue,	but	instead	the	fibrin	serves	as	a	scaf-
fold for formation of  granulation tissue, 
but the scaffolding is eventually removed 
before the building project is complete.

Re-epithelialization. At this point, the 
wound	has	been	filled	with	granulation	tis-
sue, which provides a suitable substrate for 
epithelium and a blood supply to nourish 
regeneration. Epithelial cells in the intact 
epidermis at the edge of  the wound under-
go mitosis, and crawl over themselves and 
the granulation tissue to re-epithelialize the 
wound. 

What about the “scab” or eschar, which 
we see remaining on our own wounds 
well after the tissue has regained some 
strength? Recall that the granulation tis-
sue	invades	the	fibrin	clot	from	the	deep	
and lateral borders of  the wound, and the 
epithelium migrates across this granulation 
tissue as quickly as it can. In most instanc-
es, this migrating epithelium under-cuts 
some	fibrin	that	has	not	yet	been	invaded	

by	fibroblasts	and	blood	vessels.	This	mass	
of 	“stranded”	fibrin,	superficial	to	the	
epithelium, along with dried-out exudates 
on the surface, becomes the eschar. This 
material sloughs as re-epithelialization is 
completed.

Remodeling phase of  wound repair

Newly formed granulation tissue is fragile 
and lacks tensile strength for two reasons: 
immature connective tissue contains more 
type III collagen than the stronger type I 

The timing of  skin wounds is useful 
in forensics, and for correlating  
clincial	and	pathologic	findings.

(for interest only, not required)

1. Mitosis of  epithelial cells takes 1-2 
days.

2. The appearance of  hemosiderin within 
macrophages takes 2-3 days.

3. Fibroblast proliferation and angiogen-
esis begins at 3-4 days.

4. Immature collagen becomes histologi-
cally apparent at 4-5 days (although it is 
biochemically detected earlier: collagen 
III at 2-3 days, collagens V & VI at 3 
days, collagen I at 5 days).

5. Restoration of  basement membrane at 
4-8 days.
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collagen, and the collagen is not optimally 
organized and cross-linked in strong bun-
dles until it is remodelled. It is critical that 
granulation	tissue	and	immature	fibrous	
tissue form quickly to provide some tissue 
strength, a barrier to further injury, and a 
scaffold for further healing, but return of  
the normal tensile strength of  the tissue 
takes much longer. Remodelling refers 
to the process of  simultaneous degrada-
tion and synthesis of  extracellular matrix. 
Collagen I production begins at 4-5 days 
after tissue injury, peak collagen accumula-
tion occurs at 14-21 days, and continued 
remodelling results in increasing tensile 
strength over the following months. 

Wound contraction is a feature of  the 
remodelling phase of  wounds that heal by 
second intention, and often begins at 5 to 
9 days after the wound occurs. Fibroblasts 
in	the	wound	have	contractile	filaments	
and	are	called	myofibroblasts.	Contraction	
of  these cells shrinks the open wound. 
Wound	contraction	can	be	beneficial;	for	
example, large open wounds in areas of  
loose skin can be remarkably reduced in 
size by wound contraction. Skin wounds 
in horses have been reported to contract 
by 1 mm per day. This can greatly reduce 
healing times, by reducing the surface area 
for re-epithelialization. However, wound 

contraction can be disastrous: it can limit 
mobility of  the limbs (contracture), and 
contraction	of 	fibrous	tissue	in	tubular	
organs such as intestine or esophagus 
results in stricture that may obstruct the 
flow	of 	ingesta.

In summary, repair of  skin wounds 
involves	formation	of 	a	fibrin	scaffold,	
debridement of  necrotic tissue, formation 
of  granulation tissue composed of  prolif-
erating	fibroblasts	and	new	blood	vessels,	
synthesis of  extracellular matrix, and tissue 
remodelling to increase tensile strength.

Cutaneous wounds can heal by either first	
or second intention. First intention healing 
occurs when wound edges are accurately 
opposed, tissue necrosis is minimal, and 
infection is absent. A sutured surgical inci-
sion	is	an	excellent	example	of 	first	inten-
tion healing. 

Second intention healing occurs when 
the wound edges are not well apposed. It 
seems intrinsically desirable for all wounds 

to	heal	by	first	intention,	but	this	is	not	
the case. Some wounds are intentionally 
left open to heal by second intention, for 
example if  they are contaminated with 
bacteria or foreign material, or cannot be 
readily closed because they are so large or 
in areas that lack loose skin. 

The	steps	in	first	and	second	intention	
wound healing are the same. However, the 
larger size of  the defect and the frequent 
presence of  necrotic material may delay 
complete healing and increase the size of  
the scar.

Repair of  tissues

The same processes of  repair occur 
after damage to other tissues. The 

key	factors	influencing	the	outcome	are	
the presence of  mitotically active cells to 
replace those that have been lost, an intact 
tissue framework and basement mem-
brane, and an adequate blood supply. 

Mitotically active cells. Cases in which 
there has been damage to the myocardium, 
brain or spinal cord can show improve-
ments in clinical signs over time, as the 
necrosis	and	inflammation	subside	and	
there is accomodation to the loss of  func-
tional tissue. However, there is no possibil-
ity of  full repair of  these tissues, because 
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Photos: Changes over time in the appearance of  a wound 
on the metatarsus of  a horse, thought to have resulted 
from an incident with a wire fence. 

Case & photo credit: Dr. Melissa Knowles.

(Click on the photos to scroll through the series)

A & B, 3 days after injury: Appearance of  the fresh 
wound, with exposure of  the third metatarsal bone. Clo-
sure of  the wound was impossible because of  the lack of  
available skin, and also undesirable because of  the amount 
of  tissue necrosis, and perhaps also because of  the poten-
tial	for	contamination	(photo	B,	note	the	fly	indicated	by	
the arrow!).

C-G, 13-32 days after injury:	The	wound	has	filled	with	
granulation tissue, which looks ugly but is an essential step 
in wound healing. 

H-K, 150-180 days after injury: Healthy bed of  granula-
tion tissue. This tissue has a granular texture that explains 
name. Note the white epithelium migrating from the 
periphery, and the overall reduction in size of  the wound as 
a result of  wound contraction. L-N: 4 years after injury.

cardiac	myofibres	and	neurons	have	little	capacity	for	cell	
division.	Damage	to	these	tissues	can	only	heal	by	fibrosis.

In contrast, epithelial cells of  the skin, airways and intes-
tine usually regenerate rapidly, because these cells are 
capable of  mitosis and cellular proliferation. The caveat 
in these tissues is that a mitotically active population of  
regenerative stem cells must still be present. The intestinal 
crypts contain the regenerative cells of  the small intestine. 
Diseases that cause necrosis of  crypt epithelial cells (eg. 
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parvoviral infection in dogs, or ischemic 
necrosis due to a torsion or intussuscep-
tion) will heal much more slowly than 
diseases causing loss of  the already-differ-
entiated epithelial cells at the tips of  villi 
(eg. rotavirus or coronavirus infection). 

Adequate blood supply. Tissue repair 
requires protein synthesis, cellular pro-
liferation, and phagocytosis; all of  these 
activities require the vasculature to supply 
oxygen and nutrients, and remove waste 
products. As a result, wound repair may 
fail in ischemic tissues. Pressure sores in 
recumbent animals or people with diabetes 
mellitus are examples of  ischemic non-
healing wounds. In animals that are recum-
bent due to neurologic or muscular disease, 
skin surfaces in contact with the ground 
may be ischemic due to the continuous 
application of  the weight of  the animal. If  
this pressure is not relieved—by curing the 

disease, by encouraging the animal to stand 
with support, or by providing cushioned 
bedding material—wound repair will fail 
and the cutaneous ulcers persist. Similarly, 
there is no hope of  repair of  an area of  
ischemic necrosis, unless blood supply to 
the area is restored. 

Intact tissue framework. Regeneration 
requires a framework or scaffold, provided 
by the basement membrane and the under-
lying connective tissue. It is probably obvi-
ous that skin abrasions that damage the 
epidermis but leave the dermis intact will 
heal very quickly by epithelial proliferation. 
In contrast, wounds which disrupt the 
dermis	will	require	granulation	tissue	to	fill	
the gap, before epithelial cells can migrate 
across the surface to repair the epidermis. 

The basement membrane provides impor-
tant adhesion molecules for epithelial 
regeneration, and the underlying connec-
tive tissue confers tissue structure and 
blood supply. 

The same applies to non-epithelial tissues. 
For example, toxic injury to skeletal muscle 
myocytes (eg. from the growth promotant 
monensin) is expected to heal quickly (if  
the animal survives) because the connec-
tive tissue around the necrotic myocytes 
has not been damaged. In contrast, muscle 
damage as a result of  trauma or a burn 

has damage to both the myocytes and the 
connective tissue, and this connective tis-
sue will need to be repaired before there is 
regeneration of  the skeletal muscle. 

This concept is generally similar to that 
of 	first	vs.	second	intention	wound	heal-
ing: the closely apposed wound edges that 
allow	first	intention	healing	approximate	
the normal tissue framework. 

If  these requirements are met, then tissue 
regeneration occurs rapidly. Consider viral 
infection of  bronchiolar epithelium where 
some epithelial cells are killed by cytolytic 
viral replication, followed by clearance of  
the virus as the immune response devel-
ops. Or consider the case of  toxins that 
selectively injure periacinar hepatocytes in 
the liver. In both cases, some regenerative 
cells (bronchiolar epithelial cells, or hepa-
tocytes)	survive,	the	cell-specific	damage	
has not damaged the connective tissue or 
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basement membrane, and the blood supply 
remains normal.

Conversely, consider an intestinal torsion 
of  several hours duration: the blood ves-
sels are thrombosed because of  sluggish 
flow,	and	the	necrosis	affects	not	only	
the villi but also the crypt epithelium. 
Although the connective tissue architecture 
is still intact, the regenerative epithelium of  
the crypts has been lost and new epithelial 
cells will need to migrate from the periph-
ery. And the tissue is ischemic because of  
the thrombosis, obstructing blood sup-
ply to the damaged tissue. This lesion is 
not expected to heal, and excision of  the 
affected loop of  intestine is needed.

Think of  the tissue repair process as a race 
against time: if  the cells that need to regen-
erate can do so within 4-7 days, then the 
tissue may heal completely; whereas a delay 
in regeneration will give time for healing 
by	fibrosis,	which	may	permanent.	affect	
organ function. Examples of  the adverse 
effects	of 	tissue	fibrosis	are	given	later.	
Note: blocks of  text in all-red font involve con-
tent that is no longer covered in this part of  the 
course. I have left it in because I’m not yet certain 
I will permanently delete this content from the 
course. You are welcome to read it, but are not 
responsible for it, for my parts of  this course.

Osseous repair and 
healing of  fractures

Fracture repair is in many respects simi-
lar to repair of  stromal tissues. During 

the	inflammatory	phase	of 	fracture	repair,	
a	fibrin	scaffold	fills	the	defect	between	
bone fragments; macrophages remove 
necrotic debris by phagocytosis and secre-
tion of  proteases; and macrophages and 
platelets secrete growth factors. In the 
proliferative phase of  fracture repair, 
osteoprogenitor	cells,	fibroblasts	and	new	
blood vessels proliferate and migrate along 
the	fibrin	scaffold	in	response	to	growth	
factors.	Osteoid,	cartilage,	fibrous	tissue,	
and other matrix components are syn-
thesized by the osteoprogenitor cells and 
fibroblasts,	to	form	a	callus.	Remodelling	
increases the strength of  the bone over the 
course of  many weeks or months. Miner-
alized osteoid and cartilage form woven 
bone, which is remodelled to form stron-
ger lamellar bone. 

Fracture repair requires adequate nutrition, 
an absence of  infection, & an adequate 
vascular supply. Causes of  delayed healing 
of  fractures include instability of  the frac-
ture site, infection, failure to appose the 
bone ends, ischemia, & malnutrition.

Phases of  Fracture Repair

1.	Inflammatory	phase	(0	to	2-3	weeks	
after injury). Fracture induces hemor-
rhage as well as disruption of  periosteum 
and bone, and dying osteocytes release 
proteolytic enzymes that degrade bone 
matrix.	Fibrin	fills	the	defect	caused	by	the	
fracture. In response to coagulation and 
to	necrosis,	there	is	mild	acute	inflamma-
tion at the fracture site. Platelets, recruited 
macrophages, and resident osteoclasts 
secrete growth factors that stimulate bone 
repair. Macrophages and leukocyte-derived 
enzymes remove necrotic material and 
degraded matrix from the fracture site.

2. Repair phase (weeks to months after 
injury). As in other wounds, this phase 
is marked by the formation of  granula-
tion tissue. Unique to bone, however, is 
the migration of  osteoprogenitor cells 
from the periosteum and the endosteum. 
These cells are pluripotent, and are able 
to	differentiate	into	fibroblasts,	chondro-
blasts, or osteoblasts depending on local 
oxygen tension and tissue strain. Osteo-
progenitor cells in the well-vascularized 
and oxygenated area near the periosteum 
and in the medullary cavity manufacture 
osteoid, which eventually mineralizes to 
form woven bone (immature, disorganized 
bone). In contrast, osteoprogenitor cells in 
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Left upper: Dog, lens rupture due to 
penetrating	injury.	Healing	by	fibrosis	has	
resulted in adhesions (synechiae) of  lens 
to iris and iris to cornea, which blocks 
the	flow	of 	aqueous	humour	and	leads	to	
glaucoma.

Left lower: Cow, phthisis bulbi. There 
has been traumatic injury to the eye, with 
healing	by	fibrosis.	Although	this	creates	
biologic stability, and no longer bothers the 
cow much, the globe is non-functional.

Middle: Foal, adhesion of  omentum to 
intestine,	due	to	experimental	scarification	
of  intestinal serosa. This represents a nor-
mally	beneficial	response	of 	the	omentum,	
attempting to the heal the damaged serosa. 
However, these strands of  adherent omen-
tum tend to cause colic, because they inter-
fere	with	the	flow	of 	ingesta,	or	entrap	and	
obstruct loops of  intestine.

the poorly vascularized deep periosteal tis-
sue form cartilage-containing chondrocytes 
within lacunae. This cartilage may mineral-
ize due to deposition of  calcium hydroxy-
apatite, but does not yet form true bone.

The new tissue formed at the fracture site 
is called a callus, and is analogous to the 
granulation tissue of  soft tissue repair. 
An external periosteal callus encircles the 
fracture site, and is important because it 

stabilizes the healing fracture site. A similar 
internal	or	endosteal	callus	fills	the	marrow	
cavity at the fracture site, and spans any 
gap that exists between bone fragments; 
the internal callus is important because it is 
the site of  bone repair. In contrast to the 
cartilaginous external callus, the internal 
callus usually forms woven bone without a 
cartilaginous precursor. 

Over time, cartilage in the external callus 
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is invaded by capillaries and replaced by 
woven or immature bone. At this stage, the 
integrity of  the bone is restored, but the 
site lacks the strength of  normal bone. 

3. Remodelling phase (months after inju-
ry). In the remodelling phase, remaining 
mineralized cartilage is replaced by woven 
bone, and woven bone is transformed into 
lamellar bone. The latter transformation 
involves incursion of  osteoclasts which 
bore “cutting cones” into the woven bone; 
these are followed by ingrowth of  a capil-
lary, and crews of  osteoblasts which build 
lamellar bone on the endosteal surface of  
the newly formed tunnel. This process of  
remodelling is prolonged—as much as nine 
years after the fracture in humans—and is 
stimulated by piezoelectric forces resulting 
from weight-bearing stresses.

Failure of  Fracture Repair

Similar to wound healing, bone repair 
requires adequate nutrition to meet the 
protein demand of  bone synthesis, an 
absence of  infection, and an adequate vas-
cular supply. Of  greater emphasis in bone 
than soft tissue repair are stability of  the 
fracture site, and restoration of  the normal 
anatomical alignment of  the bone. Failure 
of  these requirements leads to delayed 
union or non-union of  fractures.

Abnormalities of  
wound repair

Failure or delay of  wound repair

The factors that impede healing by 
regeneration may be apparent from 

the above discussions, but are of  obvious 
clinical importance. Note that these factors 
are not all relevant in all tissues: it is useful 

Photo: Healing rib facture, calf. The cortex and medulla of  the original bone are indi-
cated. The plane of  the fracture is centred on the two arrows. An external callus (EC) 
and internal callus (IC) have formed.  There is much periosteal new bone, with grey-blue 
islands of  cartilage remaining in the external callus near the fracture site.
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to think about which are applicable in vari-
ous situations.

Non-regenerative tissues such as brain, 
spinal cord, and heart do not return to 
normal if  there has been loss of  neurons. 
However, if  the damage is minor and 
there is enough functional reserve capacity, 
organ function may be adequate.

Ischemia causes a delay in wound healing. 
Oxygen and nutrients are essential for tis-
sue repair, and impairment of  their supply 
delays healing.

Destruction of  the connective tissue 
framework. Some injuries destroy the 
connective tissue framework, such as inci-
sions and lacerations, ischemia, and burns. 
The healing of  these wounds is delayed, 
because the connective tissue must be 
repaired by formation of  granulation tis-
sue prior to regenerative of  the functional 
cells.

Infection is a common cause of  delayed 
wound healing and tissue repair because 
of  ongoing damage to tissues as pro-
teolytic enzymes and oxygen radicals are 
released from activated leukocytes. Thus, 
contaminated skin wounds fail to heal, and 
bacterial infection of  fracture sites leads to 
non-union and osteomyelitis.

Movement of  the wound makes it impos-

sible for granulation tissue to bind the 
edges of  a wound, and for regenerating 
epithelium to form a continuous sheet. 
Suturing, bandaging, slings, or rest may be 
used to immobilize and unite the wound 
edges to enhance tissue repair.

Corticosteroid therapy delays wound heal-
ing, in part due to reduced macrophage 
function and impairment of  collagen 
synthesis	by	fibroblasts.	As	a	result,	corti-
costeroids are contra-indicated for treat-
ment of  corneal ulcers, to avoid the risk of  
perforation.

Inadequate tissue nutrition. Wound repair 
requires protein synthesis, so tissue nutri-

tion is critical for normal healing. Malnu-
trition or hypoproteinemia are important 
causes of  delayed or failed tissue repair, 
and this may impact clinical decision-mak-
ing. For example, in diarrheic dogs suspect-
ed	to	have	inflammatory	bowel	disease,	
laparotomy to obtain intestinal biopsies for 
diagnosis is risky if  there is hypoprotein-
emia from intestinal protein loss. In these 
cases, biopsies may be obtained endoscopi-
cally, or plasma transfusions may be used 
to boost the plasma protein levels prior to 
surgery.

Exuberant granulation tissue

Exuberant granulation tissue or “proud 

Photo: White-tailed deer, failure of  fracture healing. Instability at the fracture site has 
resulted in excessive formation of  external callus. Although this has eventually given 
some degree of  stability to the bone, it is likely to have been chronically painful and 
interfered with mobility.
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flesh”	is	a	common	condition	in	horses,	in	
which wounds of  the distal limbs develop 
a mass of  excessive granulation tissue that 
protrudes from the wound bed. Proud 
flesh	is	clinically	important:	it	is	unsightly,	
bleeds easily when traumatized (like other 
granulation tissue), may interfere with 
locomotion, and delays healing. The granu-
lation	tissue	in	proud	flesh	seems	to	inhibit	
proliferation of  epithelial cells; thus, proud 
flesh	is	characteristically	not covered by an 
epithelium. 

The	causes	of 	proud	flesh	are	not	known	
with certainty. Some studies suggest an 
intrinsic	proliferative	tendency	of 	fibro-
blasts from the equine distal limb, com-
pared to those from the body wall or to 
that of  other species. Wound infection, the 
presence of  foreign material, skin tension, 
and ischemia contribute to its develop-
ment. In normal wound healing, a continu-
ous epidermis covering the surface acts to 
arrest the formation of  new granulation 
tissue. The risk factors mentioned above 
likely act to delay epithelial repair, and 
thereby promote ongoing formation of  
granulation tissue. 

Wound contracture, stricture & adhesions

As described above, wound contraction 
is a feature of  open wounds that heal by 
second intention. Wound contraction may 

be	beneficial	in	reducing	the	size	of 	open	
wounds in areas of  loose skin. However, 
contraction of  wounds on areas where the 
skin is attached to underlying tissues or is 
not loose may lead to contracture.  Con-
tracture is most common on wounds of  
the distal limb, and may deform tissues or 

impair locomotion.

Similarly,	ulceration	or	inflammation	
affecting tubular organs (such as the diges-
tive tract) may undergo contraction during 
the process of  tissue repair. In this loca-
tion, this constriction of  the lumen causes 
an obstruction referred to as stricture.

Photo:	Exuberant	granulation	tissue,	or	proud	flesh,	in	the	metatarsus	of 	a	horse.	 
(Click the photo to scroll through the images)
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Below:	Dupuytren’s	contracture.	Inability	to	extend	the	fingers	
due	to	contraction	of 	fibrous	tissue	in	the	palmar	fascia.	

Left:

A&B:	Acute	fibrinous	and	suppurative	pericarditis	in	a	cow	with	
traumatic reticulopericarditis (hardware disease). If  the cow had 
lived	and	the	fibrin	could	not	be	removed	in	time,	how	would	the	
lesion appear in two months?

C&D:	Chronic	pericarditis	in	a	pig.	The	fibrin	that	exuded	in	the	
acute	disease	has	organized	into	fibrous	tissue.	The	fibrous	tissue	
now	encases	the	heart	and	prevents	it	from	expanding	and	filling	
with blood during diastole. This process is termed cardiac tam-
ponade.   (Click photo to scroll the images).

Right: Esophageal stricture, pig. This pig had acid-induced ulcer-
ation of  the pars esophagea (non-glandular part) of  the stomach. 
Healing of  the ulcer caused contraction of  the wound, with stric-
ture of  the esophagus obstructing its emptying into the stomach. 
The clinical signs were chronic regurgitation after eating. (Click 
photo to scroll images).
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Finally,	fibrous	tissue	between	one	organ	
and another forms an adhesion.

Other	adverse	consequences	of 	fibrosis	
include the following:

•	 Scarring of  the cornea impedes vision.

•	 Scarring of  tendon sheath limits the 
motion of  the tendon and therefore the 
limb.

•	 Scarring in the liver obstructs blood 
flow	and	absorption	of 	materials	from	
blood, impairing hepatic function.

•	 Scarring in the lung is a barrier to effec-
tive gas exchange between alveolar gas 
and the blood.

•	 Scarring in the brain and heart alters 
electrical circuits, leading to seizures 

and arrhythmias, respectively.

•	 Scarring of  the pericardium limits dila-
tion of  the heart during diastole, a phe-

nomenon known as cardiac tamponade.

•	 Scarring of  the intestine or esophagus 
may form strictures that obstruct the 

Photo:	Cirrhosis	in	a	dog.	The	liver	is	shrunken,	nodular,	firm,	and	tough.	This	repre-
sents chronic ongoing injury to hepatocytes, with two forms of  healing: regeneration in 
the	form	of 	nodules,	and	fibrosis	between	the	nodules.	Both	reparative	responses	are	
dysfunctional.	The	fibrous	tissue	is	a	barrier	that	prevents	hepatocytes	from	absorbing	
material from the blood. And the nodules are architecturally abnormal, allowing blood 
to bypass the hepatocytes. Both forms of  repair exacerbates the liver dysfunction. 
(Click the photo to scroll through the images)
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flow	of 	ingesta.

•	 Scarring of  the intestinal serosa may 
form adhesions to other areas of  gut or 
the parietal peritoneum, which may lead 
to colic or intestinal entrapment.

•	 Cosmetically	undesirable	or	disfiguring	
wound repair.

Chronic	ongoing	necrosis,	chronic	inflam-
mation	of 	any	tissue	leads	to	fibrosis,	
which often impairs organ function by the 
variety of  mechanisms illustrated above. 
Fibrosis in this context does not result 
from a “wound”, but is induced by chronic 
cellular	injury	or	inflammation.	Neverthe-
less,	the	mechanisms	of 	fibrosis	in	these	
circumstances is similar to that in a cutane-
ous wound.

Summary: key points
•	 During	the	inflammatory	phase	of 	
wound	repair,	a	fibrin	scaffold	is	
formed; macrophages remove necrotic 
debris by phagocytosis and secretion of  
proteases; and macrophages and plate-
lets secrete growth factors.

•	 In the proliferative phase of  wound 
repair, beginning at 4-7 days after inju-
ry,	fibroblasts	and	new	blood	vessels	
proliferate	and	migrate	along	the	fibrin	
scaffold in response to growth factors, 
and collagen and other matrix compo-
nents	are	synthesized	by	the	fibroblasts.		
This material is termed granulation 
tissue.

•	 Remodelling increases the strength of  
the wound over the course of  many 
weeks or months.  Wound contrac-
tion,	mediated	by	myofibroblasts,	may	
reduce the size of  the wound.

•	 First intention healing describes the 
healing of  a sutured wound, which may 
quickly regain strength with minimal 
scar tissue formation.  Second inten-
tion healing describes the healing of  an 
open wound; this takes longer to heal, 
and may lead to more scarring.

•	 Regeneration of  epithelium requires an 
intact tissue framework and basement 

membrane, an adequate blood supply, 
and mitotically active epithelial cells.  
An intact tissue framework may be the 
existing uninjured stroma, or a healthy 
bed of  granulation tissue.

•	 Tiny epithelial defects may be quickly 
covered by sliding of  remaining epithe-
lial cells.  Larger defects require prolif-
eration and migration of  epithelial cells 
across a basement membrane.

