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SUMMARY

This chapter provides an overview of how bovine mammary gland immunity can be modulated to resist or
eliminate intramammary infection (IMI). Although the mammary gland of the cow evolved to nourish the
newborn calf and support its diet during the first year of life, dairy caltle genetics and nutrition have been
dramatically manipulated to allow production of copious amounts of milk for human consumption. The stresses
associated with the high-producing Holstein cow, however, have rendered her more susceptlible to diseases such
as mastitis. Nature has provided her with innate anatomical defenses to repel mastitis-canusing bacteria, and once
bacteria enter the mammary gland, various cellular and muolecular defenses play a role in removing the invading
pathogens. In addition, the cow adapts to specitic bacteria by eliciting antibodies and immune cells that function
to destroy these pathogens. Research has demonstrated that these innate and adaptive immune mechanisms can
be modulated to varicus degrees. Vaccination, dietary supplementation, and immune stimulation have been used
experimentally as well as commercially to enhance the composition, magnitude, and efficiency of the bovine im-
mune gystem with varying degrees of success to prevent the establish of IMIL

INTRODUCTION There are certain times of the lactation cycle when
’ mammary gland defenses fail to operate properly and
Mastitis is an inflammation of the mammary gland  qws become susceptible to mastitis. Strategies aimed
usually caused by bacteria, resulting in reduced milk  u¢ enhancing immune systems of the mammary gland
vield and quality. This disease contlinues to be the most during these periods of immune dysfunctioﬂ seld
devastating disease affecting dairy cows, and the as- greatly affect the ability of the cow to resist infection.
sociated losses continue to present a serious economic  This chapter reviews the immune system of the bo-
burden to producers. Current control practices are  yine mammary gland, and how it 111'(_1.:3«' be eantralled or
based on proper milking time hygiene, reduced exposire  ndulated to better manage mastitis in dairy cattle.
to environmental pathogens, antibiotic treatent of
clinical cases, and nonlactating cow therapy. Although
these practices have reduced the occurrence of IMI,
recent estimates suggest that mastitis affects one-third
of all cows in an average of 1.5 quarters. Thus, newer A basic knowledge of mammary gland anatomy,
and more advanced approaches for control are needed  phvaiology, and milk secretion b e
if further progress is to be made, Fortunately, the cow  gtanding of processes associated with microbial inva-
has a natural ability to resist IMI, and mechanisms 0 gjon and how the gland can be modulated to prevent
enhance or “modulate” her immune system are needed  ogiapblishment of new cases of mastitis and eliminate
to assist the animal in defending itself against bacterial existing iMl.
invasion. Such defenses of the mammary gland against
mastitis-cansing pathogens are mediated by several an-
atomical, cellular, and scluble protective factors. Once
bacteria successfully penetrate the teat orifice, it is the The udder is & modified exocrine skin gland compoged
efficiency of these defense mechanisms that determines of 4 separate functional mammary glands or quarters:
the resistance or susceptibility of the gland to new IML. 9 f506 and 2 rear quarters, each drained by a separate

ANATOMY AND PHYSIOLOGY
OF THE MAMMARY GLAND

Basic Mammary Struciure

teat. The interior of each quarter from ventral Lo dorsal
regions is composed of a teal cistern, gland cistern, milk
' Corresponding author: senbueiedu ducts, and glandular tissue (Figure 1). The glandular
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Figure 2. Anatomy of an alveclus lined by milk-prodducing cells
that encloses a hunen. Capillaries supply nuwicnts to milk-producing
cells. and surrounding myoepithelial cells contract in response to the

let-down response and oxytocin relesse, expelling milk throngh & duct.

MASTITIS AND MILK QUALITY

or secretory tissues contain millions of microscopic
globe-like structures called alveoli (Figure 2), each of
which is lined with milk-producing epithelial cells and
surrounded by myocepithelial cells that contract and
squeeze milk from the alveolus during milking.

Milk Synthesis, Secretion, and Removal

Blood vessels supply nutrients to each alveolus, where
epithelial cells convert them into protein, fat, and lac-
tose. These synthesized milk components are stored in
the cells along with minerals and vitamins. During the
secretory process, all components are released from epi-
thelial cells and are stored in the alveclar lumina, ducts,
and cisterns as milk between milkings. The accurnulated
product is removed from alveolar lumina through milk
ducts in conjunetion with the milk ejection reflex, or
milk let-down, during the milking process. This reflex
is caused by the contraction of myoepithelial cells sur-
rounding the alveoli dll(‘ to oxytocin, which is released

from the posterior pituitary .I the base of the brain in
response to the stimuli that the cow receives associatbod
with milking. Oxytocin blnd.‘-~ to surface receptors on

the myoepithelial cells surrounding the alveoli, causing
them to contract and squeeze or eject milk from the
alveolar lumina into their small draining ducts. It is
important to note that alveoli, myoepithelial cells, and
associated blood wessels are very delicate and can be
damaged as a result of infection or inflammation pro-
cesses. The small ducts that drain the milk-producing
alvenll converge into larger ducts that drain into the
gland and teat cisterns near the veniral portion of each
quarter. The teat cistern terminates distally at the teat
canal, the structure through which millk is removed
from the mammeaxy quarter.

Protective Tissues of the Teat End

The teat canal is also the siructure through which
microorganisms enter the mammary gland to establish
an IMI (Figure 3) and measires 5 to 13 mm in length.
Its diameter ranges from 0.1 mm at the distal end Lo
1.63 yun at Lhe proximal end, where it lerminates al
the teal cistern in the region known as Iirstenberg’s
rosette. The teat duct lumen is occluded witl kera-
tir, which is formed by the continual slouglhing of the
epithelial cells lining the duct. Keratin seuls the teat
duct hetween milkings and serves as a physical barrier
to bacterial invasion, particularly during the nonlactat-
ing period when the canal becomes completely blocked
with this substance. The latiy acids and provweing con-
tained in keratin are also antibacterial against scme
species of microorganisms; for example, gram-positive
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bacteria are more susceptible than gram-negatives to
the bactericidal effects of fatty acids.

