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Abstract

Core-antigen vaccine technology has been avail-
able for the prevention of coliform mastitis for over ten
years, However, unresolved issues regarding the most
effective method to incorporate this technology into a
dairy herd health program remain. These include num-
ber of vaccinations, effect of vaccinations on milk pro-
duction of cows, and if risk factors associated with the
incidence of clinical coliform mastitis correlate to vacci-
nation schedules. This paper will discuss the immuno-
logieal justification and limitations of vaccination
protocols for coliform mastitis, and propose applications
of this information.,

Introduction

Exposure to coliform bacteria cannot be avoided,
even in the best managed herds, because they are al-
ways present in the cow’s bedding, manure, water and
feed. Clinical coliform mastitis occurs when
intramammary gram-negative bacteria elicit strong,
acute inflammatory responses in the udder, which must
vecur to control infection. Mammary inflammation is
associated with rapid proliferation of gram-negative
bacteria in milk, which triggers acute edema, activa-
tion of the milk complement aystem, and pronounced
increases in the somatic cell count of milk?. While caus-
ing pain, swelling, and abnormal milk, the edema of
coliform mastitis is eritical because it allows transuda-
tion of immune antibodies, complement and congluti-
nin from the blood into the udder for facilitated clearance
of opsonized pathogens by milk neutrophils.®® The dra-
matic increase in milk somatic cells that accompanies
coliform mastitis reflects maasive recruitment of blood
neutrophils into milk under the influence of
proinflammatory cytokines (mainly TNF-a, IL-1b, IL-
8) secreted by pathogen-activated mammary maeroph-
ages, epithelial cells and blood vessel endothelial
cella.®™* These cytokines induce expression of adhesion
molecules on the endothelium (E- and P-zelectins, and
1CAMSs) and blood neutrophils (b2-integrins, IL-8 recep-
tors}, providing a molecular scaffolding along which fast

flowing blood neutrophils can tether, slow down and
migrate into the infected mammary gland. Once in the
gland, migrated neutrophils phagocytose antibody-,
complement-, and conglutinin-coated bacteria to clear
the infeetion. This acute inflammatory response must
oceur within hours of infection and possess significant
magnitude for spontaneous cure of coliform mastitis to
result.”* Spontanecus cure is the normal outcome in
the majority of coliform mastitis cases, but comes at a
significant cost in terms of discarded milk and decreased
milk production from infected quarters."* Additionally,
cases of clinical mastitis caused by coliform organisms
are far more likely to result in the loss of the cow from
death or culling than cases caused by other bacteria.'*
However, the acute inflammatory response to
intramammary coliforms is not functional in many cows
around the time of calving.'" This is likely due to the
fact that key neutrophil genes normally expressed by
the cells for proper migration, phagoeytic and killing
functions are inhibited around parturition.? Not sur-
prisingly, the occurrence of severe coliform mastitis is
significantly increased at calving and in early lacta-
tion 17383 Tha mediator of the severe form of coliform
mastitis is lipopolysaccharide (LPS), or endotoxin, a
major component of the outer membranes of coliform
bacteria. It is now recognized that certain lipoproteins
of the outer membranes are as potent as LPS in medi-
ating systemic inflammation that leads to total organ
failure and death.® Recent evidence suggests that bae-
teremia may also play a role in more severe cases. ™
The challenge in development of effective coliform
mastitis vaccines has been to find an effective immuneo-
gen that elicits cross protective antibodies against the
wide variety of coliforms that proliferate well in milk
and shed LPS and lipoprotein into the blood stream of
periparturient cows. In the late 1980's a breakthrough
in eoliform mastitis vaccine development occurred with
the introduction of bacterins containing rough mutant
strains of gram-negative bacteria.*® Since then, these
vaccines have been widely used by producers to help
them control coliform mastitis in parturient and early
lactation cows. However, it is becoming increasingly
apparent that present-day vaccinated cows still succumb
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gvere coliform mastitis and that clinical disease can
: much later in lactation than previously observed. '
itds our belief that an updated understanding of the
iology of bovine B lymphocytes and the antibodies pro-
sged by these cells could lead to novel applications of
‘corently available vaceines for better protection against
iform mastitis and its associated systemic disease,
he goals of this presentation are to update readers
ut the biology of bovine B lymphocytes and antibod-
in the context of immune defense against
intramammary infections, and to introduce some novel
immunization strategies we are exploring that are based
n currently available coliform mastitis vaccines.