•	 Fracture repair is in many respects simi-
lar to repair of  stromal tissues

•	 During	the	inflammatory	phase	of 	
fracture	repair,	a	fibrin	scaffold	fills	
the defect between bone fragments; 
macrophages remove necrotic debris 
by phagocytosis and secretion of  pro-
teases; and macrophages and platelets 
secrete growth factors

•	 In the proliferative phase of  fracture 
repair,	osteoprogenitor	cells,	fibro-
blasts and new blood vessels proliferate 
and	migrate	along	the	fibrin	scaffold	
in response to growth factors.  Oste-
oid,	cartilage,	fibrous	tissue,	and	other	
matrix components are synthesized by 
the	osteoprogenitor	cells	and	fibro-
blasts, to form a callus. 

•	 Remodelling increases the strength 
of  the bone over the course of  many 
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weeks or months.  Mineralized osteoid 
and cartilage form woven bone, which 
is remodelled to form stronger lamellar 
bone.

•	 Fracture repair requires adequate nutri-
tion, an absence of  infection, & an 
adequate vascular supply.  Causes of  
delayed healing of  fractures include 
instability of  the fracture site, infection, 
failure to appose the bone ends, isch-
emia, & malnutrition.

•	 Causes of  delayed wound healing 
include ischemia, destruction of  the 
connective tissue framework, infection, 
movement, corticosteroid therapy, and 
malnutrition.

•	 Exuberant granulation tissue is an aber-
rant attempt at wound repair, which 
develops most commonly on the distal 
limbs of  horses, and may represent a 
failure of  epithelial regeneration.

•	 Wound contracture is a pathologic con-
dition causing deformity, that results 
from the normal process of  wound 
contraction.

•	 Fibrosis is a common response to 
severe	or	sustained	injury	or	inflamma-
tion, and may have a devastating effect 
on organ function.

*** Read these notes in Adobe Reader. The interactive content (scrolls of 
images, questions and answers) will not be visible in Mac Preview. ***



22

2:Vascular events of inflammation, 
and allergic disease

Content
•	 Introduction	to	inflammation

•	 Vascular	events	of 	inflammation

•	 Allergic disease: type I hypersensitivity

Learning objectives 

At the end of  this unit, students will 
be able to:

1. Describe the macroscopic appearance 
and anticipate the related clinical signs 
(i.e. “cardinal signs”) resulting from a 
local	inflammatory	response	to	an	inju-
rious stimulus, and state the pathologic 
processes responsible for their develop-
ment.

2. Outline and explain the sequence of  
vascular	changes	in	acute	inflamma-
tion including vasodilation, hyperemia, 
increased vascular permeability.

3. Describe and explain the clinical and 
gross pathologic correlates of  the vas-
cular	events	of 	inflammation.

4. Discuss the mechanisms responsible 

for	the	vascular	events	of 	inflammation	
and describe the major chemical media-
tors involved.

5. Explain the cause and pathogenesis of  
type I hypersensitivity responses, and 
name and describe the pathogenesis 
and clinical features of  common aller-
gic diseases including anaphylaxis.

6. Describe the cause, pathogenesis, and 
pathologic and clinical sequelae of  
acute	serofibrinous	inflammation.

Sample questions
Insightful questions

1. Dogs occasionally die of  anaphylac-
tic reactions to vaccines, an event that is an 
obvious evolutionary disadvantage! Why 
should this response have developed in 
animals? That is, what might be the evolu-
tionary	benefit	of 	this	type	of 	inflamma-
tory response?

2.	 How	would	the	inflammatory	
response to bacterial infection of  the skin 
differ in a “normal” animal and one with 

neutropenia (low numbers of  blood neu-
trophils?) ?

3. The huge increase in the prevalence 
of  asthma in Western societies is attributed 
to the increasingly “clean” environments 
in which we are raised. In contrast, asthma 
is less common in developing countries, in 
children raised on farms, and in children 
with animals in the house. How could 
this—being raised in a clean environ-
ment—increase the likelihood of  allergic 
disease?

Factual questions

1. Describe the vascular events of  
acute	inflammation.

2. Discuss the role of  histamine and 
tumour	necrosis	factor	in	acute	inflamma-
tion. 

3. Describe the sensitization phase of  
type I hypersensitivity reactions.

4. Describe the elicitation phase of  
type I hypersensitivity reactions, including 
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the chronology and the cellular and molec-
ular events.

5. Discuss the pathogenesis and 
clinical signs of  the common diseases of  
domestic animals in which type I hypersen-
sitivity plays an important role.

6. Describe how the vascular effects 
of 	inflammation	lead	to	clinical	signs	of 	
disease.

7. Describe the chronology of  the 
various hypersensitivity reactions.

8. List the source (plasma, pre-formed 
in cells in tissues, or synthesized de novo) 
and the principal effects or actions of  the 
major	inflammatory	mediators:	histamine,	
complement (C5a, C3b, and MAC), pros-
taglandins, leukotrienes, platelet activating 
factor, tumour necrosis factor, interleu-
kin-8, LFA-1 (CD18 integrin), nitric oxide.

9. Describe redundancy and pleiotropy 
in	the	context	of 	inflammatory	mediators,	
and their impact on development of  new 
anti-inflammatory	drugs.

10. Describe how gross examination of  
exudates in body cavities help to determine 
the age of  lesions. 

What is inflammation?
•	 Inflammation	is	the	active	response	of 	

tissues to injury. 

•	 Inflammation	is	primarily	a	local	
response at the site of  an injurious 
insult, although systemic consequences 
may	be	of 	clinical	significance.	

•	 Inflammation	is	an	active	response	
of  living tissue, and does not occur in 
areas of  necrosis or severe ischemia.

•	 Inflammation	is	a	phylogenetically	
old response: some components of  
mammalian	inflammation,	such	as	cell	
recruitment and phagocytosis, also 
occur in invertebrates.

Inflammation	is	an	orchestrated	sym-
phony: a complex response composed 

of  many distinct events, many of  which 
occur concurrently, are inter-related, and 
change	over	time.	The	events	of 	inflam-
mation interact closely with other patho-

logic processes: the immune response, 
coagulation	and	fibrinolysis,	complement	
activation, regeneration and repair. Like a 
symphony,	the	events	of 	inflammation	are	
coordinated toward protecting the body 
from injury: 

•	 Elimination of  the stimulus (eg. elimi-
nating bacterial infection)

•	 Containment of  the injury (eg. the wall 
of  an abscess prevents spread of  the 
infection)

•	 Removal of  necrotic material

•	 Promoting a return to normal tissue 
structure	and	function	(eg.	inflamma-
tion stimulates repair and regenera-
tion—see module 5.5)

However, like a symphony making noise 
instead	of 	music,	some	inflammatory	
responses are poorly tuned. These inappro-
priate	inflammatory	responses	may	com-
promise the normal structure and function 
of 	tissues	or	organs.	Chronic	inflammation	
stimulates fibrosis, and both contribute 
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to	organ	dysfunction.	Inflammation	uses 
the body’s resources, and animals with 
chronic	inflammation	may	lose	weight	or	
fail	to	grow	efficiently.	Localized	inflam-
mation may have undesirable systemic 
effects, such as fever, anorexia, depression 
or malaise. So, when you are managing an 
inflammatory	disease,	are	you	better	to	
target the initiating cause, or should you 
strive	to	limit	the	damaging	inflammatory	
response? 

Therapeutic decisions must consider:

•	 Is the causative agent intrinsically 
harmful,	or	is	the	animal’s	inflamma-
tory response causing the clinical signs? 
Contrast the effects of  bacterial infec-
tion and exposure to an allergen.

•	 Can you control the etiology (bacterial 
infection, allergen, etc.)? 

The cardinal	signs	of 	inflammation—red-
ness, heat, pain, swelling, induration or 
firmness,	and	loss	of 	function—have	been	
known for centuries; most were described 
by Celsus in the 1st century AD. These 

clinical signs are easily recognized by 
anyone who has been kicked by a horse, 
had an infected cat bite, or experienced a 
local reaction to a rabies vaccine. It is also 
apparent that the response changes over 
time: heat and swelling are most common 
in the acute stages, whereas healing or the 
formation	of 	fibrous	scar	tissue	may	be	
later developments. In the acute stage of  
inflammation,	three	major	changes	account	
for	the	clinical	signs	and	lesions	of 	inflam-
mation: 

1. Blood vessels dilate to increase 
blood	flow	in	the	affected	tissue	

2.	 Blood	vessels	become	leaky	&	fluid	
or plasma proteins exude into tissue 

3. Leukocytes leave the blood and 
infiltrate	the	inflamed	tissue.	

Later sections illustrate the component 
responses	in	inflammation.	However,	for	
a	“holistic”	overview	of 	inflammation	and	
the tissue response to injury, we need not 
only an understanding of  not only the spe-
cific	events	that	occur,	but	also	how	these	
events are interdependent and change over 
time.	Consider	your	finger	after	being	bit-
ten by a cat: 

1. In	the	first	several	hours	after	injury,	
the response is primarily vascular. 
Blood	flow	to	the	finger	increases,	
leading to redness and heat. Blood ves-
sels become leaky, resulting in edema, 

Question:	What	therapy	is	appropriate	to	quell	the	process	of 	inflamma-

tion,	caused	by	bacterial	infection	of 	a	finger	resulting	from	a	cat	bite?
(Choose one or more answers below)
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swelling,	and	firmness	of 	the	tissue.	
Serous	(watery)	fluid	may	ooze	from	
the wound. The bacterial infection may 
activate complement, and in very severe 
cases result in thrombosis with gangre-
nous necrosis. Thus, it is obvious that 
inflammation	is	not	an	isolated	disease	
process: other events are occurring 
concurrently.

2. Later, neutrophils are recruited from 
the	blood	and	infiltrate	the	tissue.	With	
the help of  antibody or complement, 
neutrophils recognize, ingest, and kill 
the inoculated bacteria.

In this Unit, we are concerned with:
•	 The	many	causes	of 	inflammation
•	 The	types	or	patterns	of 	inflam-

mation: how we recognize and 
describe them, and how they assist 
us in diagnosis or management of  
disease

•	 How	inflammation	develops—i.e.,	
the	mechanisms	of 	inflammation—
and how these processes can be 
modulated by therapeutic interven-
tion

•	 The interactions that occur 
between	inflammation,	the	immune	
response, and tissue repair

•	 Changes	in	inflammation	over	time 

Introduction to 
immune-mediated  

disease

Immune-mediated diseases are those in 
which the acquired immune response 

is the sole cause of  disease: eliminate the 
harmful immune response, and the disease 
is cured. Immune-mediated diseases do not 
represent a “different” type of  immune 
response; rather, immune-mediated dis-
eases are caused by “normal” immune 
responses that are not properly regulated, 
that persist longer than is warranted, or Time (days)
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Serous or fibrinous effusion3. Persistence of  the bacte-
rial infection may incite 
macrophage and lympho-
cyte responses, and stimu-
late an immune response 
to the pathogen. 

4. Chronic	inflammation	
stimulates	fibroplasia,	
resulting in a scar at the 
site of  inoculation.
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Key Points: 
•	 Inflammation	is	the	active	response	of 	tissues	to	injury.	It	primarily	

occurs at the local tissue level, but sometimes has systemic effects.
•	 Inflammation	is	usually	beneficial,	but	may	be	harmful.
•	 Inflammation	involves	vascular	changes	and	cellular	(leukocyte)	changes.
•	 Chemical	mediators	control	the	events	of 	inflammation:	some	mediators	

come from plasma, and others are made by leukocytes or other cells at the 
site	of 	inflammation.

•	 Understanding	how	inflammation	changes	over	time	help	to	predict	how	
acute lesions will appear in the future, and to understand the pathogenesis 
of  chronic diseases.

that occur inappropriately in response to 
harmless antigens or self  antigens. 

In the same way, the ways in which 
immune-mediated disease cause tissue 
damage and clinical sign are not unique 
or special: the same processes occur in 
response to bacteria or parasites or fungi. 

So, comparing immune-mediated and 
“other” diseases, the type of  immune 
responses are the same, as are the patho-
logic processes. It is the nature of  the 
response to the stimulus that makes these 
diseases special.

What causes immune-mediated disease? 
Almost all cases are idiopathic. However, 
a combination of  the following factors 
may contribute to many immune-mediated 
diseases:

•	 Genetics: A familial tendency to 
develop immune mediated diseases is 
well-described in dogs, humans, and 
laboratory animals. In some instances, 
this familial tendency is associated 

with	specific	major	histocompatibility	
(MHC) haplotypes.

•	 Triggering factors: In some animals 
which are predisposed to develop 
immune-mediated diseases, the onset 
of  disease may be triggered by infec-
tious agents, vaccination, drugs, or 
neoplasia.

•	 Gender: Immune-mediated disease is 
more common in intact female dogs, 
probably	reflecting	a	effect	of 	hor-
mones on immune responses.

Immune-mediated diseases are described 
as hypersensitivities if  they are an abnor-
mal reaction to a harmless or ubiquitous 
foreign antigen, or autoimmune diseases 
if  they are an abnormal immune reaction 
against self  antigens. It is now recognized 
that	this	division	is	an	oversimplification,	
because some “hypersensitivity” reactions 
are directed against self  antigens, and some 
“autoimmune” disorders may be triggered 
by exogenous antigens or altered self  
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antigens. But the idea of  exogenously trig-
gered hypersensitivities and endogenously 
triggered autoimmune diseases remains a 
useful one.

Hypersensitivity reactions have been clas-
sified	into	the	four	categories	listed	below	
based on the type of  immune response 
causing disease. Although this is a useful 
way to classify reactions to a one-time 
stimulus, many hypersensitivity diseases 
contain features of  more than one cat-
egory. The concept of  these reactions are 
based on events that happen when anti-
gens are intentionally injected into already-
sensitized individuals or into experimental 
animals. Althought the same reactions do 
occur when hypersensitive individuals are 
naturally exposed to allergens and develop 
disease, the latter is a more complex situa-
tion that often involves ongoing exposure 
to the allergen.

Although	they	are	a	simplification,	these	
divisions are an aid to understanding how 
immune responses result in disease. The 
following is an overview of  each reaction.

Type I hypersensitivity = immediate hyper-
sensitivity = allergic reaction. Th2 cells 
encourage B cells to make IgE, which 
binds to the surface of  mast cells. Antigen 
binds to and cross-links IgE on the surface 
of  mast cells, inciting the release of  hista-

mine and other mediators from the mast 
cell. These mediators cause vasodilation 
and increased vascular permeability, lead-
ing to a rapid, “immediate” onset of  clini-
cal signs. 

Type II hypersensitivity = antibody-medi-
ated hypersensitivity. Antibody directed 
against cell-surface antigens results in 
complement activation and lysis of  the 
target cell.

Type III hypersensitivity = immune com-
plex reactions: Circulating “immune com-
plexes” composed of  antigen and antibody 
are deposited in the walls of  blood ves-
sels, glomeruli, or synovium, leading to an 
inflammatory	reaction.	

Type IV hypersensitivity = delayed type 
hypersensitivity: Cell mediated immune 
reactions, dominated by Th1 lymphocytes 
and macrophages, impair the function of  
organs or cause injury to tissues.

Chemical mediators  
of  inflammation

Like most physiologic and pathologic 
processes,	inflammation	is	controlled	

by interactions between cells and soluble 
inflammatory	mediators.	

The	cellular	control	of 	inflammation	

involves leukocytes, endothelial cells, tissue 
macrophages, mast cells, platelets; and to a 
lesser	extent	epithelial	cells,	fibroblasts,	and	
other stromal cells.

Inflammatory	mediators	are	numerous,	
and our knowledge of  individual media-
tors, their actions, and interactions between 
mediators is far from complete. And it is 
neither possible nor necessary to memo-
rize	all	of 	the	inflammatory	mediators!	
However, there are certain principles that 
form a foundation for our understanding 
of 	inflammation,	and	illustrating	these	with	
specific	examples	serves	to	reinforce	the	
concepts.

Why	do	we	concern	ourselves	with	inflam-
matory mediators? Understanding the 
mediators	of 	inflammation	allows	us	to	
comprehend	how	and	why	inflammation	
develops.	Inflammatory	mediators	are	
targets	of 	many	anti-inflammatory	drugs,	
and an understanding of  the mediators is 
helpful in predicting appropriate therapy 
and likely side effects. As our understand-
ing	of 	inflammatory	mediators	improves,	
the potential for effective and safe thera-
peutic intervention increases, although 
therapeutic	modulation	of 	the	inflamma-
tory	response	is	rarely	as	simple	as	it	first	
seems. 
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General features of  
soluble inflammatory 

mediators
Sources of  inflammatory mediators

Mediators are either derived from 
the plasma, are pre-formed in 

cells in the local tissue environment, or are 
synthesized by cells in tissues during an 
inflammatory	response.	

Plasma-derived proteins include com-
plement, coagulation proteins, and 
kinins. These are present in plasma as 
inactive precursor proteins that are acti-
vated by proteolytic cleavage, in a tightly 
controlled manner. 

Mediators that are constitutively pres-
ent in cells include histamine in the 
granules of  normal mast cells, and cer-
tain cytokines which are found in the gran-
ules of  many leukocytes and mast cells. 
Inflammatory	stimuli	(such	as	binding	of 	
antigen to IgE on mast cells) trigger a very 

rapid effect as histamine-containing mast 
cell granules are released into the tissue.

Mediators that are synthesized de novo 
by cells at the site of  inflammation 
include the eicosanoids (leukotrienes 
and prostaglandins) and most cyto-
kines.	Most	cell	types	can	make	inflam-
matory mediators, but the most important 
sources include macrophages, neutrophils, 
mast cells, platelets, and endothelial cells.

A	short	list	of 	some	inflammatory	media-
tors with which you should be familiar

•	 Vasoactive amines: histamine

•	 Plasma proteases: 
•	 Complement and the complement 

products C5a, C3a
•	 Coagulation factors:  
Factor	XII,	fibrin	degradation	 
products, thrombin 

•	 Eicosanoids
•	 Leukotrienes & lipoxins
•	 Prostaglandins & thromboxanes

•	 Platelet activating factor

•	 Cytokines
•	 Pro-inflammatory	cytokines:  

Tumour necrosis factor, interleukin-1
•	 Chemokines:  

Interleukin-8, Eotaxin

Key Points:	Immune	mediated	disease	can	be	divided	into	five	categories:
1. Allergic reactions, mediated by Th2 lymphocytes, IgE and mast cells, 

occurs within 5-30 minutes of  allergen exposure or may cause chronic 
disease.

2. Antibody-mediated reactions involve antibody binding to cell surface 
structures, resulting in cell lysis or altered cell function.

3. Immune complex reactions occur when immune complexes are deposi-
tion	in	blood	vessels	of 	well-vascularized	tissues	and	elicit	an	inflam-
matory reaction

4. Delayed type hypersensitivity reactions occur 24-72 hours after expo-
sure to antigen, or cause chronic disease, and require recruitment and 
activation of  Th1 lymphocytes and macrophages.

5. Autoimmunity results from failure to “tolerate” self  antigens.
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Method of  action 

Most	inflammatory	mediators	act	as	signal-
ling molecules that are secreted by one cell, 
diffuse	through	the	tissue	fluid,	and	bind	
to cell-surface receptors that alter the func-
tion of  target cells. These receptors are 
potential targets of  drugs that modulate 
inflammation.	An	active	area	of 	research	is	
the hunt for chemicals that block the abil-
ity	of 	inflammatory	mediators	to	bind	or	
activate the receptors on cells. 

Inflammatory mediators have a tran-
sient and local effect

Most	inflammatory	mediators	are	short-
lived and localized, because there are many 
proteins in plasma and tissue that bind 
and inactivate these mediators, or because 
the mediators themselves are unstable and 
break down rapidly. For similar reasons, 
most mediators have only a local effect, 
where their high concentration over-
whelms the capacity of  the binding pro-
teins. In contrast, mediators that diffuse 
away	from	the	site	of 	inflammation	are	
rapidly bound and degraded, thus prevent-
ing	systemic	inflammatory	responses.

Exceptions to this rule do occur. In 
overwhelming infection, such as severe 
peritonitis, mastitis, or pneumonia, large 
amounts of  tumour necrosis factor pro-

duce a “cytokine storm” that contributes 
to the severe malaise (known as “toxemia”) 
that characterizes these severe diseases.

Redundancy, pleiotropy, tissue context, 
and amplification of  the inflammatory 

response

Inflammatory	mediators	are	usually	redun-
dant: a similar effect can be induced by 
many different mediators. For example, 
the ability to recruit neutrophils to the site 
of  bacterial infection is too important to 
be trusted to a single mediator, so neu-
trophil chemoattractants include at least 4 
chemokines including interleukin-8, as well 
as leukotriene B4 and platelet activating 
factor. Similarly, the increased vascular per-
meability that is responsible for the edema 
of 	acute	inflammation	can	be	induced	by	
histamine, bradykinin, C3a, C5a, leukotri-
enes C4-E4, and platelet activating factor. 
As a result, it is usually futile to use drugs 
that	neutralize	a	single	inflammatory	medi-
ator—other mediators with similar actions 
will	usually	be	present	in	the	inflamed	tis-
sue.

Inflammatory	mediators	are	usually	pleio-
tropic: a single mediator usually has 
a variety of  effects on target cells. For 
example, the complement fragment C5a 
increases the permeability of  endothelial 
cells and attracts neutrophils. Bradykinin 

induces vascular leakage and stimulates 
nerve endings to cause pain. Nitric oxide 
causes dilation of  blood vessels, and kills 
bacterial pathogens. “One protein, many 
functions” is the norm in the biology of  
inflammation.

The	action	of 	many	inflammatory	media-
tors is context-dependent; that is, the effect 
depends on the state of  activation of  the 
target cell, the effect of  stimuli with other 
mediators, and the microenvironment of  
the tissue. Therefore, the in vitro effect of  
an	inflammatory	mediator	may	not	neces-
sarily predict its action in vivo, because of  
the	combined	influence	of 	multiple	media-
tors,	the	presence	of 	responding	inflam-
matory cells, and tissue pH, oxygenation, 
and ion or glucose content that may be 
altered	by	inflammation	or	other	disease	
processes.

Mediators may act to amplify the 
inflammatory response. For example, in 
shipping fever pneumonia of  beef  cattle 
caused by Mannheimia haemolytica, macro-
phages are stimulated to produce interleu-
kin-8 when they phagocytose (ingest) the 
bacteria. Interleukin-8 causes recruitment 
(chemotaxis) of  neutrophils to the site of  
infection, and these newly recruited neu-
trophil produce more interleukin-8, thus 
amplifying	the	inflammatory	response.	
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Similarly, the complement cascade involves 
activation of  a series of  many proteins that 
serves to amplify the overall response.

Wonderful news: more detailed infor-
mation on specific mediators is provid-
ed in Appendix 1, for your reference.

Vascular events in 
acute inflammation 

Dilation and increased permeabil-
ity of  blood vessels occur rapidly 

following	an	acute	inflammatory	stimulus,	
and are responsible for most of  the cardi-
nal	signs	of 	inflammation:	heat,	swelling,	
redness, and loss of  function. 

Dilation of  arterioles and venules increases 
blood	flow	to	the	area	within	a	few	min-
utes, resulting in warmth and hyperemia 
(redness	due	to	increased	blood	flow).	

As the blood vessels become permeable, 
fluid	leaks	from	the	plasma	into	the	tis-
sue resulting in edema, swelling, and in 
some instances loss of  function. Although 
often	forgotten,	inflammation	is	at	least	as	
important	a	cause	of 	inflammation	as	are	
hypoproteinemia, increased venous pres-
sure	and	lymphatic	obstruction.	As	fluid	
leaks out of  blood vessels, an increased 
concentration of  erythrocytes results in a 
sluggish	flow	of 	blood—stasis—although	
the	total	volume	of 	blood	flow	may	remain	
increased. 

A mild increase in vascular permeability 
permits only water and low molecular 
weight proteins to enter the tissues, which 
is observable as edema. If  the endothelium 
becomes more permeable, larger proteins 
such	as	fibrinogen	may	leave	the	vascu-
lature	and	polymerize	to	form	fibrin	that	
fills	tissues	or	covers	the	surface	of 	an	
organ.	Very	severe	inflammation	may	result	
in hemorrhage, as erythrocytes escape 
through gaps in the endothelium. Thus, 
fibrinous	and	hemorrhagic	inflammatory	
exudates are a clue that there has been 

of  a horse. The horse suffered a puncture wound in the area, with subsequent cellulitis 
(inflammation	affecting	soft	tissues	that	spreads	along	fascial	planes).

Photos:	Localized	edema	due	to	inflam-
mation, affecting the proximal hindlimb 
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acute catastrophic injury to endothelial 
cells, often caused by Gram negative bacte-
rial infections.

Severity of damage to endothelium: 
Edema < Fibrin < Hemorrhage

The	presence	of 	fibrin	offers	a	useful	
clues to the duration of  the pathologic 
process. If  infection affects a body cav-
ity (for example, peritonitis due to perfo-
rated gastric ulcer, or polyarthritis due to 
hematogenous	bacterial	infection),	fibrin	
tends to form a mat covering the surface. 
A	key	feature	is	that	fibrin	is	only	loosely	
adherent to the surface, and can be eas-

Vasodilation             Increased blood flow         
  Hyperemia & Warmth

Even greater vascular permeability  
   Leakage of  fibrinogen, or Hemorrhage

The Vascular Changes in Inflammation

↑ Vascular permeability         
Edema       

  Swelling & Loss of  function

firmly adherent fibrous tissue always 
indicates a chronic process of  at least 
7-10 days duration.

Mechanisms of  increased  
vascular permeability

Increased vascular permeability results 
from failure of  the endothelium to main-
tain the barrier between blood and tissue, 
and results from one of  three mechanisms: 
endothelial contraction, endothelial retrac-
tion, and endothelial injury. In naturally 
occurring disease, more than one mecha-
nism may operate concurrently.