The teat canal is surrounded hy circular and longi-
tudinal bundles of smooth muscle fibers, which create
a sphincter that funcfions to maintain tight closure of
the duct between milkings. In the contracted state, the
muscle fibers prevent leakapge of milk [rom the milk-
engorged gland by compressing the teat duct keratin
sufficiently to prevent bacterial penetration. This teat
sphincter relaxes during milking to accommodate the
flow of milk.

DEVELOPMENT OF MASTITIS
Invasion by Bacteria

[ntramammary infection occurs after microorganisms,
such as bacteria, pass through the teat duct, multiply
in the teat and gland cisterns, and progress upward to
the milk-producing tissues, eventually causing inflam-
mation. These microorganisms breach the teat duct in
several ways during the milking process as well as dur-
ing the intermilking period. For example, during ma-
chine milking, the lower teat skin surfaces are exposed
1o contaminating bacteria remaining it teat cup liners
from cows that were previously milked. Immediately

afier the teat cups are removed, bacteria remaining on
the distal teat surfaces pool and concentrate at the teat
opening, remaining in an opportunistic position fo cause
mastitis. The teat duct remains dilated (open) for an

Keratin plug Sphincter muscle

Figure 3. Structure of the teat illustrating the junciion of the teat
canal and teat cistern as Furstenberg's resecie (FR). The teal canal is
occluded with a keratin plug and swrrounded by a sphincier muscle.
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hour before tie teat sphincter muscle fully contracts.
While dilated, the teat duct acts like a capillary tube,
drawing residual milk with contaminating bacteris into
the ductal lumen and up into the interior of the mam-
mary gland. This is why postmilking teat antisepsis
is so imporiant—the kills mastitis-causing
bacteria remaining on the teat end before they enter
the teat duct. Moreover, because the teat duct remains
dilated after milking, cows should be offered feed and
should remain standing during this time, rather than
lying down in mud. manure, or bedding contaminated
with environmental bactoria. Teats are continuously
exposed to environmental mastitis bacteria belween
milkings, so the pathogen load increascs on teat skin
throughout the intermilking peried, which increases the
chances of developing a new IMI. To reduce bacterial
numbers on teat skin and subsequent IMI, predipping
of teats belore milking is practiced to kill and remove
most of these hacteria hefore milking units are atfached
to the mammary gland.

germicide

Inflammatory Response

Bacteria multiplying within the cisternal spaces,
ducts, and mill-producing alveali, as well as their met-
abolic byproducts and toxins, ave recopnized as foreign
by the cow’s immune system. The cellular immune sys
e includes white blood cells or leukocvtes composed
of neutrophils, macropliages, and lymphocytes. The
presence of bacteria signals the leukocytes already pres-
cnt inomilk {(mainly macrophages and neutrophils), also
known as somatic cells, te engull and kill the patho-
gens, and also serves as a chemoattractant Lo recruit
more leukocytes from the blood stream (mainly neutro-
phils) into the infected quarter to attack the bacteria,
subsequently inereasing the somatic cell count (SCC).
This influx of leukocytes from the blood constitules the
inflammatory response. If the pre-existing leukocyte
population and those recruited from the blood are sug-
cessful in killing all invading bacteria, then the infec-
tion is resolved, leukocvle recruitment from the Lilood
slows, and the 3CC in the affected quarter returns to
preinfection levels. However, if bacteria swrvive Lhe
initial inllux of leukocytes, then chironic inflammation
cantinies as more leukocytes are recruited, and a con-
stant battle cusues between bacteria and nevtrophils as
the infection becoines established (Ryman et al., 2015).

Establishment of Infection

Bacteria successhully cause IMI when leukocyles
and other soliuble factors can no longer prevent their
multiplication. The adherence of some bacteria to tis-
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sues lining the interior of the mammary gland enhances
establishment of infection, especially during lactation
when the contents of the mammary gland are periodi-
cally flushed during each milking. Streptococcus agalac-
tiae and Staphylococcus aureus adhere well to tissues
Jining the milk collecting spaces. Escherichia coli do not
adhere but multiply rapidly in quarters with low SCC.
During the initial stages of bacterial infection, the
tissues that line the large milk-collecting ducts and
cisterns suffer small areas of damage. Then, the micro-
organisms enter small ducts and alveolar areas of the
lower portions of the gland and continue to produce
toxins and other tissue irritants. This results in the
recruitment of additional leukecytes, mainly neutro-
phils, into the alfected tissue area to destroy invading
pathogens, but their intense migration into the infected
quarter is detrimental to milk-producing tissues.

Mammary Tissue Response

After neutrophils cross blood vessels and move
through mammary tissues toward infected tissue sites,
they accumulate around the alveoli, ducts, and cisterns
before entering the milk. Neutrophils move across the
tissues lining these arcas by squeezing between cells
and passing through damaged regions. During migra-
tion, neutrophils release antibacterial chemicals thaf
cause local destruction of milk-producing cells. Once
neutrophils enter milk, they are dependent, in part, on
random collisions to make contact with hacteria for en-
gullment, requiring high concentrations of nentrophils
to be effective. The ratio of SCC to bacteria may be
10,000:1 in case of Staph. aureus mastitis.

The presence of bacteria, toxins, leukocytes, and
other byproducts of inflarnmaiion in the affecied area
may cause the remaining healthy milk-producing celis
Lo revert to a resting state and become nonproductive.
In addition, tissue debris, leukocyles, and bacteria form
clots that occlude the ducts that drain areas of secre-
tory tissue. If bacteria are eliminated, inflammation
subsides, occluded ducts are opened, and milk composi-
tion returns to normal in several days.

The mechanisms used by an injured quarter to re-
develop secretory ability are largely unknown., but
damaged milk-producing cells may repair themselves,
resting cells may become active again, and healtly
uninfected tissue areas may increase synthetic activity
and compensate [or nonproductive fissues, resulting in
return of milk production. However, il infection persists
and ducts remain occluded, milkk aceumulates in alveoli,
exerting pressure on milk-producing cells. These cells
revert t0 & resting state or may be destroyed, depending
on the severity of infection. After destruction, alveclar

MASTITIS AND MILK QUALITY

structures are permanently replaced by scar tissue,
leading to reduced mitk yield in the current as well as in
subsequent lactations. See Akers and Nickerson (2011)
for further information on mastitis and its impact on
mamumnary structure and funciion.