Coliform Mastitis and The Biology of B
Lymphoeytes and Antibodies

e While the teat canal is the Orst defense against
intramammary pathogens i cows, milk neutrophils are
the main immunological delense once pathogens breach
he teat canal. ® Neutrophils clear bacteria best when
‘the pathogens are coaled lopsonized) by certain anti-
s bodies (Figure 1), complement and (or) conglutinin,
These proteins are produced by antigen-activated B lym-
hocytes (antibodies) and various other tissues of the
body (complement and conglutinin). When
intramammary colifurms are not rapidly controlled by
milk neutrophils, allowing LIS and lipoproteins to es-
ape into blood, serum antibodies capable of blocking
" "and neutralizing these potent toxins also must be avail-
¢ ghle. Therefore, a major goal in coliform maslitis pre-
. vention through vaccination is to achieve high levels of
o effective anti-coliform and anbi-toxin antibodies in blood,
. milk and around the teat canal, *

Certain classes (solypes) of antibody work better
than others in facilitaling neutrophil clearance of
coliforms in the udder and neutralizing the LPS and
. lipoproteins that escape from the milk inio blood, These
antibodies are expected to be particularly important in
. parturient cows because neutrophils of these animals
do not function eptimally.® Thus, milk neutrophils of
parturient animals need extra support from antibodies,
. not only of the correct isotype, but also with high affin-
ity and cross-specificity for the wide variety of coliforms
which cause mastitis. In designing coliform mastitis
veccines and immunization protocels, isolype,
crossreactivity, and offinity for antigens of the elicited
antibodies should be at least as important as the ability
of the vaccine to induce high antibody concentrations in
blood arid milk. In thinking aboutl such vaceines, it is
also important to recognize that the ruminant mammary
gland is unique in that lymphocyte trafficking, which is
essential to antibody-mediated immunity, is shared with
the peripheral immune system rather than the common
mucosal immune system.® Thus, B lymphocytes stimu-

lated by immunogens in coliform mastitis vaccines home
to lucal lymph nodes to divide and differentiate into anti-
coliform antibody secreting cells, raither than to the
mammary gland. The majority ol protective anti-
coliform antibodies thus originate in blood. These anti-
bodies gain entry to the milk via receptor-mediated
transport across mammary epithelial cells'™, or via pas-
sive transudation during the edema that follows, »'®

Antibody Isotypes and the Major Role of IgG, in
Defense Against Intramammary Pathogens

In cattle, there are four isotypes of immunoglobu-
lins IgM, Igl, 1gG, and IgA® IgM is a pentamer, a
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Figure 1. Blood nevtrophils nre recreited into infected mam-
mary quarters when tissue macrophages (MO) secrete eytolines
(black dots) after phagoeylosing the infeclting bacteria (gray
rods). On the way into the gland, neulrophils become highly
activated for phagoeytosis and bacterial killing. For example,
migrating neutrophils up-regulate lgl, Fe receptors (black disks)
and eomplement receptors (nol shown). When opsonizing IgG,,
antibodies (white Y) leak into the inflamed quarlter from the
blood fluid. During edema they bind with specific antigens on
the bacteria to targel these intruders for efficient phagocytosis
by migrated neutrophils, a process called opzonization. Thus,
bacterial opsonization by IgG, antibodies and subsequent ph-
agocytosis of the opsonized bacteria by milk neutrophils ean be
considered key immune defense mechanisms against
intramammary infections in dairy cows, Anligen-specific IgG,
antibodies are not good opzonins for bovine neutrophils because
the leukocytes do not possess IgG) Fe receptors. However, 1gG,
antibodies can activate the complement caseade and comple-
ment is an efficient opsonin for bovine neutrophils, The rela-
tive contributions of lgts, versus complement opsonization to
neutrophil-mediated defense against coliform mastitis is not
lenown, but complement concentrations in bovine milk are low,
Alsu, in vitro studies have shown that high levels of 1gG, can
inhibit 1pG -mediated phagocylosis by successfully competing
with TG, for antigen binding sites on bacteria.
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Table 1. Normal serum and milk (= 2 weeks postpartum) concentrations of the major antibody classes (isolypes) in dairy cows

tndapied from Builer, 1985, Tezard, 19452)