Many	chemical	mediators	of 	inflammation	
rapidly (minutes) but transiently induce 
the formation of  gaps between endothelial 
cells of  small venules (endothelial contrac-
tion), or trigger a slower (hours) rearrange-
ment of  the endothelial cell cytoskeleton 
(endothelial retraction) that has a similar 
but more long-lasting effect. But the endo-
thelium is NOT damaged—it is actively 
responding	to	the	inflammatory	mediator,	

ily peeled away. As described later (mod-
ule	5.5),	fibrinous	exudates	are	invaded	
by	fibroblasts	and	new	blood	vessels,	
and	collagen	secreted	by	the	fibroblasts	
replaces	the	fibrin	with	fibrous	tissue.	The 
process whereby fibrinous exudates 
are replaced by fibrous tissue is called 
organization of  the exudate. In contrast 
to	the	loosely	adherent	nature	of 	fibrin,	
organization of  the exudate results in a 
firmly	adherent	layer	of 	fibrous	tissue,	that	
cannot be peeled from the tissue. 

Thus, the presence of  loosely adher-
ent fibrin reliably indicates that the 
inflammatory process is either acute or 
still ongoing (chronic-active), whereas 
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and will return to normal when the media-
tor is no longer present.

Alternatively, edema may result from direct 
damage to endothelial cells, caused by 
burns, bacterial toxins, or the oxygen radi-
cals and proteases released from activated 
neutrophils. In these cases, edema is imme-
diate, continues longer, and often accom-
panied by thrombosis. Resolution requires 
replacement of  the damaged endothelium.

Allergy: immediate 
(type I) 

hypersensitivity

Antigens that cause allergic disease 
are called allergens. Most aller-

gens are innocuous or harmless proteins 

Above: Red swollen tissues throughout the 
hindlimb of  a cow, representing hyperemia 
and edema, as a consequence of  infection 
from a penetrating injury.

of  medium size, 10-70 kDa, and include 
components of  parasites, plant pollens, or 
mold spores. Many allergens are proteases 
that do cause some tissue damage, but 
not enough to result in observable dis-
ease unless an injurious immune response 
develops. Other allergens, such as penicil-

Top: Fibrinous peritonitis in a calf. Mats 
of  yellow-tan elastic friable loosely adher-
ent	fibrin	cover	the	surface	of 	the	liver.
Above:	Histologic	appearance	of 	fibrin-
ous pneumonia. Note the dark red lines 
representing erythrocytes in alveolar septa, 
outlining the alveoli that are completely 
filled	with	pink	fibrin.	What	effect	would	
this have on lung function?
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Left and right: a REAL mast cell in the 
dermis of  a dog, adjacent to blood vessels. 

tion phase, in which exposure to allergen 
triggers IgE-dependent mast cell degranu-
lation that results in the clinical signs of  
allergic disease.

Sensitization phase

Atopy refers to a tendency—from inher-
ited or environmental causes—to form 
IgE antibodies when exposed to allergen, 
and thereby develop IgE-mediated disease. 
This tendency is not only based on differ-
ences in the immune responses described 
below: increased permeability of  cutaneous 
and mucosal barriers seems to promote 

lin, are small molecules that act as haptens 
to modify the structure and immunogenic-
ity of  existing tissue proteins.

Allergic disease involves a sensitization 
phase, in which mast cells become coated 
in	allergen-specific	IgE;	and	an	elicita-

YY
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Histamine, proteases, 
chemotactic factors

Newly synthesized 
mediators: leuko-
trienes, cytokines
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Review of  the Th1-Th2 Paradigm
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IL-4, IL-13
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cells and Th2 cells
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Delayed type hypersensitivity

Counter-inhibition

IFN-γ, IL-12
from macrophages

Allergy
Response to parasites
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allergy by increasing exposure of  immune 
cells to antigens.

Cytokines (secreted by antigen-presenting 
cells and other cells) determine whether 
T lymphocytes differentiate into T helper 
2 (Th2) or Th1 lymphocytes. Interleu-
kin-4 and IL-13 (as well as IL-5 and IL-9) 
are key cytokines that promote Th2 cell 
development, while interferon-g and IL-12 
promote Th1 cell development (and also 
inhibit Th2 cell development). Th2 lym-
phocytes encourage B lymphocytes to 
undergo “immunoglobulin class switch-
ing”, such that they make IgE antibodies 
instead of  other antibody types. Therefore, 
in atopic individuals, exposure to allergen 

results in proliferation and activation of  
antigen-specific	Th2	cells,	and	produc-
tion	of 	antigen-specific	IgE	by	B	cells	and	
plasma cells.

Repeated exposure of  atopic individuals 
to an allergen (usually over the period of  
weeks or months) results in “sensitization”, 
where	allergen-specific	IgE	is	secreted	into	
the plasma, and binds to the surface of  
mast cells via the Fcε receptor. Once the 
animal	is	sensitized,	antigen-specific	IgE	
binds to the surface of  mast cells through-
out the body. These sensitized mast cells 
are loaded cannons, ready to dispense 
their	arsenal	of 	inflammatory	mediators	
in response to the next stimulation by the 
allergen.

Elicitation phase

On subsequent exposure of  a sensitized 
individual, allergens bind and cross-link 
IgE on the surface of  mast cells. A signal 
transmitted to the mast cell triggers the 
instantaneous release of  the cytoplasmic 
granules, spewing forth histamine and a 
variety	of 	other	inflammatory	mediators.	
These mediators have immediate effects 
on blood vessels, causing vasodilation and 
increased vascular permeability, leading to 
redness, heat, swelling, and induration—
the	cardinal	signs	of 	inflammation.	Other	
non-allergic factors, such as cold, heat, and 

stresses, can also cause mast cell degranula-
tion that results in similar clinical signs, but 
these are infrequent causes of  disease in 
animals.

Mast cell granules contain many pre-
formed	inflammatory	mediators, which 
cause the immediate reaction following 
allergen exposure. The immediate reaction 
often begins within 5-30 minutes, and usu-
ally subsides by one hour after exposure. 
The important pre-formed mediators of  
this reaction include:
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•	 Histamine, which causes vasodilation, 
increased vascular permeability and 
bronchoconstriction. Histamine is not 
an important mediator in cattle.

•	 Serotonin is present in the mast cells of  
cattle, causing vasodilation in this spe-
cies.

•	 Eosinophil and neutrophil chemotactic 
factors

•	 Proteases—chymase, tryptase, and kal-
likreins—that activate complement and 
kinins.

In addition, stimulated mast cells synthe-

size a dizzying array of  other mediators de 
novo, which may cause a late phase reac-
tion that begins 2-8 hours after allergen 
exposure and lasts for a few days. This 
late phase reaction is well recognized in 
humans, particularly asthmatics, but is 
less apparent in animals, probably because 
allergen exposure in animals is commonly 
continuous or ongoing rather than epi-
sodic. 

These newly synthesized mediators include 
leukotrienes C4 and D4, platelet activat-
ing factor and several cytokines. Togeth-
er, these mediators cause vasodilation, 

Cold-induced urticaria in a Great Dane. 
Rapid onset of  wheals and pruritus, but 
lasting less than 2 hours.

Question: Which is the correct sequence of  events in allergic disease?

(Choose one of  the answers below)

a. B lymphocytes make IgE
b. Mast cells synthesize leukotri-
enes C4 & D4 
c. Interleukin-4 promotes differen-
tiation of  T helper 2 cells
d. Mast cells release histamine

e. T helper 2 cells encourage B cells 
to make IgE 
f. Histamine causes vasodilation 
and increased permeability
g. IgE binds to Fcε receptors on 
mast cells
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increased vascular permeability, broncho-
constriction, and recruitment of  leuko-
cytes. Many of  the cytokines secreted in 
allergic reactions selectively attract eosino-
phils rather than neutrophils (eg., the 
chemokine eotaxin), and induce expression 
of 	eosinophil-specific	adhesion	molecules	
on endothelial cells (eg. interleukin-5 pref-
erentially induces VCAM-1 expression on 
endothelial cells, which binds VLA-4 on 
eosinophils). As a result, the late phase of  
allergic reactions is often dominated by 
eosinophils rather than neutrophils. Eosin-
ophil responses are described in Module 
5.2.

Note that the above “classic” description 
of  an allergic response is most relevant to 
situations involving a point exposure to an 
allergen, such as a bee sting, or exposure to 
allergens when visiting a farm, or an ana-

phylactic reaction to a vaccine. However, 
most allergic diseases of  animals involve 
continuous rather than one-time expo-
sure. IgE, mast cells and histamine play 
some role in these diseases, as in the above 
reactions. However, Th2 lymphocytes, B 
lymphocytes and eosinophils are probably 
more important in development of  these 
chronic allergic diseases.

Common examples of  allergic disease

Anaphylaxis is a peracute type I hyper-
sensitivity reaction, and occurs in highly 
sensitized individuals that experience sys-
temic exposure to large amount of  antigen. 
Systemic exposure (antigen distributed 
throughout the body, in the blood) may 
result from accidental intravenous adminis-
tration of  a drug or vaccine, or from rapid 
absorption of  a large amount of  antigen 
such as from the gastrointestinal tract or 

Anaphylaxis
Intravenous 

injection
of  antigen

Massive
dose

of  antigen

Rapid
absorption
of  antigen

Widespread distribution of  antigen

Body-wide degranulation of  mast cells

↑ Vascular permeability
Smooth muscle constriction:

bronchi, GI tract
Vasodilation

Hypotensive
shock

Urticaria /
skin swelling

Respiratory
distress

Pulmonary
edema

Vomiting & bloody 
diarrhea (dogs)
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from a bee or wasp sting. 

Because of  the high exposure or intra-
venous administration, the antigen is not 
localized to one tissue, but is distributed 
throughout the body and provokes wide-
spread degranulation of  mast cells. Mas-
sive degranulation of  mast cells in many 
tissues triggers systemic vasodilation with 
pooling of  blood in dilated veins, as well 
as increased vascular permeability leading 
to	fluid	loss	and	reduced	blood	volume.	
Vasodilation and hypovolemia make it 
impossible to maintain blood pressure to 
perfuse vital organs, and this hypotension 
causes anaphylactic shock.

The clinical signs of  anaphylaxis differ 
by	species,	reflecting	the	different	target	
organs of  shock. The lung is most affected 
in ruminants, swine, horses, cats, and 
humans, and clinical effects of  anaphylaxis 
in these species include dyspnea and cough 
due to pulmonary edema and bronchocon-
striction. In dogs, the liver and intestine are 
most affected, and sequelae include diar-
rhea, bloody diarrhea, vomiting, and shock 
due to visceral pooling of  blood. Other 
target organs include the skin of  the face, 
leading to facial swelling and pruritus.

There is a very old video on the course 
website that describes and shows real 
examples of  anaphylaxis. The video is a bit 

disturbing, but highly recommended: you 
need to be able to recognize anaphylaxis 
quickly and understand how to intervene, 
and this video will help to reinforce this 
knowledge. Anaphylaxis is one situation 
where medical intervention can have a very 
dramatic and life-saving effect.

Allergic dermatitis in dogs and cats is 
due to inhaled allergens (atopic dermatitis), 
food allergens (food allergy dermatitis), 
or insect bites. The major clinical sign is 
pruritus (itching) of  the face, ears, feet, and 
axilla.	Identification	of 	specific	allergens	
can be achieved using intradermal skin 
testing, where small amounts of  allergen 
extracts are injected into the dermis. Iden-
tification	of 	specific	allergens	forms	the	
basis for desensitization immunotherapy, in 
which extracts of  small amounts of  iden-
tified	allergens	are	injected	into	the	skin.	
The exact mechanism by which desensiti-
zation occurs is unclear, but it may induce 
a shift away from a Th2-IgE-allergic 
response to allergens toward a more bal-
anced immune response.

Urticaria or hives—sharply demarcated, 
3-10	mm	diameter,	flat	topped,	pruritic	
skin lesions that occur rapidly after expo-
sure to an allergen.

Allergic gastritis, enteritis, and colitis 
due to food allergens in dogs and cats (not 

to be confused with the idiopathic condi-
tion	“inflammatory	bowel	disease”).

Allergic rhinitis in dogs.

Allergic bronchitis occurs commonly in 
cats (feline asthma), and less commonly 
in dogs. Allergic reactions may be a com-
ponent in the development of  heaves, or 
recurrent airway obstruction, in horses.

Summary: key points
•	 Inflammation	is	the	active	response	of 	

tissues to injury, and occurs primarily at 
the local tissue level.

•	 Inflammation	is	usually	beneficial,	but	
may be harmful

•	 Inflammation	includes	vascular	changes	
and cellular changes

•	 The	events	of 	inflammation	are	con-
trolled by chemical mediators that are 
derived from plasma and others that are 
secreted locally by leukocytes and other 
cell types

•	 Immune mediated disease may result 
from several processes: 
-Type I hypersensitivity reactions, 
mediated by IgE-dependent mast cell 
degranulation, occur within 5-30 min-
utes of  exposure to allergens 
-Type II hypersensitivity reactions 

https://courselink.uoguelph.ca/d2l/lms/content/preview.d2l?tId=557633&ou=106739
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involve antibody binding to cell sur-
face structures, resulting in cell lysis or 
altered cell function. 
-Type III hypersensitivity reactions 
result from immune complex deposi-
tion in blood vessels of  well-vascular-
ized tissues, and are often detectable 
6-12 hours after exposure to antigen 
-Type IV hypersensitivity reactions 
are “delayed”, occurring 24-72 hours 
after exposure to antigen, and require 
recruitment and activation of  T lym-
phocytes and macrophages. 
-Autoimmunity

•	 The	6	cardinal	signs	of 	inflammation	
are	heat,	pain,	swelling,	firmness,	red-
ness, and loss of  function

•	 The	vascular	events	of 	inflammation	
include transient vasoconstriction, 
followed	by	vasodilation	and	fluid	
exudation from vessels.  These pro-
cesses cause hyperemia, congestion, 
and edema, and are responsible for the 
cardinal	signs	of 	inflammation

•	 Allergic disease involves a sensitization 
phase,	in	which	allergen-specific	IgE	is	
bound to mast cells in tissues; and an 
elicitation phase, in which exposure to 
allergen triggers mast cell degranula-
tion that results in the clinical signs of  
allergic disease.
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3: Neutrophils, eosinophils and 
immune complex-mediated disease

Contents
•	 Neutrophil and eosinophil responses in 
inflammation

•	 Immune complex-mediated disease: 
type III hypersensitivity

Learning objectives

At the end of  this unit, students will 
be able to:

1. Explain the stimuli for and gross 
appearance of  neutrophil-rich & eosin-
ophil-rich	inflammatory	responses.

2. Explain the potential outcomes of  
suppurative	inflammation	(i.e.	resolu-
tion, scarring, abscessation, and chronic 
inflammation)	and	the	determining	
factors involved (i.e. clearance of  infec-
tion,	persistent	stimuli	for	inflamma-
tion, short-lived mediators).

3. Describe the causes and pathogenesis 
of  type III hypersensitivity reactions, 
and name and describe the pathogen-
esis and clinical features of  common 

immune-complex-mediated diseases.

4. Describe the sequence of  events 
whereby a neutrophil leaves the circula-
tion, enters tissue, and migrates toward 
an	inflammatory	stimulus,	including	
adhesion to endothelium, migration, 
activation, recognition of  foreign par-
ticles, the process of  phagocytosis, 
the methods by which neutrophils 
kill pathogens, and the potential for 
enhancement of  these activities by 
immune responses.

5. Describe, at a basic level, the content 
of  neutrophil and eosinophil granules, 
the effects of  release of  these granules 
on host tissues, and the modulatory 
effects	on	the	immuno-inflammatory	
response.

6. Explain the circumstances and mecha-
nisms by which neutrophils injure tis-
sues.

7. Describe	the	major	classes	of 	inflam-
matory mediators—adhesion mol-
ecules, cytokines, chemokines, leukot-

rienes, prostaglandins, complement, 
vasoactive amines—including impor-
tant examples of  each class, their gener-
al	effects	and	role	in	inflammation,	and	
the potential for therapeutic interven-
tion	in	control	of 	inflammation.

8. Explain the role of  adhesion molecules 
in mediating adhesion of  leukocytes 
to endothelium, and the consequences 
of  heritable defects in these adhesion 
molecules.

9. Explain, at a basic level, the follow-
ing concepts relating to the biology 
of 	soluble	inflammatory	mediators:	
sources (plasma, preformed or newly 
synthesized in cells, latent in tissues), 
redundancy, pleiotropy, paracrine vs. 
endocrine effects, mediator-receptor 
interactions, and balance between 
mediators and inhibitors

Sample questions
1. Discuss the causes, timing, and gross 
appearance	of 	neutrophil-rich	inflam-



41

matory responses.

2. How can neutrophil responses be 
chronic?

3. Describe the steps by which neu-
trophils leave the blood vessels and 
migrate through tissues.

4. How do neutrophils kill bacteria?

5. What are the major opsonins and how 
do they contribute to neutrophil-medi-
ated host defence?

6. How can neutrophils impair organ 
function? Describe several clinical 
manifestations of  neutrophil-mediated 
impairment of  organ function.

7. Describe the pathogenesis and chronol-
ogy of  type III hypersensitivity reac-
tions.

8. How	do	neutrophil-dominated	inflam-
matory reactions resolve?

9. What are the general causes of  eosino-
phil-rich	inflammation?	Name	several	
specific	examples.

10. How do eosinophils kill parasites?

Neutrophil migration 
into tissues

The	vascular	events	of 	inflamma-
tion were the focus of  Module 5.1; 

recruitment of  leukocytes is the other 
important	component	of 	inflammation.	
Leukocytes are key mediators of  defence 
against infection and other insults to tis-
sues, but can also cause tissue damage and 
exacerbate disease. This section considers 
responses of  one cell type—neutrophils—
as a paradigm for responses of  the other 
cell types that will be discussed in later 
sections. 

Neutrophils	are	the	kamikazi	of 	inflamma-
tion:	the	first	leukocyte	to	enter	the	tissues	
in	many	types	of 	inflammatory	lesions,	
carrying an arsenal of  antimicrobial prod-
ucts, and never to return to the blood or 
marrow. Neutrophils respond in the acute 
phases	of 	many	inflammatory	lesions,	
including tissue trauma, foreign bodies, 

thrombosis, burns, or many other stimuli, 
but in these cases the neutrophils are only 
visible microscopically. Grossly visible, 
creamy, white exudate—pus—implies the 
presence of  bacterial infection. Immune 
complex deposition (type III hypersensi-
tivity) may induce grossly visible, cloudy, 
neutrophil-rich exudate into joint spaces 
and body cavities, but this never forms the 
creamy	pus	that	typifies	the	response	to	
pyogenic bacterial infections.

Inflammatory	processes	that	are	domi-
nated by neutrophils and tissue necrosis 
are termed suppurative. Purulent lesions 
are those in which neutrophils form pus. 

Photo: Bovine granulocytes isolated from 
blood: mostly neutrophils with 3 eosino-
phils, 1 basophil, 2 monocytes and 2 lym-
phocytes.
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Photos. Left, top: A 30 cm diameter 
abscess	filled	with	pus,	in	the	mesentery	of 	
a horse. Loops of  intestine are visible at 

the periphery. This is “bastard strangles”, 
a complication of  Streptococcus equi ssp. 
equi infection. How many neutrophils are 
needed to make this lesion, and how long 
would it take them to get there, and liq-
uefy? (Answer: lots of  neutrophils; ≥10) 
Morphologic diagnosis: mesenteric abscess, 
OR severe chronic focal suppurative/
purulent mesenteric lymphadenitis (with 
the interpretation that the lesion began in a 
mesenteric lymph node).

Left, middle: The creamy texture of  pus. 
Subcutaneous abscess, pig, probably the 
result of  a bite wound or other penetrat-
ing injury. This creamy texture is seen 
in chronic abscesses that still have many 
bacteria present. Other lesions may appear 
different: acute suppurative cellulitis is 
more watery (edema) because fewer neu-
trophils have yet been recruited, and an 
acute lesion would not be so localized. 
Conversely, the contents of  an old abscess 
may become inspissated (dried out) as the 
infection resolves and neutrophil recruit-
ment is lessened.

Left, bottom: Ventral surface of  the brain, 
pig. Pus is not apparent, but the meninges 
covering the pons is cloudy (green arrow).
Severe diffuse suppurative meningitis 
(“localized” is also correct, but we know 
the	inflammation	is	throughout	the	menin-

ges; the apparent ventral distribution sim-
ply represents gravitational pooling of  the 
exudate). The etiology is Streptococcus suis. 

Above (right): Foal, heart, Multifocal sup-
purative and necrotizing myocarditis. The 
etiology is unknown. Not all suppurative 
lesions form pus. These are homogeneous 
soft	raised	lesions	(due	to	leukocyte	infil-
tration) with red centres (due to hyperemia 
and/or hemorrhage) and white edges (due 
to	neutrophil	infiltration).
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cloudy white exudate formed by mucus 
mixed with neutrophils is described as 
catarrhal or mucopurulent. 

It is obvious that suppurative exudates 
can be acute, but neutrophil responses can 
also be chronic. For example, an abscess 
that has been present for several weeks 
is	formed	by	a	wall	of 	fibrous	tissue	sur-
rounding a central cavity of  liquefying 
neutrophils. The continued presence of  
bacteria serves as an ongoing stimulus for 
recruitment of  neutrophils to the abscess.

Neutrophils are produced in the bone mar-
row from myeloid precursors, are released 
into the blood, and have a short lifespan 
of  about 10 hours in blood. 

The	process	of 	neutrophil	infiltration	into	
tissues	takes	3-6	hours,	whereas	infiltration	
of  macrophages and lymphocytes takes 
longer—24 to 36 hours—to be recruited 
to	sites	of 	inflammation.	The	emigration	
of  neutrophils from blood into tissues is 
irreversible; once they enter tissue, neutro-
phils can never return to the blood. This 
journey is not random; rather, it is a highly 
regulated process in which marginated 
neutrophils undergo adhesion to endothe-
lium, migration across the endothelium 
and vessel wall (diapedesis), and chemotax-
is through tissues before performing their 
effector	function	at	the	site	of 	inflamma-
tion. 

Adhesion to endothelium involves three 
processes: margination, rolling adhesion, 

Photos: Lung, calf. Moderate cranio-
ventral suppurative bronchopneumonia, 
due to Mannheimia haemolytica. Suppura-
tive lesions don’t always contain pus! In 
this case, the bacteria and neutrophils are 
confined	to	the	alveoli	and	tiny	bronchi-
oles, so purulent exudate is not apparent 
on the cut surface. There is deep reddening 

of  the affected cranial and ventral areas 
of  the lung (yellow arrows), due to hyper-
emia and/or congestion. (The cut section 
also contains pale foci of  necrosis; green 
arrows) On palpation, this lung would be 
firm	because	of 	the	presence	of 	neutro-
phils	filling	alveoli.	What	effect	would	this	
have on gas exchange?

Suppurative and purulent are essentially 
synonymous, although “purulent” usually 
implies the presence of  grossly visible pus. 
On mucosal surfaces, such as the respira-
tory tract or the upper digestive tract, a 
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Below: An abscess in the soft tis-
sues outside of  the dura of  the spinal 
cord, in a “downer cow” that was 
recumbent and unable to rise. This 
lesion originated as vertebral osteo-
myelitis--inflammation	of 	bone	and	
marrow cavity--due to hematogenous 
bacterial infection, but the infection 
extended from the bone into the soft 
tissues of  the spinal canal. Although 
the bone lesion can cause pain or 
pathologic fracture, it was the extra-
dural abscess that caused paralysis in 

this case because the expanding mass 
compressed the spinal cord.

*** Read these notes in Adobe Reader. The inter-
active content (scrolls of images, questions and 
answers) will not be visible in Mac Preview. ***
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and	firm	adhesion.	In	normal	animals,	
about half  of  the blood neutrophils are 
contained	in	the	rapidly	flowing	blood,	and	
the remaining marginated pool are loosely 
adherent to the endothelium. This margin-
ated	pool	is	increased	during	inflammation,	
due	to	stasis	of 	blood	as	inflamed	venules	
dilate	and	fluid	leaks	into	the	tissue.

In addition to this passive process of  
margination,	neutrophils	adhere	to	specific	
receptors on endothelial surfaces of  small 
venules as an important step in the process 
of 	inflammation.	The	initial	event	is	roll-
ing adhesion, where neutrophils transiently 
adhere to and are released from endothelial 
cells in a repetitive manner. Rolling adhe-
sion is a result of  binding of  selectins on 
the	surface	of 	endothelials,	specifically	
P- and E-selectins, to carbohydrates on 
the neutrophil surface. Synthetic “selectin 
inhibitor drugs” are a potential strategy to 
quell	harmful	inflammatory	responses,	but	
have not yet proved to be of  any clinical 
value.

Following rolling adhesion, neutrophils 
may	either	be	released	back	into	the	flow-
ing	blood,	or	undergo	firm	adhesion	to	the	
endothelium. Firm adhesion is mediated 
by interactions between integrin adhesion 
molecules (such as the β-integrin CD18/
CD11a) on the neutrophil surface and 

intercellular adhesion molecules (ICAMs, 
members of  the immunoglobulin super-
family of  proteins) on the endothelial cells. 

Neutrophils	that	are	firmly	adherent	to	the	
endothelium are poised to slip between 
endothelial cells and migrate across the 
wall of  the venule toward the site of  
inflammation.	This	step	is	known	as	diape-
desis.

Once neutrophils have escaped from the 
blood vessels, they continue their jour-
ney through the tissues toward the site of  
inflammation.	Again,	this	is	not	a	random	
event; rather, neutrophils migrate toward 
the source of  the chemical mediators of  
inflammation.	Chemotaxis is the process 
by which neutrophils undergo directed 
migration along a chemical gradient, crawl-
ingtoward a higher concentration of  che-

Neutrophil migration in inflammation

 2. Rolling adhesion:  Selectins

 3. Firm adhesion:
Integrins on leukocytes. ICAM-1 on endothelium

4. Diapedesis

5. Chemotaxis:
IL-8, C5a, LTB4 ...

1. Inflammatory mediators
stimulate endothelial cells 
& leukocytes
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moattractant. 