MAMMARY IMMUNITY

The ability of cows to resist the estahlishment of new
IMI depends on the efficiency of the mammary imrmune
system. Immune components consist of a complex sys-
tem of tissues, cells, and molecules that work together
to defend against mastitis-causing pathogens and can
be broadly classified as innate and adaptive immunity.
Innate immunity includes resistance mechanisms that
can be triggered within seconds to minutes of microbial
challenge and can be localized within affected tissues or

activated and quickly recruited from the bloodstream
to the site of infection by numerous stimuli. The physi
cal barrier of the teal end and a variely of soluble and
cellular mechanisms facilitate the innate responses of
the mammary gland, Conversely, the adaptive fmumune
system can take several days to become fully activated.

but i is capable of a more specific response to select
bacterial factors that cause disease. Immuneglobulins,
macrophages, dendritic cells, and several lymphoid
populations mediale recognition of specific pathngenic
factors. Because of Lhe “memory” of certain lympho-
cytes, adaptive immune responses can be amplified by
repeated exposure fc a particular pathogen (Staph.
aureus, for example). The adaptive lmmune response is
the foundation of the vaccine strategies discussed below.
In the mammary gland, both innaie and adaptive pro-
tective factors are highly inferactive and coordinated
to provide optimal protection from mastitis-causing
pathogens. Indeed, botli systems ave needed to not owuly
prevent bacterial invasion of the memmary gland but
also eliminate existing IMI and restore mammary tis-
sues to norinal function (Aitken et al., 2011}

Innate Immunity

Innate lmmunity is the initial line of defense when
the mammary gland is first exposed Lo wastitis-causing
pathogens, its Lallmark being inflammation. In re-
sponsc to infection, the mammary gland can develop
cither a subclinical or acnte inflammatory response
depending on the invading pathogen. When innate
immuuity functions properly, however, pathogens are
readily eliminated shorily after the initial invasion, and
the inllammatory response is guickly resolved. Innate
defenses consist of anatomical barriers provided by
the teat, tissue and milk leukocytes, cellular receptors
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Bacteria

located on different mammary cell populations, and a
variety of noncellular molecular factors {Table 1).

Anatomical Defenses

Pathogens must gain entrance to the marmmary gland
to cause mastitis, so the teat end is considered the {irst
line of localized defense against invading bacteria. The
teat end impedes bacterial penetration by the afore-
mentioned keratin plug and sphincter muscle.

Innate Cellular Defenses

The antibacterial activities of the mammary gland
microenvironment can serve to inhibit the establishment
of disease if bacteria are successful at overcoming the
local defenses of the teat end. Both resident and newly
recruited mammary gland lenkocyies play an essentisl
role during the early stages of pathogenesis. In healthy
uninfected quarters, lymphocytes and macrophages are
the predominant leukocyte tvpes with relatively low
pumbers of neutroplils. The SCC in healthy glands are
often <10,000/mL but can increase to >1,000,000/mL
within just a few hours of bacterial invasion, and the
major leukocyte types during inflammation are neu-
trophils. The prompiness and magunitude of neutrophil
migration into milk is considered a major determining
factor for the establishment of new IMI (Paape et al.,
2000).

An important innate defense mechanism facilitated
by leukceytes is the ingestion and killing of bacteria,
a process referred to as phagocytosis (Figure 4), car-
ried out primarily by nentrophils and macrophages,
although dendritic cells are also capable of phago-
cytosis. Phagocytic leukocytes engulf hacteria and
encapsilate them within a cytoplasmic vacuole called
a phagolysosome. Bacteria are destroyed within these

Table 1. Summary of innate defense mechnnisms

Nucleus

Lysosome
Pseudopodium

igure 4. Illustration of a neutroplil using irs psendopodium to
Fig 4. Illust [ trophil pod t
phagoeytose hacteria, which will be iternalized and killed by lyso-
somes that contain antibocterial substances.

phagolysosomes using high concentrations of toxic
oxygen radicals and digestive enzymes and are then
exocytosed from the phagocyte. Neutrophils and mac-
rophages ingest {al, casein, and other milk components
that render them less effective at phagocytosing bacte-
ria. ‘the phagocytic and bactericidal activities of these
cells are especially diminished during the periparturient
period and are thought to be an underlying cause of
increpsed susceptibility to mastitis during this time.
However, phagocytic and bactericidal capabilities can
be increased substantially in the presence of opsouni
antibody for specific pathogens (Rainard and Riollet,
2006), which can be enhanced by immunization.
Nentrophil extracellular trap (WET) formation is
an additional innate antimicrobial defense mechanism.

Type Factor Meachnnisin'
Anatomicsl Tent e Sphincter muscle
Keratin linpedes bacterial g
Firstenburg's rosette i
Cellular Neutrophils Phagocytists

Macvoy : Phagooytosis
Dendritic ¢elis Phagooytesi
Natural killer cells

provide o mechanics
5 dlenisol

and Killing of bacteris, se
md killing of bacteriag secreres evtokines and oxylipids
e evtold
Non-imnmne Ivimphocytes

barrier to binder bacterial entry
into the gland
v populated with lovkocytes; deferse not yet defined

res antibacterial factors: forms NETs

2 production
that secrete antibacterial proteins upon activation

Solublie

Epithelial cells

Cytokines
Complement
Lacreleryin

Expression of TLR that sense the presence of bacteria in the manunary gland

Proinflarmmatory factors that enhance the magnitude and activity of leukoevies
Bacteriolvtic and facilitates phpgocytosis
Hactenastatie properties due to iron sequestration

"NET = neutrophil extracellular traps; TLIV = toll-like receptors.
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Pathogen stimulation of neutrophils triggers the re-
lease of nuclear material (DNA, histones) as well as
granular proteins and extracellular fibers that trap and
kill microbes. Formation of NETs may be of particular
importance to the mammary gland due to the ability
to function in the presence of milk in contrast to olber
neutrophil functions that are suppressed in that eovi-
ronment {Lippolis et al., 2006).

Natural killer (WK} cells are a subpopulation of lym-
phocytes that also may play an importani role in innate
immunity. They are large, granular lympheocytes that
have potent cytotoxic and bactericidal activity against
both gram-positive and gram-negative bacteria. Indeed,
NK cells isolated from bovine mammary tissue exhibit
potent bactericidal activity against Staph. aureus and
E. coli, and therefore could be an important aspect of
innate defense in preventing mastitis, especially during
the periparturient peried (Aitken et al., 2001); o
their role has not been well established in vivo.