Antibody ~Size Serum Milk Main biological
isotype (kDa) concentration concentration functions (mediated via
{and range) (and range) Fc portion of the
in mg/100 ml in mg/100 ml molecule)
[gM 00 305 8.6 Apglutination
(60 — 430) (3.7 - 15.0) Complement fixation
Opsonization
Blocking/meutralization
IgG, 160 1120 58 Complement fixation
(600 — 1510) (33 - 120) Blocking/neutralization
IgG, 150 920 5.5 Opsonization
(500 — 1350) (3.7 —6.0) Blocking/meutralization
IgA 360 a7 8.1 Pathogen agglutination

(6 — 100)

(5.0 —11.0) Blocking/meutralization

large molecule present in moderale concentrations in
serum but relatively low concentrations in milk (Table
1). However, because of ils ability to bind with 5 to 10
anligens and to fix complement, serum IgM is a highly
effective in neutralizing blood-borne toxins and agglu-
Linating and opsonizing blood-borne pathogens for effi-
cient clearance by spleen and liver macrophages (which
express surface complement receptors). There is some
evidence that milk 1gM may also serve as an opsonin
fur bovine neutrophils ™ Therelore, coliform vaccines
that elicit high levels of serum IgM antibodies should
prolect cows from systemic shock and lessen the sever-
ity of local symptoms of clinical coliform mastitis.

IgA antibodies are usually dimerized and, like IgM,
are present in relatively low concentration in bovine milk
(Table 1). This is in contrast to non-ruminant species
for which IgA constitutes the majority of milk antibod-
ies, and reflects our new understanding of the bovine
mammary gland as part of the peripheral immune sys-
tem rather than the mucosal immune system.® As in
other species, high levels of IgA are found in mucosal
secretions of cattle where the molecules effectively pre-
vent pathogen colonization and tissue damage via ag-
glutination and toxin®4

IgG, and IgG, antibodies are much smaller than
lgA or IgM antibodies and are found at relatively high
concentrations in bovine serum (Table 1). These, along
wilth IgM, are the main antibodies of the peripheral
immune system. Due to active receplor-mediated trans-
port across mammary epithelial cells, IgG, makes up
the moest significani antibody isotype in bovine millk. 1%
On the other hand, normal milk concentrations of IgG,

are extremely low in dairy cows (Table 1). Both IgG
isotypes effectively block pathogens from interacting
with host cells and neutralize toxins in blood and tis-
sues. However, it is IgG, antibodies that possess the main
opsonizing activity for bovine newtrophils (Figure 1),
Because neutrophils are the main form of host immu-
nological defense against intramammary bacteria that
cause mastitis in dairy cows, blood-derived IgG, anti-
bodies play the most significant role of all antibody
isotypes in local resistance to, and clearance of
intramammary infections. This is because freshly mi-
grated bovine neutrophils express high levels of surface
Fc receptors that are specific for pathogen-bound IgG,
antibodies **"*! Therefore, bovine Ig(, serves not only
as a classical opsonin but also as a potent cytophilic
antibody for bovine milk neutrophils **

Given the importance of IgG, in mammary defense
against intramammary pathogens, it makes perfect
sense that the acute phase of the mammary inflamma-
tory response leads to substantial increases in blood-
derived IgG, in milk. This passive transudation of IgG,
is highly associated with neutrophil recruitment into
the gland and significantly increases the opsonic activ-
ity of milk *'51%3 Tnterestingly, the selective transfer of
blood IgG, into milk appears to be suppressed during
the acute phase of the mammary inflammatory re-
sponse.” The return to active [gG, transport post acute
inflammation is accompanied by the formation of im-
mune complexes in milk, which inhibit neutrophil ph-
agocytosis by blocking Fe receptors and competing with
lgG, for binding sites on.*"*** Thus, coliform mastitis
vaceine programs should elicit high serum levels of anti-
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ol IgG, antibodies so these are available for tran-
-r ation into milk during the acute phase of the inflam-
; Mr:p response Lo tiramammary infection.
+ The ability of IgG, to fix complement (Table 1) may
important to neutrophil phagocytosis in non-mam-
tissues but it's role in mammary defense against
itis-causing pathogens is not clear. Endotoxin-in-
inflammation has been shown to increase the lev-
f complement detected in bovine milk, but milk itself
_ alzo been shown to mask the inflammatory activity
'antivut.ed complement.®* Therefore, although IgG,
tantibodies may feasibly participate in the neutraliza-
tHon of LPS and lipoproteins in the mammary gland, a
nu for these antibodies in neutrophil clearance of
tramammar}r coliforms is not at all clear.