Although some bacterial products attract 
neutrophils, the most important neutrophil 
chemoattractants are secreted by the ani-
mal in response to infection. These media-
tors of  neutrophil chemotaxis include 
interleukin-8 and other chemokines, C5a (a 
fragment of  complement protein C5), leu-

Photos: Calf, skin biopsies taken after 
injection of  interleukin-8. 

Left, top: 15 minutes. About 9 neutrophils 
have become adherent to the endothelium.

Left, middle: Same timepoint (15 min-
utes) with more adherent neutrophils at 
this site.

Left, bottom: 2 hours. Some neutrophils 
are adherent to the endothelium, others 
are within the vessel wall (diapedesis), and 
more have migrated into the surrounding 
dermis (chemotaxis; red arrows).

Right:	Puppy,	bronchus.	Neutrophils	infil-
trate the tissue, migrate through the epi-
thelium, and accumulate in the lumen. The 
etiology is Bordetella bronchiseptica.

kotriene B4, and platelet activating factor. 

These	chemoattractants	bind	to	specific	
receptors on the surface of  the neutro-
phil, which then extends a pseudopod or 
lamellipod in the direction of  the highest 
concentration of  the chemical. This pseu-
dopod attaches to the extracellular matrix, 
and contraction of  actin-myosin complex-
es in the neutrophil cytoskeleton drags the 
remainder of  the cell forward.

In summary, neutrophil migration from the 
blood into tissues is a carefully controlled 
process, that includes selectin-mediated 
rolling adhesion to endothelium, integrin-
mediated	firm	adhesion	to	endothelium,	
trans-endothelial migration, and directed 
migration or chemotaxis toward the 
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inflammatory	stimulus.	Once	the	army	of 	
neutrophils	reaches	the	site	of 	inflamma-
tion, it is ready to confront the invader.

Neutrophil effector 
functions: phagocyto-

sis & killing

The major roles of  neutrophils in 
acute	inflammation	are	phagocytosis	

(ingestion) and killing of  bacteria at the 
sites of  infection. Inert particles, such as 
latex beads or carbon particles, are phago-
cytosed by neutrophils without any assis-
tance. However, the ability of  neutrophils 
to ingest particles and mount an effective 
killing response is greatly enhanced by 
opsonization. Opsonization is the process 
by which soluble host factors attach to 
particles and make them more easily rec-
ognized and ingested by neutrophils and 
macrophages. For example, Mannheimia hae-
molytica, the bacterium that causes shipping 

fever pneumonia in beef  cattle, is poorly 
phagocytosed by normal bovine neutro-
phils.	However,	if 	the	bacteria	are	first	
opsonized with serum containing antibody 
to M. haemolytica, then the antibody binds 
to Fc receptors on the neutrophil surface 
and increases phagocytosis 10- to 1000-
fold. The important opsonins include:

•	 Immunoglobulin G, which binds Fcg 
receptors on the neutrophil surface. 
IgG is produced during an immune 
response to the pathogen, and is there-
fore a component of  acquired immu-
nity.

•	 Complement fragment C3b, which 
binds the C3b receptor Mac-1 
(CD11b/CD18). The complement 
system may be activated by antigen-
antibody complexes, or by components 
of  microbes themselves. Therefore, 
complement functions in both innate 
and acquired immunity.

•	 Collectin proteins in serum and in lung 
fluids,	including	mannose-binding	pro-
tein and surfactant proteins A and D, 
act as opsonins. Collectins are present 
without prior exposure to a pathogen, 
and thus function in innate immunity.

Neutrophils have receptors for comple-
ment (C3b) and the Fc portion of  anti-

Photo: Bovine neutrophils that have 
phagocytosed Staphylococcus aureus. The 
bacterial cocci within phagocytic vacuoles 
in the cytoplasm. The bacteria had been 
previously opsonized with bovine serum, 
which contained both antibodies to S. 
aureus, and complement.
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body on the cell surface. When a neutro-
phil encounters an opsonized bacterium, it 
binds the pathogen using these receptors, 
and extends an arm-like pseudopod to 
enshroud the bacterium. As the cell mem-
brane covering the pseudopodia fuse, the 
ingested particle beomces contained within 
a phagosome. Soon, this phagosome fuses 
with the neutrophil granules (similar to 
lysosomes), thus exposing the ingested 
bacteria to the toxic contents of  the granle. 
Some bacteria, such as mycobacteria, 
prevent phagosome-lysosome fusion and 
thereby hide from the immune system in 
the phagosomes of  macrophages.

Neutrophils kill phagocytosed bacteria 

by generating reactive oxygen species in 
an oxidative burst, and by releasing prod-
ucts from the neutrophil granule into the 
phagosome. 

1. Neutrophils undergo an oxidative burst 
within seconds of  exposure to a variety 
of  stimuli, including phagocytosis. The 
oxidative burst is an energy-consuming 
process that produces superoxide 
anion, hydroxyl radical, and hydrogen 
peroxide. The primary granules of  neu-
trophils contain the enzyme myeloper-
oxidase, which catalyses the reaction: 
H2O2 + Cl- → HOCl- . The latter prod-
uct is hypochlorite or bleach, which is 
extremely effective in killing bacteria 
and many other pathogens. 

2. Neutrophil granules contain a plethora 
of  antimicrobial peptides and proteins: 
defensins, BPI (bactericidal permeabil-
ity increasing) protein, and other pro-
teins form fatal pores in the membrane 
of  bacteria; lysozyme degrades the pep-
tidoglycan cell wall of  many bacteria; 
and lactoferrin binds iron and prevents 
its use by pathogens. Chemically syn-
thesized antimicrobial peptides have 
proceeded to clinical trials for treatment 
of  human bacterial meningitis, peritoni-
tis, and pneumonia; and there is much 
interest in whether genetic polymor-

phisms in antimicrobial peptides might 
be a basis for genetic improvement of  
disease resistance in livestock, as an 
alternative to mass medication with 
antibiotics for disease control.

3. Proteolytic enzymes degrade the bacte-
rial structural proteins. (and also pro-
teolytically activate the above antimicro-
bial peptides). 

In addition to the above mechanisms to 
kill phagocytosed bacteria, there is evi-
dence that neutrophils kill extracellular 
bacteria by secreting “neutrophil extracel-
lular traps” (NETs). These are nets of  
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chromatin and antimicrobial proteins that 
are released during the process of  neutro-
phil cell death, which entrap and kill bacte-

ria in the extracellular space.

In summary, after neutrophils migrate to 
the site of  bacterial infection, they are acti-
vated	by	cytokines	and	other	inflammatory	
mediators, and ingest bacteria that have 
been opsonized by antibody, complement, 
or collectins. Phagocytosed bacteria are 
killed by oxygen-dependent mechanisms, 
particularly by the formation of  hypochlo-
rite, and by the bactericidal proteins and 
proteolytic enzymes contained in neutro-
phil granules. 

Neutrophil-mediated 
tissue injury

The ability of  neutrophils to phago-
cytose and kill bacteria is well rec-

ognized. However, neutrophils are also 
capable of  causing injury to animal tissues. 
This is most apparent in immune-mediated 
suppurative	inflammation,	in	which	the	
offending antigen does not by itself  cause 
harm to the animal, but the neutrophil 
inflammatory	response	damages	tissues	
and is responsible for clinical signs. For 
example, in dogs with immune-mediated 
suppurative polyarthritis, otherwise harm-
less antigens incite an aberrant immune 
response (autoimmune diseases are 
described in more detail in Module 5.4). 

As	a	result,	neutrophils	infiltrate	the	joint	
tissue and result in clinical signs of  lame-
ness and swollen joints due to the suppu-
rative exudate in the joint cavity. In these 
dogs, clinical signs resolve if  the immuno-
inflammatory	response	can	be	subdued	by	
treatment with corticosteroids, cyclophos-
phamide, or azathioprine.

Compared to immune-mediated diseases, 
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where	there	is	no	apparent	benefit	but	
much apparent harm associated with the 
neutrophil response, the situation is more 
complex in bacterial infections. In these 
cases, there must be a balance between 
neutrophil-mediated killing of  bacteria 
and neutrophil-mediated injury to tissues. 
Neutrophil	responses	are	usually	beneficial	
to the animal—we constantly experience 
minor attacks from opportunistic patho-
gens but rarely develop disease. However, 
situations	in	which	the	neutrophil	inflam-
matory response becomes harmful include:

•	 Infections in anatomic locations where 
the mere presence of  neutrophils inter-
feres with function. Pus in the anterior 
chamber of  the eye—hypopyon—is 
a barrier to vision. Neutrophils in the 
alveoli of  the lung interfere with ven-
tilation and gas exchange. In these 
instances, the body must respond to 
clear the infection, but this necessary 
inflammatory	response	may	cause	an	
unavoidable loss of  organ function.

•	 Overwhelming infections, in which 
neutrophils have no hope of  clearing 
the infection, but injure tissues in the 
attempt. Severe pneumonia, mastitis, 
peritonitis and metritis are examples.

•	 Infection with pathogens that are 
resistant to attack by neutrophils. 

Mannheimia haemolytica, Actinobacil-
lus pleuropneumoniae, and several other 
bacterial pathogens secrete toxins that 
cause lysis of  neutrophils. In these 
infections, activated neutrophils release 
their tissue-damaging contents, but are 
themselves so injured that they cannot 
kill the bacteria.

In these situations, treatment with anti-
inflammatory	drugs	in	addition	to	antibiot-
ics	may	be	justifiable	to	concurrently	con-
trol the bacterial infection and limit tissue 
injury	by	the	inflammatory	response.	

How do neutrophils injure tissues? 

1. The physical presence of  neutrophils in 
vital anatomic sites such as the anterior 
chamber of  the eye, alveoli of  the lung, 
or in the brain can be a serious impedi-
ment to normal tissue function.

2. Release of  neutrophil granules causes 
tissue degradation. Neutrophils can be 
thought of  as sloppy eaters, because 
they release small amounts of  their pri-
mary granules to the exterior during the 
process of  phagocytosis, and actively 
secrete their secondary granules when 
activated. As mentioned previously, 
these granule contents include proteo-
lytic enzymes such as elastase and other 

serine proteases, collagenase and other 
matrix metalloproteinases. Of  course, 
not all neutrophil degranulation results 
in degradation of  the tissue matrix 
proteins, because tissues are normally 
protected from proteolysis by the pres-
ence of  serine protease inhibitors (eg. 
α1-antitrypsin, α2-macroglobulin) and 
tissue inhibitors of  metalloproteinases 
(TIMPs). However, these protease 
inhibitors may be overwhelmed in some 
circumstances or their function reduced 
in	others.	For	example,	genetic	deficien-
cy of  α1-antitrypsin or inactivation of  
this protein by the oxidants in cigarette 
smoke are well-recognized contributors 
to tissue destruction in the lungs of  
people with emphysema.

3. Activated neutrophils release oxygen 
radicals, including hydrogen peroxide, 
superoxide anion and hypochloric acid, 
and these can induce oxidative injury 
to tissues. Again, the body is normally 
defended against oxidants by glutathi-
one, vitamin E, glutathione peroxidase, 
and other factors, but this antioxidant 
activity may be reduced, for example by 
nutritional	deficiency	of 	vitamin	E	or	
selenium.

4. Neutrophil activation promotes throm-
bosis. Activated bovine neutrophils 
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release tissue factor which activates the 
extrinsic pathway of  coagulation. Secre-
tion	by	neutrophils	of 	proinflammatory	
cytokines such as IL-1 and TNF may 
influence	the	balance	of 	endothelial	
cell activity in favour of  a procoagu-
lant state. Thus, neutrophils are able to 
secrete a variety of  mediators that pro-
mote thrombosis, but the relative con-
tribution of  neutrophils to this process 
is unknown. 

In summary, large numbers of  neutro-
phils take up functional space, and their 

secretions can degrade tissue matrix, cause 
oxidative injury to cells, and promote 
coagulation. Although tissues are nor-
mally protected against injury from acti-
vated neutrophils, these defences may be 
impaired in certain circumstances or over-
whelmed by a severe suppurative response.

Consequences and 
outcomes of  suppura-

tive inflammation

In most cases, neutrophil responses in 
tissues	are	beneficial.	When	the	neutro-

phils have removed the offending agent, 
the	stimulus	for	inflammation	is	no	longer	
present,	and	the	inflammatory	response	
subsides. In some cases, if  the battle was 
intense	and	there	was	abundant	fibrin	exu-
dation or neutrophil-mediated tissue injury, 
a fibrous	scar may remain to mark the site. 
The	process	of 	fibroplasia	in	response	
to	inflammation	is	considered	in	detail	in	
Module 5.5.

In other cases, the pathogen cannot be 
eliminated, but is contained within an 
abscess. An abscess is a localized mass of  
liquefying neutrophil-rich pus surrounded 
by	a	fibrous	capsule,	and	is	usually	caused	
by chronic infection with “pyogenic” 
bacteria such as Staphylococcus sp., Strepto-
coccus sp., or Arcanobacterium (Trueperella) 
pyogenes. Abscesses may gradually resolve 
if  the infectious agent can be conquered, 
or	superficial	abscesses	may	erupt	to	drain	
their contents to the exterior—a messy 

Photos: Cat, liver. 

Left: H&E: Bacterial infection ascending 
the	bile	ducts	has	caused	inflammation	of 	
the cholangioles and adjacent hepatic tissue 
(cholangiohepatitis). The lower right of  the 
photo contains numerous neutrophils amid 

many shrunken hypereosinophilic hepato-
cytes. Right: Brown immunohistochemical 
labelling for 4-hydroxynonal, a marker of  
oxidative injury, suggests that neutrophil-
mediated oxidative damage is the cause of  
this hepatocellular necrosis.
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but effective way of  curing the infec-
tion. Abscesses may remain stable for 
prolonged periods of  time, and either 
cause no harm to the animal, or physically 
impinge on vital structures to cause clinical 
disease. For example, limb abscesses may 
interfere with locomotion, intra-cranial 
abscesses may compress the brain and 
cause coma, and intra-abdominal abscesses 
may cause intestinal obstruction and colic. 
Occasionally, if  the causative agent per-
sists, abscesses may continue to grow and 
either erode blood vessels to cause fatal 
hemorrhage, or rupture and release mas-
sive numbers of  bacteria into tissues or 
body cavities. 

Lesions may change over time. Persis-
tent bacterial infections often result in 
chronic	suppurative	inflammation,	with	
development of  fibrosis as the lesion ages. 
Responses to persistent viral infections (as 
in feline infectious peritonitis) or persistent 
self  antigens (as in autoimmune diseases) 
are initially dominated by neutrophils, but 
shift to lymphocytes and/or macrophages 
as the lesion matures. Finally, ongoing 
physical trauma, such as joint instability 
leading to arthritis, or self-scratching in a 
dog with chronic skin disease, may prog-
ress from an acute neutrophil response to 
chronic	inflammation	with	lymphocytes,	

plasma cells, and macrophages, and lead 
to	fibrosis	of 	the	affected	tissue.	So,	the	
appearance	of 	the	inflammatory	lesion	
evolves over time, with increasing numbers 
of  lymphocytes, plasma cells and macro-
phages in chronic lesions, but neutrophil 
recruitment continues if  the stimulus 
persists. 

Immune complex  
disease: Type III  
hypersensitivity

In type III reactions, complexes of  
antigen and antibody are formed in the 

circulation, deposit in the walls of  blood 
vessels,	and	incite	an	inflammatory	reac-
tion. Immune complexes—aggregates of  
antigen and antibody—are formed during 
many immune responses, but usually are 
rapidly cleared. Small-sized complexes, 
formed in conditions of  a slight excess 
of  antigen over antibody, are less readily 
cleared by phagocytes and more likely to 
be deposited in blood vessel walls. Circum-
stances which allow excessive or ongoing 
formation of  immune complexes include:

•	 Persistent infections, such as feline 
infectious peritonitis (FIP) caused by 
a coronavirus. The humoral immune 

response to FIP virus binds the virus 
but does not prevent infection. As a 
result, immune complexes continue to 
be formed.

•	 Drug reaction. Some drugs cause idio-
syncratic reactions by acting as haptens 
(small molecules which alter the con-
formation of  host proteins), and incite 
an immune response to the altered 
host protein. Immune-mediated drug 
reactions are less common in domestic 
animals than humans, but penicillin, 
trimethoprim-sulfa, erythromycin, and 
lincomycin reactions occasionally occur.

•	 Administration of  foreign proteins. 
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Serum sickness is a rare complication 
of  administration of  foreign proteins, 
such as tetanus antiserum in horses. 
Antibodies are generated against the 
foreign proteins in the serum, and 
cause disease that persists until the 
offending serum proteins are cleared 
from the body.

•	 Neoplasia. Immune responses may be 
generated against the abnormal anti-
gens expressed by neoplastic cells, stim-
ulating ongoing formation of  immune 
complexes.

•	 Abnormal regulation of  the immune 
response, that generates immune 
responses against self  proteins. Auto-
immunity is discussed is module 5.4.

Circulating immune complexes cause 
disease when they are deposited in the 
walls of  blood vessels of  richly vascular-
ized tissues: renal glomeruli, synovium, 
skin, and uvea (the vascular layer of  the 
eye—iris, ciliary body, and choroid) are 
the most commonly recognized sites of  
immune complex-mediated disease. Depo-
sition of  immune complexes in vessel walls 
kindles	an	inflammatory	response	in	two	
ways: by triggering the classical pathway 
of  complement activation, or by activat-
ing neutrophils and macrophages through 
their Fc receptors for antibody. Thus, 

immune complex deposition in vessel walls 
causes vascular permeability, neutrophil 
infiltration	and	activation,	and	damage	to	
the vessel wall from the neutrophil-derived 
proteinases discussed above. 

Immune complexes in vessel walls can be 
detected using immunohistochemistry or 
immunofluorescence,	in	which	antibody	
or	complement	is	detected	using	specific	
labelled antibody; or using electron micros-
copy, where immune complexes appear 
as electron dense deposits adjacent to the 
basement membrane. 

Vasculitis—inflammation	targeting blood 
vessels—is the hallmark of  immune 
complex diseases. In the acute stages of  
disease, neutrophils cluster within the 
blood	vessel	wall,	reflecting	the	fact	that	
the blood vessel itself  is the target of  the 
inflammatory	stimulus.	Evidence	of 	injury	
to the vessel wall is apparent, including 
the presence of  karyorrhectic or pyknotic 
nuclei, and leakage of  plasma proteins 
(called	“fibrinoid”	or	fibrin-like	material,	
and	the	process	may	be	referred	to	as	fibri-
noid necrosis) into the vessel wall.

The clinical signs of  immune complex-
mediated injury to blood vessels depends 
on	the	site	of 	damage.	Inflammation	of 	
the synovium appears as stiffness, lame-
ness and swollen joints. Glomerulonephri-

tis	(inflammation	of 	the	renal	glomeruli)	
manifests as edema and hypoproteinemia 
due to loss of  serum albumin from the 
leaky,	inflamed	glomeruli.	Lesions	affecting	
dermal vessels may cause petechial hemor-
rhages in the skin, or infarction of  skin at 
the peripheries (ear tips, paw pads). 

The previous discussion focused on depo-
sition of  circulating immune complexes. 
Immune complexes may also form locally 
following injection of  antigen into the 
skin, in a process called the Arthus reac-
tion. The injected antigen diffuses into the 
wall of  blood vessels in the skin, where 
they encounter antibodies from the plas-
ma, and immune complexes form in the 
vessel wall. This process is uncommonly 
seen following rabies vaccination of  small 
dogs, where localized vasculitis results in 
ischemic damage to hair follicles, and a 
permanent patch of  hair loss at the site of  
vaccination.
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Above: Glomerulonephritis, presumed to 
have resulted from deposition of  immune 
complexes. Histologic section of  the kid-
ney from a dog with chronic protein-losing 
nephropathy causing hypoproteinemia. 
The glomerulus contains an excess of  
eosinophilic matrix that uniformly thickens 
the basement membrane. This is thought 
to represent deposits of  immune complex-
es, within the basement membrane of  the 
glomerulus.

Above: Feline infectious peritonitis, wet 
form.	Abundant	exudate	fills	the	abdomen.	
The exudate is so protein-rich that it forms 
a gelatinous clot in the abdomen. The 
high	protein	content	reflects	protein	loss	
from plasma, due to increased permeabil-
ity	of 	the	inflammed	vessels.	In	the	lower	
photo, the granular appearance represents 
pyogranulomatous	inflammation,	due	to	
chronic virus infection of  macrophages.

Above: My dog, who developed this focal 
lesion of  hair loss and cutaneous necro-
sis at an injection site. Most hairs did not 
regrow, and those that did are white. I pre-
sume this is a localized immune complex 
reaction to the drug, with vascular damage 
leading to focal cutaneous infarction.
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Eosinophil responses 
in inflammation

Causes and mechanisms of  eosinophilic 
inflammation

Eosinophil granules lend glamour 
and	sparkle	to	the	lesions	of 	inflam-

mation, yet the exact role of  these enig-
matic cells remains poorly understood. 
Eosinophils	are	the	major	tissue-infiltrating	
leukocyte in two types of  disease: allergy 
and parasitism. In a one-time exposure 
of  a sensitized individual to an allergen, 
the immediate reaction may be followed 
by a late phase reaction in which mast 
cells release eosinophil chemotactic fac-
tors,	stimulating	infiltration	of 	eosinophils	
and lymphocytes to the site of  allergen 
exposure. Conversely, in chronic allergic 
disease, lymphocytes are thought to stimu-
late release of  eosinophil chemoattractants 
from a variety of  other cells.

Eosinophils are often numerous when 
metazoan parasites—worms, including 
the helminths, cestodes, and trematodes—
migrate through tissue, and these cells play 
a role in defence against these parasites. 
Finally, eosinophils can occasionally be the 
dominant leukocyte in a wide variety of  
other disease conditions, and the mecha-

nisms	and	significance	of 	their	occurence	
in these diseases is poorly understood. 
Don’t worry about the details of  this, but 
recognize that allergy and parasitism are 
the well-recognized stimuli for eosinophilic 
inflammation,	yet	eosinophils	are	occasion-
ally numerous in other diseases.

Eosinophil	infiltration	in	allergic	and	
parasitic disease follows the same general 
mechanisms described for neutrophils. 
Eosinophils adhere to endothelium in a 
two-step process involving selectin-mediat-
ed rolling adhesion and integrin-mediated 
firm	adhesion.	The adhesion molecules 
that mediate adhesion of  eosinophils to 
endothelium are related to but distinct 
from those that mediate neutrophil adhe-
sion. For example, the integrin VLA-4 is 
expressed on eosinophils and lymphocytes 
and binds to VCAM-1 on endothelial cells, 
whereas	firm	adhesion	of 	neutrophils	
depends on interactions between LFA-1 
and ICAM-1 or ICAM-2. 

Eosinophils migrate through tissues in a 
similar manner to neutrophils, although 
the	specific	chemotactic	stimuli	differ.	
Many chemoattractants, including C5a, 
platelet activating factor, and leukotriene 
B4, attract both neutrophils and eosino-
phils; however, a few eosinophil-specific	
chemoattractants	have	been	identified	

Above:	Patchy	yellow-tan	infiltrates	of 	
eosinophilic myocarditis in a cow, an 
inflammatory	reaction	to	Sarcocystis	sp.	
Not all eosinophil-rich lesions are green.

Below: Eosinophils permeate the nasal 
mucosa in a dog with allergic rhinitis.
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and include the chemokines eotaxin and 
RANTES. Interleukin-5 is key regula-
tor of  eosinophil responses: it has some 
chemotactic activity, but also increases 
eosinophil production by the bone marrow 
and induces endothelial cells to express 
VCAM-1, an eosinophil-selective adhesion 
molecule. 

Function and effects of  eosinophils in 
inflammation	and	disease	

Eosinophil	infiltration	of 	tissues	is	often	
not apparent grossly. However, in some 
parasitic diseases, green discoloration may 
be apparent in tissues affected by severe 
eosinophilic	inflammation.	Recall	that	the	
red appearance of  eosinophil granules 
is merely a result of  the basic pH of  the 
granules,	resulting	in	an	affinity	for	acidic	
dyes such as eosin—eosinophils granules 
are really green, not red! 

What do these cells do, and what is their 
role	in	inflammation?	Eosinophils	kill	
parasites, and this might be their evolution-
arily important role. Eosinophils respond 
to many parasitic infections, and recognize 
antibody- or complement-coated para-
sites using their cell surface Fcg and C3b 
receptors. After binding to the parasite, 
eosinophils release their toxic contents in 
the direction of  the invader. Two eosino-
phil granule proteins—major basic protein 

and eosinophil cationic protein—are highly 
damaging to the cell membranes of  hel-
minth parasites. Activated eosinophils arge 
amounts of  superoxide anion and hydro-
gen peroxide, and eosinophil peroxidase 
functions similarly to myeloperoxidase in 
neutrophils to catalyze the reaction “hydro-
gen peroxide + halide ions → hypohalous 
acid”. Thus, eosinophils migrate to sites of  
parasitic infection, and kill parasites in tis-
sues by damaging their cell membranes and 
inducing oxidative injury.

Mammalian cells are not so different to 
those of  parasites, and these same reac-
tions are equally capable of  damaging 
animal tissues. This is most apparent in 
allergic diseases, in which the allergen that 
stimulates	the	inflammatory	response	is	
not in itself  harmful to the animal, but 
the	inflammatory	response	to	the	allergen	
results in clinical disease. For example, 
damage to bronchial epithelium by eosino-
phil products (major basic protein, eosino-
phil cationic protein, and oxygen radicals) 
is well described in human asthma, and 
probably also occurs in asthmatic cats. 
Similarly, cats with allergic eosinophil-
rich skin disease often have degeneration 
of  collagen in the dermis, possibly due 
to release of  collagenase from activated 
eosinophils. It is likely that eosinophil 

secretions or eosinophil-mediated tissue 
damage contribute to the itchiness that 
dominates the clinical signs in affected cats. 
Eosinophils are a source of  the cysteinyl-
containing leukotriene C4, which causes 
vasoconstriction and edema in many tis-
sues, and pronounced bronchoconstriction 
in the lung of  human asthmatics and pos-
sibly asthmatic cats. Thus, their pretty pink 
granules belie the fact that eosinophils are 
nasty cells capable of  much tissue damage.