The ability to sense the presence of bacteria within
the mammary gland is an essential component of early
host defense, and any cell capable of facilitating this
recognition can effectively stimulate the innate immune
response. Both immune and nonbmimune cells in the
matnmary gland possess receptors that can interact
with bacterial components to send out alarin signals
that microbes have invaded the cow’s tissues. An exam-
ple of these receptors are the toll-like receptors (TLR)
expressed on leukocytes, endothelial cells, epithelial
cells, fibroblasts, and adipocytes. Following pathogen
recognition and binding, TLRs transmit signals to ini
tiate innate immune responses through ecxpression of
eyvtokines and other inflammatory mediators.

wer,

Innate Molecular Factors

Neuirophils are the predominant leukocyte type dut-
ing the initial inflammatory response, and they kill bac-
teria by either oxygen-dependent or protein-inediated
mechanisms. The oxygen-dependent system  occurs
during the ingestion process, in which there is a major
burst of oxidative metabolism, resulting in the produc-
tion of reactive ocxygen intermediates—a metabolic
process known as respiratory burst. These micrabicidal
oxidizing enzymes are located within phagolysosomes
and oxidize bacterial membrane lipids, causing their
destruction. The primary enzymes involved in cata-
lyzing the oxidation process are myeleperoxidase and
superoxide dismutase (Paape eb al., 2000).

In addition, bacteria may become exposed to and
destroyed by protein-mediated mechanisms, including
lysozyme, a variety of cationic proteins, and lactoferrin,
which are proteins stored within neutrophil lysosomes.

MASTITIS AND MILK QUALITY

Lactoferrin (Lf) is among the best-characterized anti-
microbial proteins, and concensrations in milk Huctuate
during the lactation cycle, with the highest concentra-
tions observed in the fully involuted gland. The abil-
ity of Ll to bind soluble iron in milk is the basis of
its most important biological aclivities. Firsl, it can
act as a transport protein by moving the bound iron
to a different ares within the host. In addition, the
iron-binding capability of Lf greatly reduces soluble
ferric iron available to multiplying bacteria, preventing
the production of dismutase, an enzyme produced by
bacteria to counteract superoxide radicals generated by
the host. Collectively, the iron-binding capacity of Li
results in a bacteriostatic effect, resulting in greatly
reduced bacterial multiplication rates. Lactoferrin can
also have direct bactericidal effects on certain mastitis-
causing pathogens, and it plays a role in lymphocyte
and macrophage [unction. However, the bacteriostatic
and antibacterial properties of L are depressed in the
presence of citrate, which chelates iron into a form
that bacteria can ufilize. Citrate levels in milk tend
to be very low during involution, when the mamrmary
gland is resistant to IMI, but increase substantially at
calving, when susceptibility to [MI increases. Thus, a
direct correlation exists between changes in citrate and
Li ratios in milk and susceptibility to new INI {Aitken
et al., 2011).

Several other soluble factors are associated with in-
nate mammary gland defenses. Complement is a col-
lection of proteins present in serum and milk, which
can affect both innate and adaptive immunity. Many
of the biological activities of complement are mediated
throngh complement receptors located on a variety of
cells, resulting in lysis of bacterial target cells, Gram-
negative bacteria such as #. coli are especially sensitive
to complement-mediated iysis. Complement also func-
tions in concert with a specific antibody as an opsonin,
which promotes bacterial phagocytosis and intracellu-
lar killing by nentrophils and macrophages. Concentra-
tious of complement are highest in colostrum, inflamed
glands, and during involution, but lowest during lacta-

ion; therefore, it may play a minor bactericidal role
(Rainard and Riollet, 2006).

Cytokines are a heferogencous group of low-mo-
lecular-weight glycoproteins secreted by imumune and
nontmine cells, and these molecules are known to
regulate all aspects of inllarmmation and immunity. Cy-
tokines regulate the intensity and duration of the cow's
response to IMI by regulating {enhancing or inhibiting)
the activation, proliferation, and differentiation of cells
involved in the limmune response. Therelore, cyfokines
can influence both innate and adaptive immunity in the
mammary gland, and include interleukins {(I1.), inter-
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ferons (IFN), chemckines, colony-stimulating factors
(CSF), and tumor necrosis factors (TINF).

Cytokines can indirectly influence the severity and
duration of mastitis by regulating the promptness of
the leukocyte migratory response and the efficiency of
vhagocytes ab the site of infection {Bannerman, 2009).
Many different cell populations in the manumary gland
secrete cytokines. As an example, mammary epithelia
cells and macrophages are among the first to becorm
activated by bacterial toxins and other factors associ-
ated with bacterial colonization, and to start producing
a variety of cytokines. Certain macrophage-derived cy-
tokines, including TNF-«, 111, IL6, and IL8, regulate
the magnitude and duration of leukocyte infiltration
into infected tissues. If neutrophils arve able to migrate
rapidly from the blood inte the mammary gland and
effectively eliminate bacteria, then the recruitment
of leukocytes will decrease and SCC will return fo
preinfection levels. However, it bacteria persist, then
the inflammatory response will continue to an acute
or rchronic state. Prolonged or excessive migration of
leukocytes from the blood causes considerable damage
to mammary parenchymal tissues, resulting in reduced
milk production. The overexpression of TNP-o and 1.1
during acute inflaiumation is also directly correlated
with morbidity and mortality associated with colilorm
mastitis. One of the most potent activators of neutro-
phil and macrophage functions after their migration
into the mammary gland is IF'N-~, which is produced
by activated T lymphocytes (Ryman et al., 2015).