'.Rough Mutant Strains of Gram-Negative
J acteria Elicit Crossreactive Anti-Coliform
Antibodies

= In wild type gram-negative bacteria, LPS in the
r membrane contains variable O polysaccharide
g attached to core sugars, which in turn are linked
a highly conserved lipid A moiety. Antibodies elicited
egainst O polysaccharides do well to protect animals
inst homologous gram-negative bacterial strains, but
not useful in protection against heterologous bacte-
strains, Instead, since the lipid A component of LPS
o well conserved across gram-negative bacteria, an-
dies elicited against this core antigen should confer
reactive protection against most gram-negative
acteria. Rough mutants of gram-negative bacteria,
hich lack O polysaccharide chains and have exposed
pid A, have been used successfully as immunogens for
coliform mastitis vaceines Lthat elicit crossreactive serum
antibodies in immunized dairy cows. ¥ The isotype,
opeonizing capacity, and affinity of these antibodies for
heterologous bacteria have not been established. Each
5 of the commercially available vaccines are bacterins of
i rough mutants of either E. coli J5 or Salmonella spp.
The J5 (Re) mutant of E. coli 0111:B4 has been studied
intensively as a coliform mastitis vaccine, including in
ur research group. Thus, the remainder of this paper
ses on traditional and novel applications of the J5
\-yaccine in prevention of coliform mastitis.

. Typically, E. eoli J5 vaccines are administered three
times, once at dry off, once at 30 days into the dry pe-
& riod, and again within 14 days after calving, subcuta-
eously in the neck region. The theory behind this
immunization schedule is that the two boosler shots will
increase blood levels of crossreactive antibodies for mam-
- mary protection from heterologous coliforms during co-
lastrum formation and early lactation. Indeed, the first
! _JE- vaccination field trials™" and experimental challenge

# trials™* demonstrated that this 3-shot protecol could

significantly reduce the incidence and the severity of
clinical mastitis in the first 90 days of lactation, includ-
ing reduced fever and duration of intramammary infee-
tions, faster return to normal milk production, and less
depression of dry matter intake. Cows with naturally
occurring serum anti-J5 E. coli antibody titers < 1:240
had 5.33 times the risk of developing clinical coliform
mastitis than cows with titers > 1:240 *, and herd vac-
cination programs would be profitable when > 1% of cow
lactations resulted in clinical coliform mastitis).? J&
vaccination also reduces the severity and duration of
coliform mastitis in primigravid heifers experimentally
challenged with heterologous strains of E. coli.**" How-
ever, vaccination in the area of the supramammary
lymph node was no better than subcutaneous vaccina-
tion in the neck area in terms of severity of clinical
coliform mastitis following experimental challenge.'”
The antibody responses elicited by J5 E. coli vacci-
nation have not been well characterized in terms of
isotypes elicited, persistency in serum and milk through-
out lactation, biological activity, or affinity for antigen.
One study did report that the typical 3-shot vaccination
schedule increased milk and serum total lgG to whole
cell J5 E. eoli through 30 and 37 days post calving, re-
spectively.”® The cows in that study were experimen-
tally challenged with a heterologous strain of E. col at
30 days post ealving. The same research group then
showed that phagocytosis of a smooth heterologous
strain of E. coli was enhanced when the bacteria were
opsonized with serum from cows vaccinated three times
with J5 E. coli compared to serum from unvaccinated
control cows.” However, it was the IgM content of the
immune serum that correlated with enhanced phagocy-
tosis in that study, not the Igli content as the group’s
previous study may have predicted.® Increased serum
and milk IgGG anti-J5 E. coli antibody titers were re-
ported at calving and up to 30 days in milk in J5 vacci-
nated heifers and may have contributed to the reduced
severity of elinical eoliform mastitis in that study.®* Simi-
larly, serum and milk IgGG and 1gG, anti-J5 E. coli anti-
body titers were higher in vaceinated Jersey cows that
recovered more quickly from experimental coliform
mastitis than in unvaecinated controls * In yet another
study that tested two commercial J5 bacterins, serum
and mammary IgG, and IgG, anti-J5 E. coli antibody
titers were increased over those for unvacecinated con-
trols, while IgM was not different across treatment
groups. ' Unfortunately, neither vaccine influenced the
severity of clinical coliform mastitis in that study even
though milk of vaccinated cows tended to have lower
numbers of the challenge strain of E. coli. In fact, no
studies to date have shown that vaccinating cows with
J5 E. coli reduces the rate of gram-negative
intramammary infections. One study even showed that
immunization of cows with the J5 or Rc mutant K-12
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