If  eosinophil-mediated tissue injury con-
tributes to clinical signs of  allergic disease, 
is it possible to suppress these eosinophil 
responses? Corticosteroids are widely used 



58

to treat allergic diseases, and their effects 
are numerous: suppression of  lymphocyte 
function, reduced leukocyte migration, 
and blocking of  leukocyte effector func-
tions. Corticosteroids inhibit eosinophil 
adhesion to endothelium, chemotaxis, and 
activation in response to stimuli. Steroid-
treated eosinophils produce less superox-
ide anion, and have impaired secretion of  
platelet activating factor and leukotrienes 
compared to normal eosinophils. So, one 
reason	that	anti-inflammatory	doses	of 	
corticosteroids are useful in treatment of  
allergic disease is their ability to quell the 
tissue-damaging eosinophil responses that 
develop in type I hypersensitivity reactions.

Summary: key points
•	 Suppurative, purulent, mucopurulent 

and catarrhal are terms that describe 
inflammation	dominated	by	neutrophils	
and/or mucus

•	 Neutrophils leave the blood and enter 
tissues rapidly in response to chemoat-
tractants, but chronic suppurative 
inflammation	may	also	occur	if 	the	
stimulus is persistent

•	 Lesions with grossly visible purulent 
exudate are usually caused by bacterial 
infection,	but	neutrophil	inflammatory	
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responses are also induced by tissue 
trauma, foreign material, immune com-
plex deposition, thrombosis, etc.

•	 The	outcomes	of 	suppurative	inflam-
mation include resolution, abscess 
formation, chronic ongoing suppurative 
inflammation,	and	scarring.

•	 The steps by which neutrophils leave 
the blood and enter tissues include: 
-rolling adhesion to endothelium medi-
ated by selectins, 
-firm	adhesion	to	endothelium	medi-
ated by integrins and intercellular adhe-
sion molecules, and 
-chemotaxis mediated by chemokines, 
complement fragments, leukotriene B4, 
or platelet activating factor.

•	 Neutrophils phagocytose bacteria, 
particularly when they are opsonized by 
immunoglobulin, C3b, or other opso-
nins.  

•	 Ingested bacteria are killed using pro-
teolytic enzymes, bactericidal proteins 
in neutrophil granules, and oxygen radi-
cals such as hypohalous acid.

•	 The	benefits	of 	neutrophil	responses	
in	inflammation	include	killing	of 	
pathogens, debridement of  tissues, 
and	augmentation	of 	the	inflammatory	
response

•	 Neutrophils may also cause harm, by 
acting as a space-occupying lesion, by 
inducing proteolytic or oxidative injury 
to host tissues, or by triggering throm-
bosis and scarring of  tissues.

•	 Immune complexes are formed in 
response to persistent antigenic stimuli, 
such as feline infectious peritonitis 
virus, neoplasia, immune-mediated drug 
reactions, or autoimmune reactions. 
The	antigenic	stimulus	is	not	identified	
in most cases.

•	 Immune complexes—aggregates of  
antigen and antibody—deposit in the 
wall of  blood vessels and incite a neu-
trophil	inflammatory	response.		This	
form of  immune mediated disease is 
called type III hypersensitivity.

•	 Immune complex disease causes vas-
culitis, and is most apparent in well-
vascularized tissues such as synovium, 
glomeruli, and skin.

•	 Allergy (type I hypersensitivity) and 
parasitism are the major stimuli for 
eosinophilic	inflammation

•	 Eosinophils adhere to endothelium and 
migrate through tissues using similar 
mechanisms as for neutrophils, but the 
specific	mediators	differ.

•	 Eosinophils kill parasites by synthesis 
of  oxygen radicals and by secretion 
of  basic proteins from their granules.  
These same factors may also induce tis-
sue injury.

*** Read these notes in Adobe Read-
er. The interactive content (scrolls of 
images, questions and answers) will 
not be visible in Mac Preview. ***
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4: Macrophages, lymphocytes and 
delayed type hypersensitivity

Contents
•	 Macrophage and lymphocyte responses

•	 Delayed type hypersensitivity respons-
es: type IV hypersensitivity

Learning objectives 
At the end of  this unit, students will be 
able to:

1. Give a morphologic diagnosis that clas-
sifies	inflammatory	processes,	based	on	
the type of  exudate, duration, distribu-
tion, tissue involved and severity; antici-
pate and list the general causes for each 
type of  exudates; and describe their 
gross appearance.

2. Define	the	terms	granulomatous	
inflammation	and	granuloma,	and	
explain the causes of  each.

3. Describe how macrophages recognize 
foreign particles, the process of  phago-
cytosis, and the methods by which 
macrophages kill pathogens.

4. Describe the central role of  the mac-

rophage	in	the	regulation	of 	inflamma-
tory, immune, and repair processes.

5. Describe the appearance of  lymphocyt-
ic	infiltrates	in	tissues	and	exudates	in	
body	cavities,	and	interpret	the	signifi-
cance of  biopsy and cytology reports 
of 	lymphoplasmacytic	inflammation.

6. Describe the causes and explain the 
pathogenesis of  delayed type hypersen-
sitivity reactions.

7. Describe and explain the sequelae to 
chronic	inflammation,	including	the	cel-
lular and matrix (stromal) changes, the 
mediators involved at a basic level, the 
clinical importance, and the opportuni-
ties for therapeutic intervention.

Sample questions
1. Describe the gross and histologic 
appearance	of 	granulomatous	inflam-
mation.

2. Define	the	term	granuloma,	and	dif-
ferentiate between granuloma, granulo-
matous	inflammation,	and	granulation	

tissue.

3. What are the general causes of  granu-
lomatous	inflammation,	and	what	do	
these causes have in common? 

4. List	several	specific	causes	of 	granu-
lomatous	inflammation	in	dogs	and	in	
cattle.

5. Discuss the function of  macrophages 
in	initiating	and	resolving	inflammatory	
responses, killing bacteria and fungi, 
initiating and modulating immune 
responses, removing tissue debris, and 
stimulating tissue repair and regenera-
tion.

6. Describe the pathogenesis and chronol-
ogy of  delayed type hypersensitivity 
reactions.

7. Describe the pathogenesis of  the fol-
lowing diseases/responses: blastomy-
cosis, Johne’s disease, atopic dermatitis, 
contact hypersensitivity, and tuberculin 
reaction.

8. What	are	the	beneficial	and	harmful	
effects	of 	lymphoplasmacytic	inflam-
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mation in response to viral and proto-
zoal infections?

Granulomatous 
inflammation

Granulomatous refers to a type of  
chronic	inflammation	which	is	

dominated by activated (epithelioid) mac-
rophages, and accompanied by lower num-
bers of  lymphocytes. A key point is that 
the macrophages have been activated to 
form epithelioid cells or giant cells. Epithe-
lioid cells are activated macrophages which 
contain abundant cytoplasm and cling 
together; although they are macrophages, 
their appearance is reminiscent of  epithe-
lial cells. Giant cells are large macrophages 
which contain multiple nuclei—often 5 to 
20, but occasionally up to a hundred. A 
discrete	nodule	of 	granulomatous	inflam-
mation is called a granuloma.	More	specifi-
cally, granulomas are focal aggregates of  
macrophages, with or without giant cells, 
that are surrounded by a rim of  lympho-
cytes	and	frequently	fibrous	tissue.	

Lower numbers of  macrophages are often 
present	in	other	types	of 	inflammation.	
For example, neutrophils quickly invade 
the site of  bacterial infection, but macro-
phages join the neutrophils by 12-24 hours 

after the time of  infection. Why does it 
take so long? Monocytes chemotaxis is 
more plodding than the fast-footed neu-
trophils. Further, once the leave the blood 
and enter tissues, monocytes need to dif-
ferentiate into macrophages to attain full 
functional capacity. These lesions, in which 
low numbers of  macrophages accompany 
a mainly suppurative response, are NOT 
considered granulomatous. 

Granulomatous	inflammation	may	not	
be grossly visible, or it may cause diffuse 
thickening and pallor of  the affected tis-
sue. For example, the intestinal mucosa of  
a cow with Johne’s (“yoh-knees”) disease, 
caused by Mycobacterium avium ssp. paratu-
berculosis, is pale pink-tan and diffusely 
thickened and corrugated. 

In contrast to the usually diffuse distribu-
tion	of 	granulomatous	inflammation,	gran-
ulomas	are	by	definition	focal.	Granulomas	
form raised, white-tan, 2 mm to 10 cm 
diameter soft nodules. The cut surface of  a 
granuloma reveals white soft tissue which 
does not liquefy. This appearance contrasts 
with the creamy liquid centre of  a typical 
abscess, or the laminated friable inspis-
sated material in the centre of  a resolving 
abscess. Note that granulation tissue (see 
Module	5.5)	represents	immature	fibrosis	
and neovascularization in healing tissues, 

and has nothing to do with granuloma-
tous	inflammation.	Confusing the terms 
granulomatous and granulation tissue is a 
common error—don’t fall into this trap!

Above: Cow, Johne’s disease. 

Mycobacterial infection 
↓ 

Diffuse	granulomatous	inflammation 
↓ 

Uniform thickening of  the small  
    intestinal mucosa
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Below left: Cat, hepatic mycobacterial 
infection with innumerable granulomas. 
Click image to scroll the photos.	At	low	magnifica-
tion, the lesion is multifocal and affects 
∼20% of  the hepatic tissue. The effect of  
this chronic smouldering lesion on hepatic 
function depends mainly on the percentage 
of 	liver	tissue	affected.	At	higher	magnifi-
cation, the lesions form discrete granulo-
mas formed by epithelioid macrophages, 
a few neutrophils, and lymphocytes (with 
darker nuclei) at the periphery. Only 2 acid 
fast bacteria were observed, these were 
identified	as	Mycobacterim sp. by PCR.

Below, right: Liver from a young min-
iature Schnauzer dog with vague clinical 
signs of  lethargy and intermittent fever. 
Click the image to scroll through the photos.

H&E stain: The pale cells in the areas 
marked ‘H’ are hepatocytes. The blue-
violet cells in the areas marked ‘M’ are 
macrophages that cluster around portal 
areas and extend into the hepatic paren-
chyma. 

ZN acid fast stain: the large macrophages 
are seething with innumerable cytoplas-
mic magenta-staining acid-fast bacteria. 
Compare the few lymphocytes and many 
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Granulomatous	inflammation:	 
causes and pathogenesis

There are four major causes of  granuloma-
tous	inflammation:	foreign	bodies,	myco-

bacteria, fungi, and delayed type hypersen-
sitivity reactions. Note that all of  these are 
persistent stimuli: foreign bodies degrade 
slowly over time, mycobacteria survive 

within macrophages for prolonged periods, 
many fungal infections are chronic, and 
there is ongoing exposure to the antigens 
that cause delayed type hypersensitivity 

Above:	Dog,	incidental	finding	in	the	lung.	Click the image to scroll the 
photos. Bronchioles are indicated by ‘B’. The tissue around each 
bronchiole	contains	macrophages,	fibrosis,	and	crystalline	mate-
rial	that	X-ray	emission	spectroscopy	identified	as	barium.	The	
findings	imply	that	the	dog	had	aspirated	barium	used	for	contrast	
radiography, although the history indicated that this had to have 
occurred at least 4 years prior to death. Chronic granulomatous 
pneumonia, with a capital ‘C’! Note the paucity of  lymphocytes: 
this granulomatous reaction to foreign material differs from the 
T-cell-driven granulomatous reactions to infectious agents.

Above: Dog, diffuse granulomatous colitis due to the fungal 
pathogen Histoplasma capsulatum. Click the image to scroll the photos. 

At	low	magnification,	the	mucosa	of 	the	colon	is	diffusely	infil-
trated and expanded by many macrophages. The colonic crypts 
should be densely packed, but are separated in this case by the his-
tiocytic	infiltrate.	Higher	magnification	shows	the	macrophages,	
nicely, as well as their abundant eosinophilic cytoplasm that is 
completely stuffed with tiny yeast cells. Each yeast cell appears as 
a tiny dark dot surrounded by a pale capsule, and it is this capsule 
that gives the fungus its species name capsulatum.
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reactions. Some common causes of  granu-
lomatous	inflammation	in	animals	include	
foreign bodies in all species, vaccine site 
reactions, the fungal pathogens Blastomyces 
dermatitidis in dogs and Cryptococcus neofor-
mans in cats, feline infectious peritonitis 
virus that infects and stimulates macro-
phages, mycobacteria such as Mycobacterium 
avium ssp. paratuberculosis causing Johne’s 
disease in cows; and idiopathic immune 
reactions causing nodular granulomatous 
dermatitis in dogs.

Foreign bodies are relatively inert, insolu-
ble particles such as plant material, suture, 
hairs implanted into the dermis from rup-
tured follicles (furunculosis), or inorganic 
compounds like stone dust in a wound or 
the aspirated barium mentioned above. If  
the foreign material contains bacteria, then 
the response is more likely to be suppura-
tive, whereas sterile foreign bodies elicit 
granulomatous	inflammation.

Apart from foreign body reactions, other 
granulomas represent a cell-mediated 
immune response. Macrophages respond-
ing to fungi, mycobacteria, or some pro-

tozoal agents secrete interleukin-12. This 
cytokine encourages T lymphocytes and 
natural killer cells to secrete interferon-g, 
which in turn activates macrophages to 
form epithelioid cells and giant cells. Acti-
vated macrophages have more lysosomal 
enzymes, produce more oxygen radicals 
during an oxidative burst, and are better 
able to phagocytose and kill pathogens. 
They are “angry macrophages”, and you’d 
better hope they’re on your side! 

This is a usually T-helper 1 (Th1) response, 
and tends to inhibit the opposite T-helper 
2 (Th2) response, which promotes IL-4, 
IL-5, and IL-10 secretion. Th2 responses 
are characteristic of  IgE-mediated aller-
gic disease. This paradigm of  Th1 and 
Th2 responses is certainly an over-sim-
plification,	as	most	immune	responses	
fall between these two extremes and 
involve more complex mixtures of  cyto-
kines. (In fact, Th2-dominated eosinophilic and 
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granulomatous diseases do exist) Nonetheless, 
the paradigm is useful in understand-
ing	the	pathogenesis	of 	some	specific	
immuno-inflammatory	responses,	such	
as	granulomatous	inflammation,	delayed	
hypersensitivity responses, and immediate 
hypersensitivity /allergic responses. Macro-
phages and dendritic cells are central to the 
regulation of  Th1 vs. Th2 cell differentia-
tion: IL-12, which is produced by macro-
phages that have ingested mycobacteria or 
fungi, drives Th1 cell differentiation; and 
Th1 cells produce IFN-g which activates 
macrophages to become better killers of  
these pathogens. IL-10 is produced by Th2 
cells, in addition to IL-4, and IL-10 sup-
presses macrophage activation.

Granulomatous	inflammation:	significance

Granulomatous	inflammation	is	not	com-
mon, but the limited number of  causes 
gives	it	diagnostic	specificity:	if 	granulo-
matous	inflammation	is	observed,	then	
foreign bodies, fungal or mycobacterial 
infection, or delayed type hypersensitiv-
ity responses must be considered as likely 
causes. Thus, identifying granulomatous 
inflammation	is	significant	because	of 	its	
diagnostic value.

Granulomatous	inflammation	is	significant	
to the animal mainly by physically impair-
ing	organ	function.	The	infiltrating	macro-
phages take up space in an organ, or dis-
place the resident cells, and interfere with 
organ function by their physical presence. 
Granulomas may impinge on or compress 
vital structures. This is well recognized in 
human tuberculosis, where granulomas in 
the lung compress airways to cause chronic 
cough. Granulomas erode into blood ves-
sels, which in cases of  tuberculosis causes 
massive blood loss or release of  mycobac-
teria into the blood. Finally, products (such 
as cytokines) secreted by macrophages 
cause alterations in tissue function. Thus, 
the diarrhea in cows with Johne’s disease 
is caused not only by malabsorption—due 
to the physical barrier of  macrophages 
between intestinal epithelium and muco-

sal blood vessels—but also the increased 
leakage	of 	fluid	from	the	mucosa	into	the	
lumen	due	to	the	leaky	vessels	of 	inflam-
mation.
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Role of  macrophages 
in host defence

Histiocytes or histiocytic cells are 
a related group of  cell types, and 

include macrrophages, monocytes and 
dendritic cells. Monocytes circulate in the 
blood, and change their name when they 
leave the blood and enter into tissues. 
Macrophages (literally “big eaters”) are 
phagocytic cells in tissue. Macrophages are 
derived not only from blood monocytes, 
but also from self-replicating populations 
within the tissue. These specialized resi-
dent tissue macrophages include pulmo-
nary alveolar macrophages, Kupffer cells in 
liver, splenic sinusoidal macrophages, and 

microglial cells in the brain. Dendritic cells 
are a related cell type, but are considered 
separate from macrophages. Dendritic cells 
are more specialized for antigen presenta-
tion, and are only weakly phagocytic. Thus, 
although macrophages, dendritic cells, and 
blood monocytes are derived from com-
mon precursors, the functional activities 
of  these three types of  histiocytic cells are 
quite different.

Macrophages	as	regulators	of 	inflamma-
tory, immune, and repair processes

Macrophages are the quarterbacks of  
‘team	inflammation’,	coordinating	the	
tissue response to injury by recognizing, 
phagocytosing and killing pathogens, coor-
dinate	the	immuno-inflammatory	response,	
removing necrotic tissue, promoting tissue 
repair, and stimulating immune responses.

Macrophages recognize pathogens using 
similar mechanisms as neutrophils. Macro-
phages recognize particles that are opso-
nized with immunoglobulins (IgG or IgM), 
complement (C3b), or mannose-binding 
proteins. 

Macrophages secrete cytokines that co-
ordinate	the	inflammatory	response and 
recruit additional leukocytes to the site of  
inflammation.	For	example,	in	the	early	
hours after bacterial infection of  the lung, 

alveolar macrophages secrete the cytokines 
tumour necrosis factor, which has a wide 
variety	of 	pro-inflammatory	effects,	and	
interleukin-8, which recruits neutrophils to 
the site of  infection.

Macrophages are highly phagocytic and kill 
ingested pathogens using oxygen radicals 
or nitric oxide. Macrophages generate an 
oxidative burst, as for neutrophils, but lack 
the arsenal of  bactericidal proteins found 
in neutrophil granules. However, activated 
macrophages produce nitric oxide, which 
kills intracellular pathogens by nitrosylation 
of  tyrosine residues in target proteins, and 
by combining with oxygen radicals to form 
highly reactive peroxynitrite. Thus, macro-
phages are important cells in the defence 
of  the body against infection, particularly 
against bacterial pathogens.

Macrophages remove necrotic tissue, 
which is essential for repair of  damaged 
tissue. Macrophages secrete proteases and 
other hydrolytic enzymes that degrade 
necrotic tissues, and phagocytose particu-
late debris from sites of  tissue injury and 
necrosis. 

Macrophages stimulate tissue repair and 
fibrosis. Along with platelets, macrophages 
secrete cytokines and growth factors that 
stimulate	fibroblast	infiltration	and	angio-
genesis, which are required for wound 
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healing and are also important pathologic 
events	in	chronic	inflammation.

Activated macrophages promote thrombo-
sis. Activated macrophages express tissue 
factor, which may stimulate the extrinsic 
pathway of  coagulation. This is one rea-
son that thrombi develop at sites of  severe 
inflammation,	and	contributes	to	the	
development of  disseminated intravascular 
coagulation	in	inflammatory	disease.

Dendritic cells are important antigen-
presenting cells that stimulate the immune 
response. Dendritic cells use MHC class 
II molecules to present antigen to CD4+ 
T lymphocytes, and co-stimulatory signals 
from the dendritic cell to the lymphocyte 
are required for lymphocyte activation. 
Macrophages do the same, but not as 
effectively as dendritic cells.

Lymphocytic  
inflammation

Lymphocytes are common in chroni-
cally	inflamed	tissues.	For	example,	

chronic bacterial infections, such as 
abscesses or chronic mastitis, have lesions 
with many neutrophils as well as some 
lymphocytes. Similarly, granulomatous 
inflammation	caused	by	fungi	or	mycobac-
teria are dominated by macrophages, but 

lymphocytes are also present and medi-
ate the reaction. Thus, lymphocytes often 
accompany other leukocytes in chronic 
inflammation	of 	any	cause,	and	their	pres-
ence	does	not	indicate	a	specific	cause.	In	
contrast, lesions that contain a more pure 
population of  lymphocytes are typical 
of  viral, protozoal, or immune-mediated 
diseases. 

These	diseases	reflect	the	key	role	of 	lym-
phocytes in acquired immune responses:

•	 B lymphocytes produce antibody

•	 Helper T lymphocytes produce cyto-
kines that co-ordinate immune and 
inflammatory	reactions

•	 Cytotoxic T lymphocytes kill infected 
cells

Protozoal and viral infections usually cause 
lymphocytic	inflammation,	and	lympho-
cytes play an important role in these dis-
eases. Viral and protozoal pathogens multi-
ply within infected cells, and many of  them 
cause necrosis of  the infected cell. In gen-
eral, there are two distinct mechanisms of  
immunity to these intracellular pathogens. 
Protection against new infections generally 
requires antibody. In immunized animals, 
the virus is rapidly neutralized by antibody 
before it can infect the host’s cells. 

In contrast, clearance of  established 

infection generally requires the devel-
opment of  a cytotoxic T lymphocyte 
response. For many viral infections, ani-
mals start to produce CD8+ cytotoxic T 
lymphocytes about 5-14 days after onset 
of  the infection. These cytotoxic T cells 
recognize antigen that forms a complex 
with class I major histocompatibility anti-
gens (MHC I) on the surface of  infected 
cells, and kill the infected cell using perfo-
rins, granzymes or by triggering apoptosis. 
Death of  the infected cell prevents further 
production of  virus, or exposes the virus 

Review of  the Th1-Th2 Paradigm

Uncommitted CD4+ 
T helper cell

Th2 cellTh1 cell

IFN-γ, IL-12

IL-4, IL-13

IL-4, IL-13 from mast 
cells and Th2 cells

Granulomatous inflammation
Delayed type hypersensitivity

Counter-inhibition

IFN-γ, IL-12
from macrophages

Allergy
Response to parasites



68

to virus-neutralizing antibody. 

Helper T lymphocytes, particularly T 
helper 1 cells, play an important role 
in this cytotoxic response by secreting 
interferon-g, which augments cytotoxic T 
cell activity, and by driving antibody pro-
duction by B lymphocytes. Thus, B lym-
phocytes and both cytotoxic and helper T 
lymphocytes may be present in the lesions 
of  viral or protozoal diseases, and all are 
important in recovery from these infec-
tions. 

Lymphocytes are also prominent in the 
lesions of  two types of  immune-mediated 
disease—delayed type hypersensitivity 
reactions and autoimmunity—which will 
be considered in the next two sections.

Delayed type (Type 
IV) hypersensitivity

Delayed type hypersensitivity (DTH)
is	a	cellular	inflammatory	response	

involving CD4+ helper T lymphocytes and 
macrophages, and manifests as granuloma-
tous	or	lymphocytic	inflammation.	

The tuberculin reaction is the archetypical 
delayed type hypersensitivity reaction, and 
is a common diagnostic test for tuberculo-
sis in animals and people. The original test 

developed by Robert Koch in 1890 used 
tuberculin, whereas modern tests use PPD 
(purified	protein	derivative),	but	the	name	
tuberculin reaction is still used.

In the sensitization phase of  this reaction, 
the	first	exposures	of 	a	cow	to	Mycobac-
terium bovis bacteria (the cause of  bovine 
tuberculosis) result in the formation of  
memory	T	lymphocytes	that	specifically	
recognize M. bovis antigens. The elicitation 
phase occurs months or years later, when a 
veterinarian intradermally injects an extract 
of  M. bovis proteins (PPD) into the caudal 
fold. Reactors develop localized swelling, 
induration, and red discoloration of  the 
skin. In contrast to immediate hypersensi-
tivity reactions (type I hypersensitivity) that 
occur within minutes of  exposure to the 
antigen, these “delayed type hypersensitiv-
ity” reactions take 24-72 hours to develop 
after injection of  the antigen. Microscopic 
examination of  delayed hypersensitivity 
reactions reveals CD4+ T lymphocytes 
and variable numbers of  macrophages that 
form cuffs encircling dermal blood vessels.

Delayed type hypersensitivity reactions are 
characteristic responses to mycobacteria 
and fungi, but also occur to other anti-
gens. Allergic skin disease of  dogs and cats 
induced by inhaled allergens (atopic der-
matitis), contact allergens, or external para-

Above: Dog, contact hypersensitivity to 
floor	cleaning	products,	which	resulted	in	
severe	inflammation	of 	the	footpads.
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sites	(fleas,	mites)	may	have	components	
of  both type I and type IV hypersensitivity. 
In these cases, there may be an immedi-
ate type I reaction leading to edema and 
infiltration	of 	eosinophils,	and	a	delayed	
reaction leading to lymphocyte and macro-
phage invasion.