Another important group of immune signaling mol
ecules are a family of potent lipid-derived mediators
referred to as oxylipids, which are capable of regulat-
ing all aspects of the initiation and resolution of the
inflammmatory response. Whereas many immune atl
nonimmune cell populations are capable of producing
oxylipids. macrophages and endothelial colls are a ma-
jor source within most tissues. Oxylipid biosynthesis
is Initiated when macrophages or endothelial cells en-
counfer bacterial factors or other inflammatory stimuli
such as cytokines. Within minutes of exposure to these
proinflammatory agonists, polyunsaturated fatly acids
are liberated from cell membrane phospholipids. These
fatty acid subsirates are then oxidized nonenzymati-
cally by reactive oxygen species (ROS) or through dif-
ferent  enzymatic routes including cyelooxygenase,
lipoxygenase, and cytochrome P450 pathways to pro-
thnee a variety oxylipids such as prostaglandins, tiron-
baxanes, leukotrienes, and lipoxins. Depending on the
timing and magnitude of expression, certain oxylipid
profiles can either enhance or resolve the nflammatory
response during mastitis (Sordillo, 2016).
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ADAPTIVE IMMUNITY

Although adaptive immunity takes longer to develop
following microbial exposure, it becomes increasingly
important if pathogens are able to evade the innate
defense sysien. Specific inmune responses are elicited
to particular antigenic challenges associated with bac-
terial pathogens. An amazing feature of the imimune
system is the ability of a host to recognize and respond
to billions of unigue antigens that tlhey may encounter.
If a host encounters the same antigen maore than once,
a heightencd state of immune reactivity occurs because
of immunclogical memory. Compared with the first
exposure to a particular antigen, a memory response
will be much faster and considerably stronger, will last
longer, and be more effective in clearing the pathogen.
It also is important that an inappropriate specific im-
mune response does not occur against the host's own
antigens. For this reason, the immune system is able
to distinguish self from nonself and selectively react 10
only foreign antigens. Genetically diverse, membrane-
bound proteins called major histocompatibility com-
plex {(MHC) molecules assist in this recognition. A
specific immune response will only oceur if antigens are
combined with an MHC melecule on the surface ol cer-
tain cells, a process referred (o as antigen preseutation.

Adaptive Cellular Defenses

Generation of effective specific immunity involves 2
tvpes of cells, lymphocytes and antigen-presenting cells
(Table 2). Lymphocytes recognize bacterial antigens
through membrane receptors specific to the invading
pathogen, und mediate the defining atfributes of adap-
tive immunity including specificity, diversity, memory,
and self/nonsell recognition. The T and B cells are 2
distinct subsets of lymphocytes. which differ in function
and protein products. The T cells can be further sub-
divided into a3 T cells, which include CD4" (T helper,
Th) and CD8" (T cytotoxic, Tc) cells, and 48 T cells.
The Th cells can be refined further based on functional
groupings that imclude Thl, Th2, Th17, and regula-
tory T cells (Tregs). The Th cells produce cylokines
in response to recognition of antigen-MHC complexes
on antigen-presenting cells (B cells and macrophages).
When activated, Th cells produce a variety of cyto-
kines, which play an wmportant role in activeting both
T and B cells, macrophapes, neutrophils, and various
other immune cells involved in innate and adaptive im
mune responses. For example, the cytokines IFN-~ and
IL2 are theught to enhance some nonspecific cellular
aclivities such ag phagocylosis and intracellular killing.
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Table 2. Summary of adaptive defense mechanisms

MASTITIS AND MILK QUALITY

Type Subpopulation Function

Macrophages Antigen presentagion

Deundritic cells Antigen presentation

T Lyrmphocyvies Th cells Pre<uce immimn

Te cells Lysis of damaged

saulatory cvtokines
tocompatibility complex (MEC) moelecules; memory cells foll
st cells when complexed with MHEC maolecnles

awrnition with major
swing antigen recognition
produce eytokines the

following antigen rei

downregulate lenkooyte funcrions

~8 T cells

B Laywmphocytes Matwe B cell

Displays membrane bound antibody molecules to eilitats

Biological role in the mamumnary gland s speeulative

tigen presentation; memory cells

following antiren interactions.

Plasia cell

Natural kilier cells

Terminally differentiated B cells the

Large granular lymphaid cells shat syuthesize and seorete antibacterial

synthesize and seerete antibody against a specific antigen

proteins following

activation
Immunoglobulins IeG, Selectively transported into manunary secretions: opsonizes bacteria to enhance phagoeytosis
IgGe Transported into secretions during neatrophil diapedesis; opsonives Lincteria to enbion
phagocvtosis
TeA May caee bacterial agglutination: prevents bacterial adhesion; neutralizes toxins
Lphd Complement () fixation, npsonization apylutination, toxin neutralization, opsonic for
neutrophils in presence of ©

Cytotoxic T cells recognize and elimninate microbes
via. antigen presentation in conjunction with NIHC
meclecules, and may act as scavengers that remove
damaged mammary secretory cells. Sinilar to the Th
cells, suppressor functions of Te cells are thought o
modulate the immune response by the cytokines that
they produce. The Tc cells alse have a potential role
in defending mammary cells against intracellular in-
fections and surface-exposed antigens. The suppressor
functions of Tc cells can become activated in infected
mammary glands or during the periparturient period,
and may contribute to impaired local defenses under
these circumstances.

The biological functions of ~6 T cells are primarily
assoclated with the protection of epithelial surfaces.
There are indicaticns that ~0 T cells can mediate cyto-
toxicity with variable involvement of MHC. These cells
also may play a role in infectious diseases and therefore
provide an importunt line of defense against hacterial
diseases. The fact that the percentapges of these cells
decrease significantly in the maminary gland during
times ol increased susceptibility io disease suggesls
that these lymphocytes may constitute an essential line
of defense against mastitis-causing pathogens (Aitken
et al., 2011).

The primary role of B cells is to produce antibod-
ies or immunoglobuling againsi invading pathogens.
Following pathogen recognition, B cells internalize,
process, and present antigen in the context of MHC
molecules to Th cells. The Th cells become activated
and secrete certain cytokines including IL2, which in

turn Induce proliferation and differentiation of the B
cells into antibody-producing plasma cells or memory
B cells.

Llacrophages are the predominant cell tvpe found in
the milk and tissues of healthy, involuted, and lactating
mammary glands. Whereas these cells have a role in
early nonspecific defense as phagecytes and regulators
of inflammation, macrophages also play a key role in
antigen processing and presentafion. Antigens from
ingested bacteria are processed within macrophages
and appear on the membrane in association with MHC
molecules. When a nalve Th cell encounters aulizen
complexed with MIC melecules on macrophages, it
can proliferate and differentiate into a memory cell or
cytokine-producing effector cell as described abave.

Adaptive Humoral Defenses

Antibodies function as the soluble effectors of
specific or humoral hnmune responses (Table 2).
Antigen-activated B cells proliferate and differentiale
into antibody-secreting plasma cells. Antibodies in lac-
teal secretinns are synthesized locally or are selectively
transported from the blood streawn. Four classes of im-
muneglobuling are known to hiulluence mammary gland
defense against mastitis-causing bacteria and includs
IgGy, LgG.. TgA, and IgM. [n healthy glands, the con-
ceniration of immuncelobulin is low during lactation
but slowly increases during the noniactating periods
and reaches peak concentrations during colostrogenesis.
High concentrations of immunoglobulin also accur in
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the mammary gland during inflammation. The concen-
tration of immunoglobulin in the gland depends upon
the degree of permeability of secretory tissue and the
number of lg-producing cells that are present in the
mammary gland {Aitken et al., 2011).

MODULATING MAMMARY IMMUNE MECHANISMS
TO MASTITIS PATHOGENS

Although the mammary gland is equipped with a
diverse and highly interactive network of cellular and
humoral defense mechanisms, there are certain times in
the cow’s lactation cycle when the imune system is
compromised, resulting in higher rates of new IMI. In-
deed, research suggests that the bovine immune system
is especially compromised during the periparturient
period, which explaing why fresh cows are susceptible
to so many different health disorders, inchuding masti-
tis. The development of innovative strategies (hat can
enhance otherwise impaired mammary gland delense
mechanisms during periods of increased disease suscep-
tibility could have a major effect on the incidence of
mastitis.

Role of Vaccination in Mastitis Control

The purpose of vaccination against mastitis-causing
bacteria is to stimulate the cow’s immune system to
protect it against subsequent infection. For example,
vaccination may increase circulating autibodies or a
cell-mediated immune response directed against certain
mastitis pathogens to prevent or limit bacterial growth
after invasion. The resulting enhanced immunity may
al=o minimize pathogen damage to milk-producing tis-
sues, modify the inflammatory response, and promote
tissue repair. Progress has been made in the effort to
develop vaccines for preventing both environment:l
and contagious mastitis. Commercial mastitis vaccines
are cwrrently available for E. coli and Staph. awreus,
and several experimental vaccines bascd on these 2
pathogens have been the focus of the pharmaceutical
industry and academic institutions for nany years. Far

less information is available on mycoplasme vaccines,
and no streptococcal vaccines are commercially avail-
able.

Coliform Vaccines

The most success has been realized with the gram-
negative common core vaccines, and the National Ani-
mal Health Monitoring Systemn (NAHMS) estimates
that coliform mastitis vaccines are used on one-third
of all US dairy farms. Bactering (killed or atlenuated
bacterial preparations) lormulated against the coliform
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genera (e.g., Escherichio, Klebsiella, Enterobacter) have
been developed because the proportion of mastitis
caused by these environmental pathogens has increased
in many herds. This may be due to the trend for low
SCC milk, an increase in cow susceptibility to coliform
mastitis, and higher density housing, which increases
exposure to environmental pathozens. In addition,
common herd healith practices such as teat dipping
and antibiotic therapy are not effective in controlling
coliform mastitis primarily because of the continuous
exposure to these pathogens in the cow's environment
{Smith et al., 1985). A high proportion of clinicai cases
occurs within the first 3 mo of lactation, mainly during
the first 2 wk, causing marked losses in milk production
(5100 to $200 per case).

Cantrol of coliform mastitis has been made possible
through the development of mutant gram-negative bac-
teria. Vaccines used to combat gram-negative pathogens
focus on using the mutani gram-negative core antigen,
which lacks the chains that protect the lipopolysaccha-
rides of gram-negative pathogens. This characteristic
is important becanse the antibodies produced by the
vaccinated anbmals are specific to the exposed lipopoly-
saccharides of all gram-negative organisms, whether
they are of the genus Escherichio, Klehsiello, or Entero-
bacter. Thus, such vaccines stimulate the production of
antibodies against common core antigens in the bacte-
rial cell wall that are cross-prolective against a wide
variety of gram-negative microorganisms.

Enviracor J-6 Coliform Vaeccine. One such
vaccine product is the K. coli Enviracor J-5 hacterin
administered subculaneously af drying off, 30 d later,
and again within 14 d of calving (Enviracor J-5, Zoetis,
Florham Park, NJ). Following initial observations that
cattle with low naturally vecurring serum titers against
E. coli 15 experienced a H-fold incresse i clinical co-
liform mastitis, researchers in California (Gonzdilez et
al., 1989) investigated the efficacy of immunization in
reducing the incidence of clinical disease in a vaccine
field study. Vaccinated animals received subcutaneous
injections at drving off, 28 & later, and within 14 d
of calving. Results showed that, during the subsequent
100 d of lactation, the incidence ol ¢linical cases of co-
liforim mastitis in vaccinates was 2.57% compared witls
12.77% in the controls, a reduction of 80%. This same
vaccine was subsequently evaluated in Ohio (Hogan et
al., 1992), where vaccinatious were given subcutane-
ously al drying off, 30 d later, and 2 « alter calving.
Compared with controls, vaceinated cows exhibited
fewer bacteria in milk and lower rectal temperatures
following infusion of F. coli 30 d into lactation. In ad-
dition, milk production and DMI were depressed to a
greater extent in contrels than in vaccinates. Blood and
mille antibody titers were higher In vaccinated than in
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control cows. It was concluded that vaccination with
the E. coli J5 bacterin did not prevent infections but
did reduce severity of clinical signs following intramam-
mary challenge with a wild . cols strain. This bacterin
was also found efficacious in reducing the occurrence
of TMI and clinical signs of mastitis in [first lactation
heifers (Hogan et al., 1999).

A partial budget analysis of on-farm implementation
of an E. coli J& vaccination program conducted in 1991
demonstrated that use of the vaccine on all cows in a
herd was profitable when incidence of ¢linical coliform
mastitis exceeded 1% (DeGraves and Fetrow, 1991).
[lsing such a program would yield a $57 profit per cow
per lactation,

J-Vae Coliform Vaccine. Another gram-negative
vaccine based on the Escherichia coli mutant strain is
the J-Vac, manufactured by Merial Ltd. (Athens, GA).
Studies on this bacterin indicate that it is :
mately 60% elfective in reducing expression of clinical

IPNTOXI-

coliform mastitis. In addition, J-Vac reduces the de-
pression in milk production normally encountered with
endotoxemia, Following label instruefions, this vaccine
is administered subcutaneously in the neck at dreying
off and 2 to 1 wk later. The inje hun regimen is fol

lowed after each lactation to provide adequate antibody
levels during the periparturient period and during dlly
lactation to help provide protection against clinical
coliform infections.