The sensitization phase of  delayed hyper-
sensitivity involves antigen presentation to 
CD4+T lymphocytes, differentiation of  
the activated lymphocytes into T helper 1 
cells, and proliferation of  these memory 
Th1 lymphocytes. Antigen presenting cells 
are important regulators of  this phase 
of  the delayed hypersensitivity reaction. 
Macrophages and dendritic cells exposed 
to mycobacterial and fungal antigens pref-
erentially secrete interleukin-12 (IL-12). 
When these macrophages present the 
antigen to CD4+ T lymphocytes, the IL-12 
promotes differentiation of  the T lympho-
cyte into a T helper 1 cell, which prefer-
entially secretes interferon-g rather than 
interleukin-4. Interferon-g in turn causes 
macrophages to be activated—they pro-
duce more oxygen radicals, are more effec-
tive at phagocytosis of  particulates, and 
have an enhanced ability to kill pathogens. 
Just as a terrorist attack results in increased 
numbers of  security personnel searching 
airports for suspects, the important out-

come of  the sensitization phase is the pres-
ence of  large numbers of  antigen-specific	
memory T lymphocytes. These long-lived 
cells circulate through the body, continu-
ously sampling the MHC II-peptide com-
plexes on the surface of  antigen presenting 
cells, as a form of  reconnaissance for the 
next	exposure	to	the	specific	antigen.

The elicitation phase of  a delayed hyper-
sensitivity reaction occurs when a sensi-
tized animal is re-exposed to the antigen. 
Macrophages or dendritic cells present 
antigen to CD4+ T helper 1 memory lym-
phocytes, and secretion of  chemokines by 
these T lymphocytes draws in additional 
lymphocytes and macrophages. Secre-
tions of  activated macrophages and lym-
phocytes, described in more detail above, 
result in congestion, edema and damage 
to	tissues	in	the	area	of 	inflammation,	and	
clinical signs of  swelling, reddening, and 
pruritus of  the affected tissue.

Examples of  delayed hypersensitivity reac-
tions in veterinary medicine include:

•	 Tuberculin reactions as diagnostic tests 
of  prior exposure to Mycobacterium bovis

•	 Allergic contact dermatitis—a delayed 
hypersensitivity reaction that occurs fol-
lowing cutaneous contact with allergens 
in sensitized individuals. Common aller-

gens causing allergic contact dermatitis 
in people include latex, nickel-plated 
jewellery, formaldehyde, and plants 
such as poison ivy. Allergic contact 
dermatitis is less common in animals, 
in part due to the protective effect of  
fur; but recognized contact allergens in 
dogs include plastic food dishes, topi-
cal medications, and carpet dyes and 
deodorizers. Lesions are pruritic and 
often affect lightly haired areas of  skin 
in contact with the source of  allergen, 
such as the ventral abdomen, foot pads, 
scrotum, or muzzle.

•	 Protective immune responses to fungi 
and mycobacteria, although not actually 
a “hypersensitivity” reaction, operate 
using similar mechanisms.

•	 “Sterile pyogranuloma/granuloma syn-
drome” of  dogs causes formation of  
multiple oozing skin nodules, each con-
sisting of  granulomatous or pyogranu-
lomatous dermatitis or panniculitis. 
The condition usually responds well to 
corticosteroid therapy, suggesting that 
it is a “delayed type hypersensitivity” to 
an	unidentified	innocuous	antigen. 
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Review & integration: 
the pathology of  cel-
lular inflammatory 

responses 

Identifying the morphologic pattern of  
inflammation	is	a	clue	to	the	cause	and	

expected	outcome	of 	the	inflammatory	
response:

•	 Serous	inflammation, in which mildly 
leaky vessels allow exudation of  water 
and low molecular weight plasma con-
stituents	into	tissues,	without	significant	
infiltration	of 	leukocytes.	Serous	exu-
dates result in swelling, loss of  func-
tion, and pain; but are rapidly resolved 
if  the inciting stimulus is removed.

•	 Fibrinous	inflammation, in which more 
severe vascular permeability permits 
larger	proteins	such	as	fibrinogen	to	
leak into tissues, and become polym-
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Below: Dog, Sterile pyogranuloma syndrome. The deep dermis and subcutis has multi-
ple pyogranulomas that coalesce to form draining nodules. Histologically, each nodule is 
composed of  plump macrophages with a central aggregate of  neutrophils. Lymphocytes 
are present but not numerous. (Click the image to scroll through the series)
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erized	to	form	fibrin.	Fibrinous	exu-
dates are common on serosal surfaces, 
such as the pleura, peritoneum, joints, 
and	meninges.	If 	fibrinous	exudate	is	
abundant,	it	is	difficult	for	the	body	to	
remove	by	fibrinolysis	and	phagocyto-
sis by macrophages. In this situation, 
fibrinous	exudates	become	“organized”	
into	fibrous	tissue.	As	a	result,	adhe-
sions	composed	of 	fibrous	tissue	are	
a	common	sequel	to	fibrinous	inflam-
mation on body cavity surfaces, and 
may	be	of 	functional	significance	if 	
they prevent the normal movements 
of  nearby organs such as the heart and 
lungs.	Fibrinous	or	fibrino-purulent	
exudate in the airspaces of  the lung are 
a common feature of  severe bacterial 
pneumonia.	Again,	fibrin	within	alveoli	
may	be	difficult	to	remove,	and	replace-
ment	of 	fibrin	by	fibrous	connective	
tissue (repair is described in more detail 
under in Module 5.5) may permanently 
impair lung function.

•	 Suppurative	or	purulent	inflammation 
is the typical response to bacterial infec-
tion. Immune complex reactions (type 
III hypersensitivity), contaminated for-
eign bodies, or a wide variety of  other 
insults may also incite a neutrophil-rich 
inflammatory	response.

•	 Eosinophilic	inflammation is typical of  
parasitic and allergic disease. 

•	 Granulomatous	inflammation, which is 
dominated by activated macrophages 
and lymphocytes, is a characteristic 
response to fungal or mycobacterial 
pathogens, and sterile foreign bodies. 

Evolution	and	effects	of 	chronic	inflam-
mation. 

Inflammation	is	a	dynamic	process.	Vas-
cular changes, leukocyte responses, and 
repair process should not be thought of  
separately; rather, these occur simultane-
ously and are closely intertwined. Vascular 
changes, including hyperemia, congestion 
and increased vascular permeability leading 
to	serous	or	fibrinous	exudate	may	occur	
within minutes or hours. Neutrophils begin 
to	infiltrate	inflamed	tissues	at	1-4	hours	
after the inciting insult, whereas macro-
phage	and	lymphocyte	infiltration	may	
take 48 hours or longer to fully develop. 
Repair processes, discussed in more detail 
later, are initiated during the early stages of  
inflammation;	however,	fibroblasts	do	not	
begin to make collagen until 4-7 days after 
the insult. Reorganization and remodel-
ling	of 	fibrous	tissue	occurs	over	the	next	
several weeks.

Inflammation	and	tissue	repair	may	be	

acute and transient, or may progress to 
chronic	inflammation.	Most	inciting	stim-
uli, such as trauma or many bacterial infec-
tions,	occur	transiently	and	the	inflam-
mation resolves rapidly when the inciting 
stimulus is removed. A single episode of  
trauma induces localized edema, hyper-
emia,	pain,	and	heat;	cellular	infiltrates	
occur to a limited extent, and repair pro-
cesses—if  needed—quickly allow a return 
to normal function. Most bacterial infec-
tions	are	quickly	resolved,	and	the	inflam-
matory response is mild and short-lived. 

However, if  the inciting stimulus is per-
sistent,	then	the	resulting	inflammatory	
and repair processes may cause chronic 
disease. For example, persistent myco-
bacterial infections cause chronic granu-
lomatous enteritis in cows with Johne’s 
disease. Ongoing exposure of  sensitized 
dogs to food allergens may cause persistent 
or episodic vomiting and diarrhea due to 
lymphocytic gastroenteritis. Joint instabil-
ity and abnormal distribution of  force on 
cartilage surfaces is an ongoing cause of  
chronic arthritis in dogs with hip dysplasia. 
In all of  these cases, persistence of  the 
injurious stimulus is the cause of  chronic 
inflammation.	
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Chemical mediators of  
inflammation

Now that you’re familiar with a few of  
the	chemical	mediators	of 	inflammation,	
browse the Appendix again and try to 
apply	it	to	the	specific	forms	of 	inflam-
mation described in this and in previous 
modules.

Summary: key points
•	 Granulomatous refers to a chronic 
inflammatory	response	that	is	dominat-
ed by activated macrophages, and rep-
resents a reaction to persistent stimuli 
such as foreign bodies, mycobacteria, 
and fungi, or delayed type hypersensi-
tivity reaction.

•	 A granuloma is a focal mass that has a 
specific	structure—a	central	mass	of 	
activated macrophages, with a peripher-
al	rim	of 	lymphocytes	±	fibrous	tissue

•	 Granulomatous	inflammation	often	
represents a cell-mediated immune 
response to a persistent antigen

•	 Macrophages recognize, ingest and kill 
bacteria

•	 Macrophages secrete chemical media-
tors	that	initiate	and	modify	inflam-

matory responses, immune responses, 
tissue repair, and thrombosis

•	 Macrophages facilitate tissue repair by 
removing debris from areas of  necrosis, 
using proteolytic enzymes and phago-
cytosis

•	 Lymphocytes	infiltrate	tissues	in	many	
forms	of 	inflammation,	and	often	rep-
resent a developing immune response 
to the inciting stimulus

•	 Inflammatory	lesions	containing	lym-
phocytes and plasma cells without other 
leukocytes suggest protozoal, viral, or 
immune-mediated disease

•	 Delayed type hypersensitivity (DTH) 
represents a cell-mediated immune 

response dominated by T lymphocytes 
and often by activated macrophages

•	 DTH reactions involve a sensitization 
phase,	in	which	antigen-specific	Th1	
lymphocytes increase in number; and 
an elicitation phase, in which subse-
quent exposure to antigen triggers T 
lymphocytes to secrete interferon-g 
and other cytokines, that in turn cause 
inflammation	and	recruit	and	activate	
macrophages.

•	 Examples of  DTH reactions include 
the tuberculin reaction, many contact 
hypersensitivies,	and	immuno-inflam-
matory reactions to mycobacteria and 
fungi.
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Contents
•	 Systemic	inflammatory	response	syn-

drome, sepsis, acute phase response 

•	 Antibody-dependent cytotoxicity:  
type II hypersensitivity

•	 Autoimmune disease

•	 “The	big	picture…”:	the	role	of 	inflam-
mation in defence of  the body and 
maintenance of  homeostasis

Learning objectives
At the end of  this unit, students will be 
able to:

1. Describe how mucosal and cutaneous 
surfaces are protected by innate and 
acquired defences.

2. Describe the cause, mechanisms, and 
clinical and biologic effects of  the acute 
phase response, and discuss the clini-
cal usefulness of  measuring the acute 
phase response.

3. Describe the mechanisms and con-
sequences of  failure of  the normal 

5: SIRS, sepsis, antibody- 
mediated disease, and autoimmunity

regulation of  the immune response (i.e. 
autoimmunity)

4. Describe the pathogenesis and give an 
example of  type II hypersensitivity.

5. Explain	the	role	of 	inflammation	in	
defence of  the body and maintenance 
of  homeostasis.

6. Discuss	the	changes	in	inflammatory	
and repair processes that occur over 
time, and explain why these processes 
may persist in some cases.

7. Explain	the	interactions	among	inflam-
matory, immune, hemostatic, and repair 
processes

8. Outline the types of  immune responses 
and the pathogenesis of  types I-IV 
hypersensitivity responses. 

Sample questions
1. Describe the pathogenesis of  type II 

hypersensitivity reactions.

2. Describe the acute phase response, 
including the function of  this response 

in homeostasis and host defence, and 
its usefulness in disease diagnosis.

3. Describe the pathogenesis and major 
clinical	findings	in	the	following	auto-
immune and/or type II hypersensitivity 
diseases: hypothyroidism, hypoadreno-
corticism, immune haemolytic anemia 
in dogs and cats, isoimmune haemo-
lytic anemia and thrombocytopenia, 
Mycoplasma haemofelis infection, systemic 
lupus erythematosus, pemphigus folia-
ceus.

4. Describe	how	inflammatory	reactions	
change over time.

5. Give an overview of  how different 
etiologic	agents	or	inflammatory	stimuli	
result	in	different	types	of 	inflamma-
tory responses, and how this phenom-
enon can be used to assist in disease 
diagnosis.

Acute phase response

Mild	inflammation	is	a	localized	
phenomenon, and warmth, pain, 
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swelling,	firmness	and	leukocyte	infiltra-
tion are limited to the site of  tissue injury. 
In	contrast,	severe	inflammatory	condi-
tions are accompanied by a response that 
involves the entire body. This body-wide 
adaptation	to	acute	inflammation	is	termed	
the acute phase response. The acute phase 
response is driven largely by the cytokines 
interleukin-6 (IL-6), interleukin-1 (IL-1), 
and tumour necrosis factor (TNF). In mild 
inflammatory	diseases,	these	cytokines	are	
only	active	at	the	site	of 	inflammation,	and	
plasma cytokine-binding proteins or cyto-
kine inhibitors neutralize any cytokine that 
leaks into the circulation. In contrast, mas-
sive	amounts	of 	cytokines	flood	the	body	
and have effects on distant tissues in two 
types of  disease conditions:

•	 septicemia: disease resulting from 
blood-borne spread of  bacteria

•	 severe localized disease such as mastitis, 
pneumonia, peritonitis, or metritis.

The acute phase response is an adaptation 
to life-threatening tissue injury or infection, 
in which non-vital body functions are tem-
porarily halted so that the body’s resources 
can be devoted to defence and repair of  
damaged tissues.

There are several components of  the acute 
phase response:

•	 Fever is an effect of  IL-1, IL-6, and 
TNF on the hypothalamus, where these 
cytokines act to raise the thermostatic 
set	point	of 	the	body.	The	benefits	of 	
fever have proven elusive, although 
some	immunoinflammatory	processes	
are improved at higher temperatures.

•	 Depression, lethargy, and anorexia are 
common clinical signs in animals with 
severe	inflammatory	diseases,	and	are	
an effect of  these cytokines on the cen-
tral nervous system.

•	 Altered metabolism. Catabolism of  
muscle proteins is great because it pro-
vides amino acids for tissue repair, but 
it results in cachexia if  the response is 
persistent. In the liver, hepatocytes alter 
their function to produce less albumin, 
but increase synthesis of  proteins that 
augment	inflammation,	defence,	and	
tissue repair. These alterations are part 
of  a shift of  body resources toward 
inflammation	and	tissue	repair,	with	
temporary cessation of  metabolic pro-
cesses that are not essential for survival.

•	 Leukocytosis	occurs	rapidly	in	inflam-
matory diseases, due to leukocyte 
release from the bone marrow. Because 
leukocytes are being recruited from the 
blood	into	inflamed	tissues,	the	height-
ened marrow response is essential to 

maintain a continuous supply. Impor-
tantly, leukocytosis is useful to veteri-
narians	as	an	indicator	of 	inflammatory	
disease. Note that leukocytosis occurs 
not only in infectious disease, but also 
in	other	forms	of 	inflammation.

•	 Acute phase protein synthesis.  The 
cytokines IL-6, IL-1, and TNF induce 
functional changes in the liver. Hepa-
tocytes increase their production of  
certain proteins, and reduce the synthe-
sis of  others. Acute phase proteins are 
those whose plasma concentrations are 
altered	during	acute	inflammation.	The	
timing of  these changes varies slightly 
between proteins, but in general the 
plasma concentration of  acute phase 
proteins increases within 5-10 hours 
after the onset of  tissue injury, and 
often returns to normal by 48 hours 
after	the	inflammatory	response	sub-
sides.  
Acute phase proteins have a variety of  
helpful functions, including defence 
against infection, quelling of  harmful 
inflammatory	responses,	and	removal	
of  necrotic cells. In addition, some 
acute phase proteins are of  diagnostic 
utility because, like leukocytosis, they 
identify animals in the acute stages of  
inflammatory	disease.	Unfortunately,	
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acute phase protein responses vary 
greatly between species, so a diagnosti-
cally useful assay in one species may 
be of  limited utility in other animals. 
Some of  the acute phase proteins are 
discussed below. Note, however, the 
difference between the acute phase 
response (the name of  the body-wide 
response) and acute phase proteins 
(proteins of  hepatic origin who levels 
are	changed	by	inflammation).

Acute phase proteins

Haptoglobins are a family of  proteins that 
bind hemoglobin, therefore making the 
iron in hemoglobin unavailable to most 
bacterial pathogens. Haptoglobins also 
have antioxidant and immunoregulatory 
functions. Measurement of  plasma hapto-
globin concentrations is helpful to detect 
inflammatory	diseases	in	ruminants, such 
as pneumonia, mastitis, and peritonitis.

Pentraxins are a family of  proteins that 
include C-reactive protein, serum amyloid 

P, and serum amyloid A. Although CRP 
is	utilized	as	a	marker	of 	inflammation	in	
humans and dogs, the alterations in this 
acute phase protein in ruminants, horses, 
and swine is too small to be diagnostically 
useful in these species. CRP binds bacte-
rial pathogens, reduces oxidative burst in 
neutrophils, and binds to damaged tissues.

Protease inhibitors	are	induced	in	inflam-
mation. Neutrophils as well as macro-
phages	and	fibroblasts	secrete	proteolytic	
enzymes,	which	cause	injury	to	inflamed	
tissues.	Protease	inhibitors	act	to	confine	
protein	degradation	to	the	site	of 	inflam-

mation, by neutralizing proteases that leak 
into adjacent tissues or the circulation. 
However, protease inhibitors are gener-
ally not diagnostically useful markers of  
inflammation,	because	they	are	only	mod-

Below: Changes in serum haptoglobin concentration in calves, following experimental 
respiratory challenge (arrow) with Mannheimia haemolytica. Ganheim et al., J Vet Med B 
50: 183, 2003.
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erately increased in concentration, or the 
isoforms	that	are	induced	are	difficult	to	
distinguish from constitutive isoforms.

Bacterial binding proteins. Mannose-bind-
ing proteins, lipopolysaccharide-binding 
proteins, C-reactive protein, and the C3 
component of  complement are plasma 
proteins that bind to bacteria or bacterial 
components. 

In summary, the acute phase response is a 
stereotypical response of  the brain, liver, 
and	bone	marrow	to	severe	acute	inflam-
mation. The key features of  the acute 
phase response include fever, anorexia, 
depression, lethargy, leukocytosis, protein 
catabolism, and hepatic production of  
acute phase proteins. Acute phase proteins 
quell	the	inflammatory	response,	have	anti-
microbial effects, and protect against tissue 
damage. These proteins are also useful 
to veterinarians as diagnostic markers of  
acute	inflammation.

Systemic inflammatory 
response syndrome and 

sepsis

Systemic inflammatory response 
syndrome (SIRS) describes the sys-

temic	consequences	of 	severe	inflamma-
tion. It is important to recognize that this 
syndrome is similar whether the inciting 
cause is infectious or non-infectious. The 
latter might include non-infectious forms 
of 	inflammation	such	as	from	pancreatitis,	
or tissue necrosis as a result of  massive 
trauma or ischemia (hypotension leading to 
renal and hepatic necrosis, intestinal acci-
dent such as colonic volvulus leading to 
colic). 

Some additional definitions

• Sepsis: SIRS caused by infection. 
Sepsis is the systemic consequences of  
either localized or systemic infection.

• Severe sepsis: Sepsis plus organ dys-
function, hypotension or evidence of  
hypoperfusion.

• Septic shock: sepsis leading to system-
ic hypotension despite adequate admin-
istration	of 	fluids.	

• Bacteremia: the presence of  bacteria 

in the blood (i.e. in the systemic circula-
tion). This can result from such innocu-
ous activities as brushing teeth, chewing 
gum, or rectal examination. A low level 
of  bacteremia often causes no clinical 
signs, but higher levels may cause fever, 
or may cause more severe clinical signs 
of  sepsis (aka septicemia). There are 
many derivatives of  this word: viremia 
(viruses in systemic circulation), myco-
plasmemia (mycoplasma bacteria), cyto-
kinemia (elevated levels of  cytokines in 
blood), etc.

• Septicemia: clinically apparent severe 
disease as a consequence of  bacteria or 
bacterial toxins in the blood. This term 
is becoming archaic: “sepsis” is the 
favoured term. 

• Toxemia: the presence of  toxins (such 
as bacterial toxins) in the systemic cir-
culation, usually without the presence 
of  the bacteria themselves. Examples 
include clostridial toxins, Shiga toxins 
of  E. coli (edema disease), staphylococ-
cal toxic shock syndrome, endotoxin/
lipopolysaccharide. 

• Endotoxemia: The presence of  endo-
toxin in systemic circulation. Endotoxin 
(lipopolysaccharide) is only present in 
Gram negative bacteria. Thus, Gram 
positive infections do not directly cause 
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endotoxemia. Presently, it is thought 
that many responses that were previ-
ously attributed to endotoxemia may be 
due	to	inflammatory	mediators	such	as	
tumor necrosis factor alpha (TNF-α) or 
eicosanoids. 

• Enterotoxemia: the presence in sys-
temic circulation of  bacterial toxins 
produced in the intestine.

• Cytokine storm: High systemic 
(blood)	levels	of 	inflammatory	cyto-
kines (eg. TNF-α) leading to SIRS.

Bacterial entry into and spread within 
the body

Bacteria can enter the body through intact 
epithelial barriers or take advantage of  
breaches in epithelial surfaces. Examples 
of  the latter include colitis in horses 
caused by Salmonella or Clostridium difficile, 
or rumen acidosis in cattle from grain 
overload. In these, damage to the epithelial 
barrier allows bacteria to access the portal 
blood and shower the liver, and the rest 
of  the body. Movement of  bacteria from 
the body surface to the blood may be very 
rapid, or in other cases the bacteria estab-
lish	a	focus	of 	infection	within	the	first	tis-
sue encountered, and only later move from 
this site into the circulation. Examples of  
the latter include infections of  the umbili-

cus (omphalitis), lung (pneumonia), kidney 
(pyelonephritis), uterus (metritis), and sub-
cutaneous tissues or fascia (cellulitis); all 
of  these can be primary sites of  infection 
lead to bacteremia. In these cases, we may 
see early evidence of  localized disease (a 
swollen warm umbilicus, or coughing from 
pneumonia, or discharge from the infected 
uterus), with later spread of  bacteria to 
other sites.

Bacteremia can allow bacteria to reach 
other sites in the body. The most frequent 
destinations are the pericardium, pleura, 
peritoneum, synovial surfaces of  joints, 
and the meninges. Other well-vascularized 
sites can also be inviting homes for wan-
dering	bacteria:	the	“filtering	organs”	
(lung, kidney, liver, spleen), cancellous 
bone, growth plates, uvea of  the eye, or 
the valves of  the heart. Thus, sequelae of  
bacteremia include polyarthritis, polyse-
rositis (pericarditis, pleuritis, peritonitis), 
meningitis,	osteomyelitis,	physitis	(inflam-
mation of  a growth plate), pneumonia, 
nephritis,	hepatitis	or	uveitis	(inflammation	
of  the uvea, the vascular layer of  the eye).

Once in the circulation, most bacteria are 
rapidly eliminated by the complement sys-
tem and by resident phagocytes. Comple-
ment activation leads to formation of  the 
membrane attack complex that punches 

holes in bacterial cell membranes. The 
C3b complement component opsonizes 
bacteria, as does antibody and collectin 
proteins in plasma. Opsonized bacteria 
are readily phagocytosed by resident tis-
sue	macrophages	that	filter	particles	from	
the blood: splenic sinusoidal macrophages, 
Kupffer cells in the liver, and pulmonary 
intravascular macrophages. However, many 
pathogens are pathogens because they 
have evolved mechanisms to evade these 
defences; for example, a thick polysaccha-
ride capsule may protect against comple-
ment activation or opsonization, and bac-
teria with such a thick capsule are therefore 
better suited to survive in the body and 
cause disease.

Development of  inflammation in sepsis

Complement activation and phagocyte 
activation not only is an attempt to elimi-
nate bacteria from the blood, but also 
induces a sequence of  changes leading to 
the clinical and laboratory manifestations 
of  SIRS. In addition to the above respons-
es to bacterial particles, other bacterial 
products like lipopolysaccharide, lipotei-
choic	acids	or	flagellin	(all	of 	which	are	
pathogen-associated molecular patterns, 
or PAMPs) trigger Toll-like receptors on a 
wide variety of  host cells (and also activa-
tion of  complement and coagulation path-
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ways) stimulating a similar range of  effects. 
Thus, sepsis is triggered by intact bacterial 
cells, by soluble bacterial molecules (eg. 
lipopolysaccharide), or both; and these for-
eign invaders are recognized by host cells 
(eg. macrophages), soluble host molecules 
(eg. complement), or both. 

The	inflammatory	response	to	non-infec-
tious causes is in some ways comparable. 
Stressed or necrotic host cells release 
alarmins or “danger-associated molecu-
lar patterns” (DAMPs). These include 
HMGB1 (high mobility group box protein 
1), ATP, uric acid, chromatin, and various 
heat-shock proteins. These substances are 
normally	confined	within	cells,	but	release	
to the extracellular space triggers receptors 
similar to those described above, precipi-
tating	an	inflammatory	response.

Consequences of  systemic activation 
of  inflammatory responses

Activation of  these cellular and humoral 
systems	lead	to	production	of 	inflamma-
tory mediators (eicosanoids, cytokines, 
complement), imbalance of  procoagulants 
(tissue factor, and plasminogen activator 
inhibitor-1) and anticoagulants (protein 
C, thrombomodulin), and tissue-injuring 
substances (reactive oxygen and nitrogen 
species). Some key subsequent events are:

1. Interleukin-6 (and IL-1 & TNF-α) trig-
ger the acute phase response, which is 
considered to be mainly a helpful adap-
tive response

•	 Hepatocytes make acute phase proteins

•	 Bone marrow releases mature and 
immature neutrophils and increases 
myelopoiesis. This results in leukocyto-
sis due to neutrophilia, or (if  the bone 
marrow is depleted of  mature neutro-
phils) leukopenia due to neutropenia 
with increased number of  band neutro-
phils

•	 Cells in the hypothalamus make prosta-
glandins that reset the body’s tempera-
ture set point, leading to fever

•	 Brain effects lead to inappetence, dull-
ness, depression

2. Systemic vasodilation causing hypoten-
sion.	Inflammatory	mediators	cause	
widespread vasodilation→ peripheral 
pooling of  blood→ systemic hypoten-
sion→ septic shock. This can manifest 
as tachycardia, tachypnea, hypothermia, 
prolongation	of 	the	capillary	refill	time,	
muddy or purple mucous membranes, 
and cool extremities.

3. Increased vascular permeability, causing 
for example pulmonary edema or brain 
edema

4. Hypercoagulable state, perhaps leading 
to disseminated intravascular coagula-
tion and one or more of  the following:

•	 Ischemic damage to liver, kidney, lung, 
brain

•	 Consumption of  coagulation factors 
and platelets resulting in widespread 
petechial hemorrhages

•	 Laminitis in horses

5. Tissue damage or organ dysfunction 
results from:

•	 Ischemia due to hypotension, or due to 

Above. Ventral view of  the soft tissues of  
the neck, in a feedlot beef  calf  that died 
of  Histophilus somni septicemia. Head is 
at right & thoracic inlet at left. There are 
widespread petechial hemorrhages as a 
consequence of  sepsis. (Click the image to 
scroll through the series)
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Above. There is no denying that the events 
of 	the	systemic	inflammatory	response	are	
complex. The above diagram attempts to 
make sense of  this important life-threat-
ening web of  reactions to infectious and 
non-infectious stimuli. Click on the dia-
gram to walk through the events, step by 
step. (Click the image to scroll through the 
series)

thrombosis, or due to reduced myocar-
dial contractility

•	 Widespread leukocyte activation (reac-
tive oxygen and nitrogen species, prote-
ases)

•	 Tissue edema from increased vascular 
permeability

•	 Cellular apoptosis induce by poorly 
defined	mechanisms

•	 Cytokine-induced changes in cell func-
tion (insulin-resistance & hyperglyce-
mia, hypercortisolemia or later hypoad-
renocorticism. 

This injury may affect many organs, result-
ing in multiorgan dysfunction syndrome 
(MODS). Note that these changes are 
harmful consequences of  organ dysfunc-
tion, in contrast to other changes arising 
from the acute phase response (fever, ina-
nition, lethargy, dull mentation, leukocyto-
sis, increased levels of  acute phase proteins 
in plasma) that are considered to helpful 
adaptive	responses	that	are	often	beneficial	
in	animals	with	severe	inflammation.

•	 Kidney—necrosis of  renal tubular epi-
thelial cells leading to renal failure

•	 Liver—necrosis of  periacinar hepato-
cytes leading to liver failure including 
reduced synthesis of  coagulation fac-
tors

•	 Lung—damage to alveolar and bron-
chiolar epithelium and to endothelial 
cells in alveolar septa, leading to pul-
monary edema, interstitial lung disease, 
dyspnea, and hypoxemia

•	 Heart—myocardial dysfunction, leading 
to reduced cardiac output that worsens 
hypotension

•	 Intestine—altered gastrointestinal 
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Above.	A	comparison	of 	localized	and	systemic	events	in	acute	inflammation.	The	mechanisms	are	identical,	even	though	the	out-
comes	and	clinical	effects	of 	localized	acute	inflammation	differ	from	those	of 	systemic	acute	inflammation.
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motility, leading to malabsorption and 
diarrhea

•	 Brain—cognitive abnormalities and 
reduced consciousness, perhaps the 
result of  ischemic neuronal injury and/
or cerebral edema

Regulation of  systemic inflammatory 
responses

The above discussion of  SIRS is a sim-
plification	because	it	only	describes	the	
processes that activate sepsis. The body 

has many systems to dampen this process 
of 	inflammation	and	sepsis.	For	example,	
there are cytokine-binding proteins in 
plasma, soluble receptor antagonists are 
produced	during	inflammation	that	block	
the continued effects of  cytokines, acti-
vated cells have feedback loops of  intracel-
lular signalling pathways that quell contin-

ued	responses,	and	“anti-inflammatory”	
mediators are produced constitutively and 
induced	by	inflammation		such	as	club	cell	
protein, annexin proteins, certain eico-
sanoids called resolvins and protectins, and 
cytokines such as IL-10. Thus the outcome 
of  infection is thought to depend not only 
on the magnitude of  the stimulus (eg. the 
severity of  the infection) but also the type 
of  response that the body mounts (eg. how 
the body balances the different forms of  
inflammatory	responses),	the	magnitude	
of  those responses, and how well those 
responses can be controlled. It may look 
like chaos, but is actually a tightly regulated 
system	responding	to	a	difficult	situation.	
This is the shocking complexity of  septic 
shock!

Is it of  value, to understand sepsis?

Why would we care about these details? In 
truth, this is at present mainly an academic 
exercise that attempts to understand how 
disease develops. Nonetheless, there are a 
few	benefits.	Understanding	these	mecha-
nisms helps to comprehend and remember 
the outcomes of  sepsis, instead of  memo-
rizing a list of  clinical signs. This becomes 
useful because cases rarely present exactly 
as described in textbooks, and animals may 
have only a subset of  the above clinical 
signs, complicated by concurrent diseases 

Below. 2-year-old Holstein cow with a 
12-hour course of  severe dyspnea lead-
ing to death, and gross lesions of  marked 
pulmonary edema. Histologically, alveoli 
are edematous, and capillaries in the alveo-
lar	septa	contain	fibrin	thrombi	(green	
arrows). These lesions were attributed to 
sepsis, and acute mastitis was suspected.

Above. Lung from a dairy heifer that died 
after a 1-day course of  lethargy. Postmor-
tem examination revealed hemorrhagic 
colitis (probably salmonellosis) and pulmo-
nary edema. Histologically, there is marked 
protein-rich pulmonary edema visible as 
homogeneous lightly eosinophilic material 
filling	the	alveoli,	and	darker	eosinophilic	
strands	of 	fibrin.	This	represents	sepsis	
with	increased	permeability	of 	inflamed	
pulmonary blood vessels. (Click the image 
to scroll through the series)
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and	modified	by	therapeutic	interventions.	
In	such	cases,	it	may	be	difficult	to	apply	
memorized lists of  clinical signs, diagnos-
tic algorithms and treatment protocols, 
whereas understanding the underlying 
disease processes helps to make sense of  
complex and messy cases. Finally, knowl-
edge of  the mechanisms suggests pos-
sible therapy. Current treatment of  sepsis 
depends	on	specific	details	of 	each	case,	
but may involve antibiotics to eliminate the 
cause,	intravenous	fluid	therapy	to	correct	
hypotension, intravenous hypertonic saline 
or	colloids	to	maintain	circulating	fluid	
volume,	and	nonsteroidal	anti-inflamma-
tory drugs to block eicosanoid synthesis. 
Other therapies that are controversial or 
are used in human medicine include acti-
vated protein C to correct anticoagulant/
procoagulant imbalance, polymyxin B to 
bind lipopolysaccharide, insulin treatment 
to correct hyperglycemia, and glucocorti-
coids to correct reduced adrenal responses 
and associated metabolic changes. Thera-
pies that showed great promise in animal 
models but have largely failed in humans 
include those blocking or neutralizing 
endotoxin, cytokines (TNF-α, IL-1), neu-
trophil adhesion, and nitric oxide. These 
failures highlight the need for evidence-
based approaches to therapy, instead of  

treating based on what we presume is an 
important disease mechanism.

Antibody-mediated 
diseases:  

Type II hypersensitivity

In type II hypersensitivity reactions, 
antibodies are formed against antigens 

on cell surfaces, resulting in injury or dys-
function of  the target cell. In one form of  
the reaction, antibody is directed against 
foreign antigens that have adhered to the 
surface of  the host cell. For example, 
Mycoplasma haemofelis (formerly Haemobar-
tonella felis) are common bacteria that infect 
feline erythrocytes. Infected cats mount an 
antibody response, and the resulting anti-
body-coated erythrocytes are removed by 
splenic and hepatic macrophages, resulting 
in anemia. 

A second form of  type II hypersensitivity 
reactions represents autoimmune diseases. 
For example, in dogs with immune-medi-
ated hemolytic anemia, antibody is directed 
against self  antigens on the surface of  
red blood cells, but the end result is simi-
lar—targeted erythrocytes are removed by 
splenic and hepatic macrophages, and clini-

cal signs of  anemia ensue.

What effects might antibody have when it 
binds to cell-surface?

•	 Opsonization by antibody or comple-
ment. Cells coated in IgG or IgM are 
recognized by macrophages bearing Fcg 
or Fcm receptors, resulting in phagocy-
tosis of  the opsonized cell. Alternative-
ly, binding of  IgM or IgG antibodies to 
cell surface antigens initiates the classi-
cal pathway of  complement activation. 
Complement protein C3b opsonizes 
the cell for enhanced phagocytosis by 
macrophages.

•	 Complement-mediated cell lysis. Com-
plement activation on cell surfaces may 
cause cell lysis, due to formation of  the 
membrane attack complex in the cell 
membrane.

•	 Functional alteration of  cell surface 
receptors. Auto-antibodies may be 
produced against cell surface receptors., 
and block binding sites resulting in 
impaired function of  the receptor. For 
example, in myasthenia gravis of  dogs, 
auto-antibodies against the acetylcho-
line receptors on the motor endplate 
of  skeletal muscle acts to block bind-
ing of  acetylcholine to the receptor. 
Neural impulses are not transmitted 
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to	the	myofibres,	resulting	in	muscle	
weakness. Alternatively, binding of  
antibody to the receptor may mimic 
binding of  the natural ligand, and trig-
ger receptor-mediated cell stimulation. 
In Graves disease of  humans, autoan-
tibody binds to the thyroid stimulating 
hormone (TSH) receptor in the thyroid 
gland, mimicking the effect of  TSH and 
increasing production of  thyroid hor-
mone (hyperthyroidism). Similar recep-
tor-activating autoimmune diseases are 
not recognized in domestic animals.

 The following are some important dis-
eases of  domestic animals caused by anti-
body-mediated reactions:

•	 Autoimmune hemolytic anemia is char-
acterized by autoantibodies directed 
against erythrocyte antigens, resulting in 
hemolytic anemia. Most cases are idio-
pathic, although some may be triggered 
by drugs or viral infection as described 
later. Affected dogs develop pallor, 
jaundice, and weakness; severe cases 
may die due to disseminated intravascu-
lar coagulation. The mechanism of  red 
cell destruction is variable. Most cases 
are a result of  IgG autoantibodies that 
opsonize red cells for phagocytosis and 
removal by splenic and hepatic macro-
phages. Less commonly, IgM autoanti-

bodies result in complement activation 
and intravascular hemolysis.

•	 Immune-mediated thrombocytopenia 
(ITP). The mechanisms of  ITP are 
similar to those described above for 
immune hemolytic anemia. Affected 
dogs commonly develop melena and 
petechiae of  the skin and mucous 
membranes, due to the lack of  platelets.

•	 Transfusion reactions. Transfusion 
of  whole blood or packed red blood 
cells is useful for treatment of  life-
threatening anemia, but transfused 
erythrocytes will be rapidly lysed if  the 
donor and recipient are of  differing 
blood type. Blood type is based on the 
inheritance of  blood group antigens, 
most of  which are antigens on the 
surface of  erythrocytes. For example, 
AB is the major blood group system in 
cats; about 85% of  cats are A positive, 
about 15% are B positive, and less than 
1% are AB positive. Many cats that are 
B positive have serum antibodies to A 
antigen; as a result, transfusion of  A 
blood to B cats may cause rapid hemo-
lysis and clinical signs of  transfusion 
reaction. In contrast to the situation in 
cats, A negative dogs seem to have only 
low antibody titres to A antigen, so 
transfusion reactions are generally less 

common and less severe in dogs com-
pared to cats, unless multiple transfu-
sions are given.

•	 Isoimmune hemolytic anemia or 
thrombocytopenia. Isoimmune hemo-
lytic anemia in foals (also called neona-
tal isoerythrolysis) is a consequence of  
erythrocyte antigen mismatch between 
the mare and the stallion. In this situa-
tion, antibodies in the mare’s colostrum 
react against the foal erythrocyte anti-
gens....antigens encoded by genes that 
were inherited from the sire. For exam-
ple, if  a mare that lacks the Aa eryth-
rocyte antigen has several pregnancies 
from stallions that are Aa-positive, then 
the mare develops antibody against Aa 
antigens. Some foals from this mating 
will be Aa-positive, since blood groups 
are of  simple recessive inheritance. Aa-
positive foals are healthy at birth (since 
antibody is not transferred across the 
placenta), but develop disease follow-
ing ingestion of  colostrum containing 
anti-Aa antibodies. These foals develop 
hemolytic anemia, with pallor, jaundice, 
weakness, occasional hemoglobinuria, 
and possible death. 
A similar reaction occurring in neonatal 
piglets causes thrombocytopenia rather 
than anemia. Affected piglets develop 
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multiple ecchymotic hemorrhages in 
the skin and serosal surfaces of  the 
viscera.

•	 Pemphigus foliaceus. Pemphigus is 
a group of  autoimmune diseases in 
which autoantibodies directed against 
the intercellular junctions between epi-
dermal keratinocytes results in loss of  
adhesion between these cells, and for-
mation of  vesicles, pustules, or crusts 
on the skin. Pemphigus foliaceus is the 
most common type in dogs, cats, and 
horses, and is characterized by pustules 
or vesicles that form in the stratum 
spinosum of  the epidermis. Affected 
animals have serum antibodies against 
desmocollin-1, an important compo-
nent of  the desmosomes that allows 
keratinocytes to adhere to one another. 
Binding of  autoantibody to desmocol-
lin triggers the keratinocytes to secrete 
proteolytic enzymes that break down 
the desmosomes, resulting in loss of  
intercellular adhesion and formation of  
a	vesicle.	Neutrophils	later	infiltrate	the	
vesicle, forming a pustule. Pemphigus is 
an example of  a type II reaction which 
does not cause cytolysis, but rather an 
alteration in cell function (loss of  inter-
cellular adhesion).

are directed against erythrocyte antigens, 
resulting in lysis of  the red blood cells 
by complement or phagocytosis of  the 
opsonized red cells by macrophages in 
the spleen and liver. The target antigens in 
the canine erythrocyte membranes have 
recently	been	identified—calpain,	comple-
ment component C3, and peroxiredoxin 
2—but it is not known if  autoantibodies 
to these proteins are the initial event in 
the disease process, or if  an initial wave 
of  erythrocyte destruction presents these 
antigens to the immune system in a way 
that favours an anti-self  immune response. 
In some cases of  immune-mediated hemo-
lytic anemia in dogs, the trigger for disease 
appears to be cancer, infections or drugs. 
However,	a	trigger	cannot	be	identified	in	
most cases, and these are presumed to be 
true autoimmune diseases, due primarily to 
an immune response against self  antigens 
in the erythrocyte membrane. More details 
of  IHA in dogs are discussed in the sec-

Autoimmune disease

Autoimmunity represents failure of  
the regulatory checkpoints of  the 

immune response. The aim of  the immune 
response is to respond to foreign invaders, 
but tolerate self  proteins. In autoimmune 
diseases, this tolerance of  self  proteins 
fails, and an immune response is generated 
against self  antigens.

The mechanisms of  tolerance of  self  
antigens and how this tolerance fails is 
covered in the immunology course and is 
not considered here. Instead, the focus in 
this course is on the mechanisms of  how 
autoimmunity leads to disease, including 
the pathologic and clinical outcomes. 

Some autoimmune diseases of  animals

The following is a list of  some common 
animal diseases—mostly in dogs—that are 
thought to be autoimmune. For some of  
these diseases (hypothyroidism and hypo-
adrenocorticism, discussed below, are good 
examples), it is still a presumption that an 
anti-self  immune response is the cause, as 
this	presumption	is	based	on	weak	specific	
evidence and on comparison to human dis-
eases. This may be an area of  knowledge 
that improves in the next 20 years.

Autommune hemolytic anemia of  dogs. 
In affected dogs, IgG or IgM antibodies 
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tion on type II hypersensitivity reactions.

Pemphigus foliaceus, a skin disease of  
dogs, cats, and horses in which antibodies 
directed against desmocollin (a protein that 
forms the desmosomes which link together 
the keratinocytes that form the epidermis) 
induce the formation of  clefts within the 
epidermis. These clefts manifest clinically 
as pustules or vesicles, which rapidly rup-
ture and progress to scaly or crusty lesions. 
More details of  pemphigus are discussed 
in the section on type II hypersensitivity 
reactions.

Hypothyroidism. Some cases of  hypo-
thyroidism—deficiency	of 	thyroid	hor-
mone—in dogs are caused by lymphocytic 
thyroiditis, in which lymphocytes attack 
and destroy the thyroid follicular epithe-
lial	cells.	This	lymphocytic	inflammation	
may represent an autoimmune response, 
although conclusive evidence is lacking. 
Hypothyroid dogs may develop obesity, 
hair loss, greasy skin, and lethargy. The 
disease commonly affects middle aged 
purebred dogs of  certain breeds, including 
the Golden retriever, Doberman pinscher, 
Dachshund, Irish setter, and miniature 
schnauzer.

Hypoadrenocorticism. Similar to hypothy-
roidism,	lymphocytic	inflammation	tar-
geting the adrenal cortex is one cause of  

hypoadrenocorticism or Addison’s disease 
of  dogs, although the evidence that this 
disease represents autoimmunity is entirely 
circumstantial. As a result of  the lympho-
cytic attack on adrenocortical epithelial 
cells, there is lack of  production of  glu-
cocorticoids such as cortisol and of  min-
eralocorticoids such as aldosterone. Clini-
cal signs, which most commonly affect 
young adult female purebred dogs, include 
either an acute onset of  weakness, depres-
sion, and collapse; or chronic episodes of  
anorexia, weakness, vomiting, diarrhea, 
and/or malaise.

Systemic lupus erythematosus (SLE) is 
common in women but is a rare disease of  
dogs. In SLE, autoantibodies are directed 
against antigens in the nucleus of  many 
cells, the so-called “anti-nuclear antibod-
ies”. These antibodies bind to nuclear pro-
teins, and the resulting immune complexes 
deposit in blood vessels of  the joints, renal 
glomeruli, muscle, peripheral nerve, or 
skin, where they incite a type III hypersen-
sitivity response. The disease often affects 
young female dogs, and causes some com-
bination of  fever, shifting lameness due 
to polyarthritis, renal protein loss due to 
glomerulonephritis, facial dermatitis, pal-
lor and weakness due to hemolytic anemia, 
and cutaneous petechia or mucosal bleed-

ing due to thrombocytopenia. The diag-
nosis depends on identifying the spectrum 
of 	characteristic	signs,	and	confirming	the	
diagnosis by detecting anti-nuclear anti-
bodies in serum.

Rheumatoid arthritis is an important 
human disease but is rare in dogs. It causes 
chronic lameness with cartilage erosion 
and joint deformity in small breed dogs. 
Rheumatoid factor—IgM autoantibodies 
that react against other immunoglobu-
lins—are central to the pathogenesis of  
rheumatoid arthritis, and it is likely that 
the resulting immune complexes deposit in 
synovium to incite a type III hypersensitiv-
ity-like disease.

Myasthenia gravis is an uncommon dis-
ease in which an antibody response is 
directed against acetylcholine receptors in 
the peripheral nerves, resulting in muscle 
weakness, paralysis, or enlargement and 
dysfunction of  the esophagus (“mega-
esophagus”).

Key point
(Click)
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Compare the mechanisms of  autoimmune 
diseases of  animals. The above examples 
of  autoimmune disease represent that 
same mechanisms of  immune-mediated 
disease discussed in the previous mod-
ules. The questions on the next page relate 
autoimmunity, mechanisms of  immune-
mediated	disease,	and	specific	examples.	
Note that systemic lupus erythematosus 
involves all of  these mechanisms operating 
concurrently. 

Review: immune-
mediated diseases

This	is	a	useful	time	to	briefly	review	
the immune-mediated diseases 

described in this and previous modules. 
Immune-mediated diseases can represent 
an abnormally excessive response to an 
innocuous antigen (hypersensitivity) or 
an abnormal response to a self  antigen 
(autoimmunity).	Immunodeficiency	disease	
might also be included, but have not been 
described here.

Most immune-mediated diseases of  ani-
mals involve more than one disease-caus-
ing mechanisms. This can create confusion 
if  your approach is to simply memorize 
lists of  diseases and their pathogenesis. 
But some general comparisons emerge if  

we direct our thinking to the nature of  the 
stimulus (harmful pathogen vs. otherwise 
harmless antigens vs. self  antigens), the 
pathologic mechanisms or underlying dis-
ease	process,	and	the	specific	named	dis-
ease. This is (mostly) not new information, 
just viewed from a different perspective.

Diseases can be mediated by antibodies. 
These antibodies can be directed against 
infectious agents, or normally harmless 
antigens that enter the body, or against self  
antigens. Antibodies contribute to disease 
in a few different ways:

Opsonization and phagocytosis. Antibod-
ies (IgG, IgM) opsonize particles and make 
them tastier for phagocytes. This can be 
beneficial,	harmful,	or	a	combination:

1. Antibodies bind to harmful foreign 
antigens (eg. bacteria), leading to 
phagocytosis and destruction of  the 
pathogen.

2. Antibodies bind to otherwise harmless 
foreign antigens on mammalian cells, 
leading to phagocytosis and destruction 
of  the cells (Mycoplasma haemofelis infec-
tion of  erythrocytes, or drug antigens/
haptens that bind to erythrocytes).

3. Autoantibodies bind to self  antigens, 
leading to phagocytosis or altered 
function of  the cell (immune-mediated 

thrombocytopenia, pemphigus, myas-
thenia gravis).

Immune complexes. In conditions involv-
ing ongoing production of  large amounts 
of  antibody (IgG) to a persistent antigen, 
the complexes of  antigen and antibody 
(IgG) molecules deposit in vascularized 
tissues, where they activate complement 
and/or Fc receptors on leukocytes to cause 
disease. The causative antibodies can be 
directed to an infectious agent (eg. Strep-
tococcus equi antigens, leading to purpura 
hemorrhagica) or to a self  antigen (eg. 
anti-nuclear antibodies in systemic lupus 
erythematosus, hay & mold antigens in 
“farmer’s lung” of  humans).

Allergy. IgE antibodies can be produced 
against otherwise harmless antigens (aller-
gens) or occasionally against infectious 
agents (there is evidence that severe dis-
ease resulting from BRSV infection occurs 
in calves that mount an IgE response to 
the virus). In either case, the IgE sensitizes 
mast cells, which degranulate rapidly on 
subsequent exposure. This results in the 
immediate reaction (vasodilation, vascular 
permeability, bronchoconstriction) mediat-
ed by preformed mediators like histamine, 
and the late phase reaction (eosinophil 
recruitment, vascular responses, broncho-
constriction) mediated by newly synthe-
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sized mediators.

Diseases can be mediated by helper T cells.

Helper CD4+ T cells respond to patho-
gens (eg. mycobacteria) or to otherwise 
innocuous antigens (eg. tuberculin, plastic 
food dishes, nickel, drugs). Subsequent or 
ongoing exposure results in activation of  
antigen-specific	T	cells,	recruitment	of 	
leukocytes, and stimulation of  the vascular 
responses	of 	inflammation.	Module	5.3	
presented the “classic” delayed type hyper-
sensitivity reaction, in which T helper 1 
(Th1) cells respond to tuberculin or uru-
shiol, and slowly recruit and activate mac-
rophages and other Th1 lymphocytes. 

Module 5.1 alluded to the idea that T 
helper 2 lymphocytes can act similarly, in a 
so-called “Th2-DTH reaction”. In chronic 
allergy, Th2 cells respond to allergen by 
producing cytokines that recruit eosino-
phils and lymphocytes, and cause bron-
choconstriction, epithelial hyperplasia and 
other effects. This is best recognized as the 
airway remodelling that occurs in human 
asthma, but similar processes undoubt-
edly occur in chronic skin allergies in dogs. 
Note that this “Th2-DTH reaction” dif-
fers from the allergic “late phase reaction” 
mediated by mast cells and not Th2 cells. 

Diseases can be mediated by cytotoxic 

T cells. Cytotoxic CD8+ T cells can be 
directed against antigens of  infectious 
agents, or normally harmless antigens that 
enter the body, or against self  antigens. 
In infectious diseases, cytotoxic T cells 
destroy cells infected by viruses or proto-
zoa, a helpful response that may also cause 
serious health consquences. Other cyto-
toxic T cell responses are directed against 
otherwise innocuous antigens. Urushiol 
in poison ivy is the best example: it is a 
hapten	that	modifies	host	cytoplasmic	
proteins, so that MHC I presents abnormal 
peptides on the cell surface, which in turn 
are the target of  the damaging cytotoxic 
T cell response. Some immune-mediated 
drug reactions, in which drugs bind and 
modify host proteins, probably employ 
similar mechanisms.

Think of  various etiologies, disease mecha-
nisms	and	specific	diseases:

•	 Etiologies or disease-causing stimuli: 
viruses, bacteria, other pathogens, plant 
and mold allergens, drugs, etc.

•	 Mechanisms of  immune-mediated 
disease: antibody-mediated opsono-
phagocytosis, complement activation, 
immune complex deposition, mast cell 
activation; or T cell-mediated cytokine 
production, leukocyte recruitment, or 
cytotoxicity.

•	 Named diseases or conditions: Bovine 
respiratory syncytial virus infection, Myco-
plasma haemofelis infection, strangles 
(Streptococcus equi infection) of  horses, 
tuberculosis, tuberculin reaction, allergy 
to bee stings, chronic atopic dermatitis.