Endovac-Bovi Coliformm  Vaccine. Another
USDA-licensed coliform vaccine is a bacterin-ioxoid
forrnulated from an Re-17 mutant of Salmonells ty-
phimuriwm  (Endovac-Bovi; Immvac Inc., Columbia,
MO). It works similarly to vaccines formulaied with
the E. coli J5 in stimulating protection against com-

mon gram-negative core antigens. In addition, the
toxoid component ig believed to stimulate immune cells

in the cow’s body o enhance antibody production to
Salmonella typhimurium Re-17. A field trial to test this
vaccineg in Arizona utllized cows immunized intramus-
cularly at dey-off and again 2 to 3 wk prepartum and
compared them with unvaccinated controls. Data col-
lected over the first 5 mo of lactation showed o 129
recuction in clinical cases of coliform mastitis in vac-
cinates compared with controls, and a 677 reduction
in repeat episedes. In addition, the mortality rate for
cows with clinical coliform mastitis was 61% lower in
vaceinated cows. The protection afforded by this vac-
cination program was thought to be due to enhanced
opsonization and phagocytosis of neutrophils.

Staph. aureus Vaccines

Early efficacy studies on the only commercial Stoph.
aurens vaccine in the United States (Lysigin, Boeliring
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er Ingelheim Vetmedica luc., St. Joseph, MO) suggest
that it will increase the spontaneous cure rate against
Staph. aureus IMI and lower SCC, but it does not pre-
vent new IMI in adult cows (Pankey et al., 1985). Re-
search conducted over the past 15 yr has demonstrated
that several experimental Staph. eureus wvaccines, as
well as one commercial vaceine, can |r-~||,1ce the new
infection rate in dairy heifers. For example, a Staph.
aurens vaccine formulated to stimulate pseudocapsule
and o-toxin antibodies was evaluated in heifers in New
York State {Sears et al., 1990). At 4 and 2 wk before
calving, heifers were given subcutaneous injections
inte the supramammary lymph node of the mammary
gland, and after calving, heifers were challenged with
Staph. aureus. Vaccinates demonstrated a 52% reduc-
tion in the development of new IMI after challenge. In
addition, 64% of IMI in control cows became chronic
compared with only 127 i vaccinates. Subsequently, a
field trial in Norway (Nordbaug et al., 1994) evaluating
a Staph. aurcus vaccine demm strated that vaccinated

lmfezs injected subcuts aneously in the area of the su-
pramammary lymph node of the mammary gland at 8
and 2 wk before calving showed a 16% reduction i.. [EW
IMI during the subsequent lactation compared with

controls. Antibody titers to Séaph. aureys pseudocap-
sule and o-foxin were markedly clevated in the serum
of vacrinates, and these iiters remained significantly
higher in serum and milk during the eniire lactation

compared with those of unvaccinated controls. In Ar-
genlina, a vaccine formulation was evaluated in bred
heifers vaccinated intramuscularly at 8 and 4 wk and 1
and 5 wk postpartum {Giraudo et al., 1997}, This im-
munization program demonstrated that the frequency
of new Staph. aureus IMI was reduced from 18.5% in
controls to 6.1% for vaccinates, for an overall reduction
of 66%.

In view of the above studies showing success of ex-
perimental vaccines in heifors, researchers in Louisiana
evaluated the commercial Staph. aureus vaccine Lysigin
in young dairy animals (Nickerson et al., 1999). At 6
ino of age, 35 Jersey heifers in a researcl herd were
vaccinated per label instructions intramuscularly, 14
I later, and at 6-mo intervals until calving., Hesulis
demonstrated that the rate of new IMI at freshening
was reduced 44.7% and SCGC reduced 50% in vaccinates
compared with controls. Serum samples demonstrated
that anti-staphylococcal aniibody titers remained
higher in vaccinated heifers compared with controls
throughout the study.

Subsequently, Middleton et al. (2006) compared 2
experimental Steph. ewrcus formulations with Lysigin
in heifers. Animnals were vaccinated twice, 28 d apart,
during late gestation and, after calving, they were chal-
b Staph. aureus

1 1 f i 1 104 N 1
lenged by intramammary infusion wil
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in early lactation. All quarters became infected wilh
Staph. aureus, and at the end of the study, there were
no differences in Staph. aureus clearance rates, SCC, or
milk yields. The authors suggested that milk may con-
tain insufficient vacecine-induced opsonizing antibody
to effectively prevent infection [wllowing the Staph.
aureus challenge.

In contrast to the work of Middleton et al. (2006),
Nickerson et al. (2009} found beneficial results in using
Lysigin to manage Stoph. cureus mastitis in heifers. Us-
ing, 106 Holstein heifers 6 to 18 mo of age in a commercial
herd, 53 animais were vaccinated intramuscularly using
a 5-mL dose, and 53 served as unvaccinated controls; 14
d later and at G-mo intervals thereafter through calving,
the vaccinated group was boosted with Lysigin. Vaccine
efficacy data showed that the percentage of heifers with
Staph. avrevs IMI at [reshening was lower in vaccinates
(13.3%) cormpared with controls (34.0%)—a rerduction
of 60.9%. Also, SCC collected during the first week
of lactation were lower in vaccinates compared with
controls {287,000 vs. 522,000/ml.).

Thus, use of experimental anid commercially avail-
able Staph. oaureus vaccines may be used to prevent
new Infections when used in heifers. Efficacy has been
shown to range between 44 to 66%. and this prevention
straiegy may represent a major control mechanism for
managing Staph. aureus in the future, especially as new
artigens and adjuvants are added to vaccine prepara-
tions. The NAHMS cstimates that Steph. eureus vac-
cines are used on 5 to 7% of US dairy farms.