The point of  this section is that these 
come together in different combinations 
to explain the full story or pathogenesis 
of  the diseases we encounter. The mecha-
nisms of  immune-mediated disease are 
not unique, but the same disease processes 
occur in response to harmful pathogens 
and to otherwise harmless antigens. There 
are many too many diseases of  animals 
for veterinarians to memorize the detailed 
pathogenesis of  each: the key is to under-
stand the commonalities, then recognize 
the	unique	or	special	features	of 	specific	
diseases where necessary. 
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Review: what is 
inflammation?

Inflammation	is	the	active	response	of 	
tissues to injury, and occurs primar-

ily at the site of  the insult. It is a complex 
response in which many biochemical, vas-
cular, and cellular events occur simultane-
ously, and change over time. The primary 
function	of 	inflammation	is	to	restore	
tissues to their normal function, and this 
goal is accomplished by a close interaction 
between	the	processes	of 	inflammation,	
immunity, and tissue repair. The key effects 
of 	inflammation	in	host	defence	include	
the following.

Elimination of  the pathogen or injuri-
ous stimulus.	Inflammation	augments	the	
ability of  tissues to defend themselves 
against	infection.	Inflammatory	cytokines	
stimulate synthesis of  proteins that kill 
pathogens	on	mucosal	surfaces.	Inflamma-
tory cells such as neutrophils and macro-
phages ingest and kill bacterial pathogens, 
while	eosinophil	responses	in	inflamma-
tion	cause	injury	to	parasites.	Inflammation	
enhances	and	modifies	immune	responses	
to antigens.

Containment of  the injury. An abscess or a 
granuloma has the effect of  containing the 

infection and associated tissue destruction 
within a limited space, thus minimizing the 
functional effect on the adjacent tissues.

Promoting tissue repair.	Inflammation	
stimulates removal of  damaged tissue, 
repair and regeneration, as described in 
Module 5.5.

The phylogeny of  immunity provides a 
fascinating	insight	into	the	role	of 	inflam-
mation in host defence. Innate defence 
is a primitive but often effective method 
of  resisting attack. Arthropods such as 
the horseshoe crab have, in addition to a 
chitinous exoskeleton that forms a bar-
rier between inside and out, surface mucus 
which coagulates in response to bacterial 
lipopolysaccharide, thus blocking inva-
sion of  the bacteria. Phagocytes, called 
hemocytes or coelomocytes, have been 
identified	in	most	invertebrates	including	
coelomates, molluscs, annelids, and arthro-
pods. These cells undergo chemotaxis 
and	bind	to	bacteria,	engulfing	them	and	
killing using proteolytic enzymes and—in 
the case of  molluscs—oxygen radicals. 
Arthropods have a prophenoloxidase 
protein cascade which, like complement, is 
activated in response to infectious agents 
and enhances phagocytosis and killing 
of  these pathogens. Several responses in 
coelomates and arthropods involve induc-

ible secretion of  bactericidal proteins; i.e., 
protein secretion is increased in response 
to infectious agents. For example, insects 
secrete cecropins, diptericins, and lysozyme 
in response to injection with killed bacte-
ria. Crabs and lobsters produce agglutinins 
that bind bacteria and probably enhance 
their uptake by phagocytes. 

Therefore, it seems that invertebrates 
protect themselves against infection using 
responses	analogous	to	inflammation	and	
innate immunity in mammals, including 
bacterial binding proteins and bactericidal 
proteins	in	mucus	and	body	fluids,	and	
phagocytes	that	infitrate	tissues	and	ingest	
and kill pathogens. In contrast, an acquired 
immune response, where it is only after 
exposure to an antigen that an antigen-
specific	response	develops,	is	a	more	phy-
logenetically recent development, with 
convincing evidence of  its occurrence only 
in vertebrates. 
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Summary: key points
•	 Although	inflammation	is	usually	lim-

ited to the site of  tissue injury, more 
severe	inflammatory	conditions	may	
induce an “acute phase response”, 
which is mediated by systemic effects 
of  cytokines

•	 The acute phase response includes 
fever, depression and anorexia, altered 
metabolism, changes in leukocyte pop-
ulations in the marrow and blood, and 
production of  “acute phase proteins” 
by the liver

•	 The concentration of  acute phase 
proteins in plasma can be diagnostically 
useful	indicators	of 	inflammation

•	 In type II hypersensitivity reactions, 
antibodies are formed against antigens 
on cell surfaces, resulting in injury or 
dysfunction of  the target cell

•	 The cell-surface antigens targeted by 
antibody may be foreign antigen (eg. 
erythrocyte parasites) or self  antigen 
(eg. autoimmune hemolytic anemia)

•	 Binding of  antibody to red cells may 
induce intravascular hemolysis due to 
complement activation, or extravascu-
lar hemolysis due to opsonization and 
removal by macrophages

•	 Important examples of  type II hyper-
sensitivity include “immune-mediated” 
hemolytic anemia and thrombocytope-
nia, and pemphigus

•	 The immune system is normally “self-
tolerant”—the body doesn’t react 
against its own antigens.  Autoimmune 
diseases represent a failure of  self-toler-
ance, where the immune system causes 
injury to host tissues

•	 Mechanisms of  failure of  self  tolerance 
include exposure of  previously hidden 
self-antigens, alteration of  self-antigens, 
molecular mimicry, or abnormal regula-
tion of  the immune response

•	 Infectious agents may trigger autoim-
munity by molecular mimicry, by incit-
ing	inflammation	and	tissue	destruc-
tion, and by secretion of  superantigens

•	 Some autoimmune diseases include 
autoimmune hemolytic anemia and 
thrombocytopenia, pemphigus, hypo-
thyroidism, hypoadrenocorticism, and 
systemic lupus erythematosus
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Appendix 1: Chemical mediators  
of inflammation

This section is included for reference: 
skip this section, and refer back to it 

when needed.

This section is an overview of  the various 
families	and	a	few	specific	mediators,	use-
ful	for	understanding	how	inflammation	
develops, for illustrating the general fea-
tures described in the previous section, and 
for comprehending the physiologic basis 
of 	anti-inflammatory	drug	action	and	side	
effects. I expect some understanding of  
the following mediators: histamine, com-
plement, leukotrienes & lipoxins, prosta-
glandins & thromboxanes, platelet activat-
ing	factor,	the	pro-inflammatory	cytokines	
TNF & IL-1, and the chemokines IL–8 
and eotaxin. However, memorizing the 
biochemical aspects of  mediators and their 
actions is not necessarily a useful exercise 
for students of  veterinary medicine, and 
our knowledge of  the importance of  spe-
cific	mediators	is	in	a	constant	state	of 	flux	
as research in this area continues. 

Vasoactive amines
Histamine is present in mast cell granules, 
and is released in response to a variety of  
stimuli including binding of  antigen to IgE 
on the surface of  the mast cell, the “ana-
phylatoxin” complement fragments C3a 
and C5a, trauma, cold (important in cold-
induced urticaria), heat, neuropeptides 
(important in stress-induced urticaria) and 
cytokines. Histamine triggers H1 recep-
tors and causes vasodilation and increased 
vascular permeability, and is an important 
mediator causing rapid edema and con-
gestion in allergic reactions. Serotonin is 
another vasoactive amine.

Complement
Complement is a system of  20 proteins 
present in plasma and on cell surfaces. 
Many complement proteins are inactive, 
but are activated by proteolytic cleavage 
during the “complement cascade”, which 
is a series of  proteolytic events that serves 
to amplify the reaction. There are three 

pathways of  complement activation, all of  
which eventually cause activation of  C3: 

1. Classical pathway, in which comple-
ment activation is triggered by antigen-
antibody complexes involving IgM or 
IgG

2. Alternative pathway, in which comple-
ment activation is triggered by structur-
al components of  microbial pathogens: 
lipopolysaccharide from Gram negative 
bacteria, peptidoglycan from Gram 
positive bacteria, polysaccharides in 
bacterial or fungal capsules, etc.

3. Lectin pathway, in which complement 
activation is triggered by collectins. 
Collectins are a group of  lectins (carbo-
hydrate binding proteins) that recognize 
carbohydrates on the surfaces of  bacte-
ria, fungi, or some viruses; and may be 
important in innate or natural resistance 
to many pathogens.
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There are three important effects of  com-
plement activation:

1. Assembly of  C5-C9 to form the mem-
brane attack complex, which forms a 
pore or channel in the membrane of  
the target cell or pathogen. This in turn 
causes lysis of  the cell or pathogen. 
Example 1: immune mediated hemo-
lytic anemia in dogs: the aberrant pro-
duction of  antibody against one’s own 
erythrocytes causes immune complexes 
(autoantibody + erythrocyte antigens) 
to form on the surface of  erythrocytes, 
triggering complement activation and, 
in some cases, lysis of  erythrocytes 
leading to anemia.  

Example 2: Low numbers of  bacteria 
enter the blood in response to minor 
oral trauma, such as brushing teeth 
or chewing coarse feed. Usually, these 
bacteria activate complement by the 
classical, alternative, or lectin pathways, 
and the membrane attack complex is 
one mechanism by which the bacteria 
are killed. 

2. Binding of  C3b to the surface of  the 
target cell or pathogen. C3b is an opso-
nin—it is recognized by complement 
receptors on the surface of  neutro-
phils and macrophages, so C3b-coated 
particles are readily phagocytosed and 
destroyed by these cells. 

Example as above. Complement-coated 
erythrocytes or bacteria may either be 
destroyed by lysis (by the membrane 
attack complex) or they may be opso-
nized by C3b, then phagocytosed by 
macrophages in the spleen and liver.

3. Formation of  the “anaphylatoxins” C3a 
and C5a. These are small “by-products” 
of  complement activation, but noth-
ing	is	wasted	in	inflammation!	C3a and 
C5a induce histamine release from 
mast cells, resulting in vasodilation and 
increased vascular permeability, which 
in turn lead to congestion and edema. 
In addition, C5a is a chemoattractant 
for neutrophils.

Kinins
The kinin system is another cascade of  
proteolytic cleavage. Kinin activation is 
initiated by activated factor XII of  the 
clotting cascade, and products of  the kinin 
cascade in turn activate coagulation by 
activating	factor	XII.	The	final	product	
of  the kinin cascade is the 9-amino-acid 
peptide bradykinin. Bradykinin is a short-
lived molecule that causes increased vas-
cular permeability, vasodilation, and is an 
important stimulus causing pain at the site 
of 	inflammation.
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Opsonization
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Bacteria, etc
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Coagulation factors
Inflammation	and	the	coagulation	sys-
tem are closely linked. The process of  
coagulation	is	a	stimulus	for	inflammation, 
although this is usually mild. Thrombin, 
which	triggers	conversion	of 	fibrinogen	to	
fibrin,	also	has	pro-inflammatory	effects	
on leukocytes and mast cells. Activation 
of  Factor XII triggers four systems: the 
intrinsic pathway of  coagulation, the kinin 
system,	the	fibrinolytic	system,	and	the	
complement system. Factor Xa, which 
represents the convergence of  the intrin-
sic and extrinsic pathways of  coagulation, 
induces increased vascular permeability 
and edema. Fibrin degradation products, 
which are produced during the process of  
fibrinolysis,	also	cause	increased	vascular	

permeability and edema.

Inflammation	is	an	important	trigger	for	
the pathologic state of  coagulation. Acti-
vated macrophages express tissue factor, 
which is the activator of  the extrinsic 
pathway of  coagulation. This is an impor-
tant mechanism of  disseminated intravas-
cular coagulation in cases of  overwhelming 
bacterial	infection.	Secondly,	fibrinolysis	
is often inhibited in states of  severe acute 
inflammation,	probably	by	the	following	
mechanism:

•	 Macrophages that are activated by 
tumour necrosis factor secrete plasmin-
ogen activator inhibitor-1 (PAI-1)

•	 PAI-1 → inhibition of  plasminogen 
activator → ↓ formation of  plasmin → 
↓	fibrinolysis

Fibrinous	exudates	are	dramatic	findings	in	
many	severe	inflammatory	conditions,	such	
as Mannheimia haemolytica pneumonia (ship-
ping fever) in cattle, pneumonia caused by 
Actinobacillus pleuropneumoniae in pigs, strep-
tococcal pleuropneumonia in horses, dogs 
with peritonitis due to a ruptured gastric 
ulcer, and cats with bite wounds that pen-
etrate through the chest wall. The abun-
dance	of 	fibrin	in	these	cases	is	induced	by	
the	severe	inflammatory	process,	through	
mechanisms that include injury to blood 
vessels, activation of  coagulation, and 
inhibition	of 	fibrinolysis.	Pharmaceutical	
agents that block coagulation or augment 
fibrinolysis—including	activated	protein	
C—are used in human medicine and under 
investigation for use in animals.

Eicosanoids
Arachidonic acid is a fatty acid produced 
from cell membrane phospholipids fol-
lowing activation of  phospholipase (PL), 
such as PLA2. Glucocorticoids, such as 
prednisolone or dexamethasone, act to 
block this release of  arachidonic acid from 
membrane phospholipids. Arachidonic 
acid is metabolized into active products, 
the eicosanoids, in two pathways:

•	 Cyclooxygenase (COX) converts ara-
chidonic acid to prostaglandins and 
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thromboxanes. There are two isoen-
zymes, COX-1 and COX-2. In general, 
COX-1-derived prostaglandins mediate 
vasoconstriction and platelet inhibition, 
while COX-2-derived prostaglandins 
are	proinflammatory. This is impor-
tant because drugs are available that 
preferentially inhibit COX-2, thereby 
reducing	inflammation	but	avoiding	the	
vascular side effects of  other NSAIDs 
such as gastric ulceration or necrosis 

of  the renal medulla. Many nonsteroi-
dal	anti-inflammatory	drugs	(NSAIDs)	
including acetylsalicylic acid (Aspirin), 
indomethacin, ibuprofen, etc., inhibit 
cyclo-oxygenase, but not 5-lipoxygen-
ase. 
The effects of  cyclooxygenase products 
are complex. Thromboxanes (TX)-A2 
and B2 are products of  platelets that 
induce platelet aggregation. This is one 
reason	that	nonsteroidal	anti-inflam-

matory drugs (NSAIDs) may reduce 
platelet function. Prostacyclin, or pros-
taglandin (PG) I2, causes vasodilation. 
Prostaglandins (PG)D2, PGE2, and 
PGF2 a cause vasodilation. 

•	 Lipoxygenase converts arachidonic acid 
to leukotrienes and lipoxins. Lipoxygen-
ase enzymes are not widely distributed, 
unlike cyclooxygenase.  
Leukotrienes: In neutrophils, 5-lipoxy-
genase converts arachidonic acid to 
5-HETE, which is metabolized to the 
leukotrienes (LTs). LTB4 is chemotactic 
for neutrophils and eosinophils. LTC4, 
LTD4, and LTE4—the “cysteinyl-con-
taining leukotrienes”—are mediators of  
bronchoconstriction in human asthmat-
ics, and also induce vasoconstriction 
and increased vascular permeability. 
5-lipoxygenase inhibitors are used to 
treat human asthma. Linoleic acid in 
fish	oil	and	evening	primrose	oil	have	
anti-inflammatory	action.	 
Lipoxins: Leukotriene A4 is produced 
in neutrophils and transferred to plate-
lets, where it is converted to lipoxins 
A4 and B4. They have many anti-
inflammatory	actions.	Aspirin	to	stimu-
late lipoxin synthesis, and this may be 
another	mechanism	of 	the	anti-inflam-
matory action of  Aspirin, in addition to 
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the inhibition of  cyclo-oxygenase.

Platelet activating  
factor

Platelet activating factor (PAF) is a phos-
pholipid—specifically,	acetyl-glyceryl-
ether-phosphorylcholine—that is secreted 
by a variety of  cell types. Platelet activating 
factor binds to a surface receptor on target 
cells. PAF receptor antagonists are useful 
to elucidate the role of  PAF experimen-
tally, but are not suitable for therapeutic 
use. The major sources of  PAF include 
mast cells, platelets, neutrophils, mono-
cytes, macrophages, and endothelial cells. 
The important effects of  platelet activating 
factor include:

•	 increased vascular permeability

•	 chemotaxis and activation of  neutro-
phils and monocytes

•	 secretion of  eicosanoids by leukocytes

•	 platelet aggregation and granule release

•	 bronchoconstriction

Cytokines
Cytokines are proteins that function in 
cell to cell communication; that is, they 
are produced by cells and have measurable 
effects on other cells. Many cytokines are 

interleukins, which communicate between 
leukocytes (inter-leukin = between white 
cells). Chemokines are a family of  chemo-
tactic (cell-recruiting) cytokines. Cytokines 
which regulate hematopoeisis are called 
colony stimulating factors (CSFs) because 
they stimulate the growth of  cultured 
“colonies” of  bone marrow cells. Growth 
factors are a group of  cytokines that regu-
late growth of  other tissues, including 
epithelium (eg. epidermal growth factors), 
fibroblasts	(platelet-derived	growth	factor,	
fibroblast	growth	factors),	endothelium	
(VEGF, vascular endothelial growth fac-
tor), etc. In the past, cytokines which are 
produced by macrophages and lympho-
cytes were called monokines and lympho-
kines, respectively. The list of  cytokines 
is very, very long, and grows substantially 
every year. The major functional classes 
and few examples of  cytokines that are 
important include the following.

Pro-inflammatory	cytokines: Tumour 
necrosis factor (TNF, formerly called 
TNF-α) & interleukin-1 (IL-1) play a 
key	role	in	the	initiation	of 	inflamma-
tory responses. TNF is secreted by mac-
rophages in response to a wide variety 
of  stimuli, including opsonized bacteria, 
components of  bacteria (lipopolysaccha-
ride), antigen-antibody complexes, and 

other cytokines. IL-1 is produced by mac-
rophages and many other cell types. The 
effects of  TNF and IL-1 on target tissues 
is very similar, and include:

•	 Endothelial expression of  adhesion 
molecules,	other	mediators	of 	inflam-
mation, eicosanoids and proteins that 
promote clotting, and nitric oxide 
which causes vasodilation

•	 Priming of  neutrophils, which increases 
their response to other stimuli

•	 Effects on the brain, leading to fever, 
anorexia, depression, and malaise

•	 Shock: vasodilation and reduced vascu-
lar resistance leading to hypotension

Chemokines: A family of  small molecu-
lar weight (8-15 kDa) proteins; many are 
chemotactic for leukocytes. The chemo-
kines—of  which there are over 30 distinct 
proteins—are divided into groups based 
on biochemical features, which loosely cor-
relate with the function of  the molecule. 
The tendency to name chemokines based 
on	the	first	identified	function	of 	the	pro-
tein results in a confusing array of  sense-
less names and acronyms. In addition to 
leukocyte chemotaxis, certain chemokines 
are stimuli for lymphocyte differentiation 
and angiogenesis.
A fascinating side-story is the observation that 
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some poxviruses and herpesviruses (including 
swine poxvirus, equine herpesvirus-2, and Marek’s 
disease virus) contain DNA encoding mammalian 
chemokines and/or proteins that block chemo-
kine receptors. In some cases, cells infected with 
these viruses produce chemokines that re-direct 
inflammatory	and	immune	responses	to	promote	
survival of  the virus; in other cases, the virus-
infected cells produce chemokine receptor antag-
onists that suppress the normal immune response 
to the virus. As we try to design drugs to inhibit 
inflammatory	responses,	recognize	that	viruses	
have been doing this for much longer!

The chemokines are divided into 4 classes 
based on the arrangement of  cysteine 
amino acids. Many of  the CXC chemo-
kines are chemoattractants for neutrophils. 
Interleukin-8 (IL-8) is the best known 
example of  the CXC chemokines. Many of  
the CC chemokines are chemoattractants 
for monocytes, macrophages, eosinophils, 
and/or lymphocytes. Some examples of  
CC chemokines include monocyte che-
moattractant proteins 1-5 (MCP-1 to 5), 
macrophage	inflammatory	protein	1α, 
and the eosinophil-recruiting chemokine 
eotaxin. 

Receptors for chemokines are 7-transmem-
brane G-protein-linked proteins (some-
times called serpentine receptors) present 
on the surface of  many leukocytes. Here 
the story gets quite complex, but instruc-
tive. Certain cell types express a certain 

range of  chemokine receptors, and recep-
tor expression also depends on the state 
of  cellular activation. A given chemokine 
receptor	will	bind	a	defined	range	of 	
chemokines; a given chemokine will bind 
a range of  chemokine receptors. Differ-
ent	stimuli	of 	inflammation	(eg.	bacterial	
infection vs. allergy vs. parasites) tend to 
stimulate production of  different chemo-
kines. Therefore, it is hypothesized that 
one mechanism that determines the nature 
of 	the	inflammatory	cellular	infiltrate—eg.	
purely neutrophils, purely eosinophils, a 
mixture of  neutrophils and macrophages, 
or eosinophils mixed with macrophages—
is the pattern of  co-ordinated expression 
of  chemokines and their receptors.

Cytokines that modulate the immune 
response: interferon-g (IFN-g), interleu-
kin-2 (IL-2), IL-4, IL-10, IL-12

Cytokines that stimulate formation of  
fibrous	tissue: transforming growth 
factor-β (TGF-β), platelet-derived growth 
factor (PDGF)

Cytokines that stimulate angiogenesis: 
basic	fibroblast	growth	factor	(bFGF),	vas-
cular endothelial growth factor (VEGF)

Cytokines stimulating the acute phase 
response: IL-6, IL-1, TNF

Cytokines affecting hematopoeisis: IL-3, 

granulocyte colony stimulating factor 
(G-CSF), erythropoetin

Cytokines stimulating epithelial prolifera-
tion: epidermal growth factor, transform-
ing growth factor-α

Adhesion molecules
During	inflammation,	blood	leukocytes	
adhere	to	endothelial	cells	in	the	first	step	
in their journey out of  the blood and into 
the	inflamed	tissue.	As	will	be	described	
in more detail in module 5.2, leukocytes 
initially roll along the endothelial surface 
in a phenomenon called rolling adhesion, 
and	then	become	firmly	adherent	to	the	
endothelium prior to migrating across the 
blood vessel wall. Three families of  adhe-
sion molecules mediate this process: the 
selectins, integrins, and members of  the 
immunoglobulin superfamily.

Selectins function as lectins; that is, they 
are proteins that bind carbohydrates. There 
are three selectins that mediate adhesion 
of  leukocytes to endothelium. P-selectin is 
present on endothelial cells and platelets, 
and E-selectin is present on endothelial 
cells; both P- and E-selectin bind sialic-
acid-rich sugars on leukocytes and mediate 
rolling adhesion of  leukocytes to endothe-
lium. L-selectin is present on many leuko-
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cytes,	and	functions	in	lymphocyte	traffick-
ing to lymph nodes.

Integrins are transmembrane proteins, 
composed of  distinct α and β chains. The 
integrins	on	leukocytes	function	in	firm	
adhesion of  leukocytes to endothelium, 
and also in adhesion of  leukocytes to the 
extracellular matrix. The β2-integrins are a 
group that share a common β-chain named 
CD18 or β2, but have differing α chains. 
The β2-integrins, which include LFA-1 
(CD11a/CD18) and MAC-1 (CD11b/
CD18), are expressed on the surface of  
neutrophils and macrophages, and bind 
ICAM-1 and ICAM-2 on the surface 
of 	endothelial	cells	to	cause	firm	adhe-
sion.	A	genetic	deficiency	of 	CD18,	and	
therefore of  the β2-integrins, is the cause 
of  bovine	leukocyte	adhesion	deficiency. 
Several of  the elite Holstein sires in North 
America were carriers for this mutation in 
the 1980’s and 90’s, although it is now a 
rare disease. Because the neutrophils from 
affected calves cannot leave the blood and 
enter into infected tissues, these calves 
tended to die of  “opportunistic” bacterial 
infections that would not cause disease in 
normal calves. These calves have spec-
tacularly high blood neutrophil numbers 
but few neutrophils in the infected tissue. 
Leukocyte	adhesion	deficiency	is	a	rare	

inherited disease in Irish Setter dogs. A 
rare	“type	2	leukocyte	adhesion	deficiency”	
has been described in humans, in which 
selectin	deficiency	results	in	failure	of 	roll-
ing adhesion, but a similar disease has not 
been recognized in domestic animals.

The immunoglobulin superfamily is a 
group of  proteins that have immunoglob-
ulin-like structural components. ICAM-1 is 
one such protein; it is found on endothelial 
cells and binds to the integrins CD11a/
CD18 and CD11b/CD18 on neutro-
phils and monocytes. VCAM-1 is another 
member of  this family that is expressed 
on endothelial cells. VCAM-1 binds to 
another integrin—named VLA-4 or α4β1 
integrin on eosinophils. One mechanism 
that	determines	how	specific	leukocytes	
can be recruited to tissue may be the pat-
tern of  adhesion molecule expression by 
endothelium.	Inflammatory	stimuli	that	
incite ICAM-1 expression on endothelium 
may result in neutrophil responses, which 
factors that stimulate VCAM-1 expression 
may effect eosinophil adhesion and migra-
tion.

Nitric oxide
Nitric oxide is a soluble gas that is pro-
duced by cells using the enzyme nitric 
oxide synthetase (NOS). Three forms of  

NOS exist, and correlates with distinct 
functions of  nitric oxide:

•	 Neuronal NOS is present in neurons, 
where nitric oxide functions as a neu-
rotransmitter.

•	 Endothelial NOS is present in endothe-
lial cells, where nitric oxide acts to relax 
vascular smooth muscle cells and cause 
vasodilation. Nitric oxide is a key regu-
lator of  vascular tone and maintains 
blood	flow	to	normal	tissues.	Excessive	
production of  nitric oxide in disease 
(for example, septic shock caused by 
systemic or overwhelming bacterial 
infection) leads to excessive vasodila-
tion, which causes reduced vascular 
resistance leading to hypotension and 
shock.

•	 Inducible NOS is not present in nor-
mal macrophages, but its expression is 
induced by activation of  macrophages. 
Nitric oxide produced by macrophages 
is important in defence against patho-
genic microbes but may also damage 
mammalian tissues.
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