Mycoplasma Vaccines

A commercially available Mycoplasma bovts bacterin
(Mycomune, Bioimmune Inc., Scottsdale, AZ} way de-
veloped thal iy injected subcutaneously by giving 2 doses
at 2- to 1-wk infervals during the prepartumn period and
the third dose 2 to 3 wk prepartum, which claims to re-
duce the incidence and severity of myecoplasma mastitis.
In a California trial condueted in 2002, serum antibody
titers were shown to Increase -fold and milk titers 10-
fold comparaed with controls after the third vaccination
given 2 to 3 wk prepartum. Vaccinalion was shown to
prevent the new IMI rate after experimental challenge
with M. bowis in eaxly lactation, minimize culling, and
reduce mycoplasma-positive bulk tank cullures; milk
production was maintained in vaccinates but decreased
markedly in controls. To date, no peer-reviewed stud-
ies are available, so efficacies of mycoplasma vaccine
attempts have not been established. One problem is
that thi surface antigeus of mycoplasina organisms are
highly variable due to the diversilied family of lipopro-
teins (variable surface proteins) that can change over

Lie in responsc to host or environmental conditi
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This makes immunization t¢ a specific strain or clone
difficult because of rapid diversification of antigens,
and the practice is not recommended. The NAHMS
estimates that mycoplasma mastitis vaccines are used
on 1 to 2% of US dairy farms.

Strep. uberis Vaccines

There are currenily no commercially available vac-
cines directed against the environmental streptococet,
such as Strep. uberts, despite its prevalence during the
prepartum period (Smith et al., 1985). However, several
commercial and academic institutions have been exam-
ining the development of such vaccines,

Dietary Supplementation

The mutritional stains of dairy cattle, especially
during the periparturieni period. is directly related to
the efficiency of the immune response (Sordillo, 2016).
Nutritional requirements of cows fluctuate throughout
the lactation cycle, and any mismansgement of the
diet. will adversely affect immunity and disease re-
sistance. Meeling the nutritional requirements of the
periparturient cow is especially challenging because of
the increased metabolic demands assoclated with the
onset of copions milk synthesis and secretion foullowing
calving. Consequently, early lactation cows experience
severe negative energy and protein balances, which are
directly related o immune dysfunction. Although the
interaction between nutrient metabolism and immunity
is complex and not completely understood, the need for
a balanced supply of dietary micronutrients (vitamins
and trace minerals) is essential in optimizing immune
responses and increasing disease resistance at calving.
In [act, dairy cattle with overt deficiencies in certain vi-
tamins and minerals during this time exhibit increased
incidence and severity of mastitis.

Most of the current information on micronutrients
and fheir immunecregulatory properties in controlling
mastitis focuses on seleninm {Se), vitamin E, vitamin
A, copper, and zinc. Of all of these micronutrients, vi-
tamin B and Se are the best characterized with respect
Lo their role in supporting lmmune responses that can
inflluence mastitis susceptibility. For example, supple-
mentation of cows with vitamin E and Se improves the
functional capabilities of bovine neutrophils compared
with neatrophils isolated [rom cows with marginal or
overt deficiencies. Supplementing cows with vitamin
E and Se during late gestation effectively reduces the
incidence and =everity of clinical mastitis while also
preventing the establishment of new IMI in early lacta-
tion. Additionally, vitamin A, copper, and zinc have
significant immunoregulatory functions that can opti-



918

mize immune responses needed for improved mastitis
resistance (Sordillo, 2016). A common mechanism by
which most of these mieronutrients function is through
their antioxidant properties and protecting immune cell
populations from the toxic effects of ROS generated by
presence of IMI. The primary function of antioxidants is
Lo reduce oxidative damage to cellular macromolecules
such as membrane phospholipids. During inflammation,
neutrophils and macrophage produce large quantities of
ROS, which kill invading bacteria. In order for ROS not
to cause damage to the cow’s own cells, it is important
that adequate amounts of antioxidants be provided by
the diet so that they can be incorporated into mam-
mary gland tissues and immune cell populations. The
key to ensuring that dairy cattle consume adequate
amounts of these micronutrients is by direct herd test-
ing to detect any nutrient deficiencies. Supplementing
cows’ diets with recommended doses of vitamins and
minerals is a practical means of enhancing mammary
oland immunity and reducing the incidence of mastitis.

Immunostimulants

The development of strategies to optimize host immu-
nity during times of increased disease susceptibility by
using biological response modifiers (immunostimulants
or immunomodulators) has been explored extensively.
Cytokines are immunomodulators that have been inves-
tigated for their capacity to bolster immune responses
and reduce or prevent IMI. Administering the recomn-
binant form of these immunomodulators during times
when normal cytokine expression is compromised seems
to be a logical approach to enhance disease resistance.
The recombinant cytokines studied to date include IL1,
1.2, granulocyte-colony stimulating factor (G-CSF),
and IFN-~, which have been shown fo enhance the
functional capabilities of cells involved in both innate
and adaptive immunity. For example, IFN-~, G-CSF,
and IL-1 were found effeclive in inereasing neutrophil
migration to the mammary gland and enhancing bac-
tericidal activity. Both IFN-~ and IL2 also were able
of enhancing T cell responses to specific antigen, sug-
gesting that these cytekines may be effective mastitis
vaccine adjuvants. As with any intervention strategy,
however, the key to effective translation of experimen-
tal findings to practical on-farm application is to clearly
define the threshold between therapeutic and toxic
doses of these potent immunomodulators (Sordillo and
Streicher. 2002).

CONCLUSIONS, IMPLICATIONS, AND THE FUTURE

Dairy cattle are especially susceptible to mastitis
during certain stages of the lactation cycle. The fre-
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quency of new IMI is greatest during the early dry pe-
riod, lower in the fully involuted mammary gland, and
dramatically increases during the periparturient penod.
Changes in the incidence of IMI with respect to lacta-
tion stage are directly related to changes in the com-
position, magnitude, and efficiency of the mammary
gland defense system. The development of innovative
immune modulation strategies that can enhance an
otherwise impaired response during periods of increased
susceptibility to disease could have a major effect on
the incidence of mastitis. The challenge that confronts
researchers now is fo gain a better understanding of the
complex inferactions between the pathogenesis of bac-
teria, host responses needed to eliminate the pathogens
from the mammary gland, and methods to enhance
the immune potential of these factors before disease is
established.
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