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Abstract

Mannheimia haemolytica is the major cause of severe pneumonia in bovine respiratory disease
(BRD). EarlyM. haemolytica bacterins were either ineffective or even enhanced disease in vac-
cinated cattle, which led to studies of the bacterium’s virulence factors and potential immu-
nogens to determine ways to improve vaccines. Studies have focused on the capsule,
lipopolysaccharide, various adhesins, extracellular enzymes, outer membrane proteins, and
leukotoxin (LKT) resulting in a strong database for understanding immune responses to
the bacterium and production of more efficacious vaccines. The importance of immunity
to LKT and to surface antigens in stimulating immunity led to studies of individual native
or recombinant antigens, bacterial extracts, live-attenuated or mutant organisms, culture
supernatants, combined bacterin-toxoids, outer membrane vesicles, and bacterial ghosts.
Efficacy of several of these potential vaccines can be shown following experimental M. haemo-
lytica challenge; however, efficacy in field trials is harder to determine due to the complexity of
factors and etiologic agents involved in naturally occurring BRD. Studies of potential vaccines
have led current commercial vaccines, which are composed primarily of culture supernatant,
bacterin-toxoid, or live mutant bacteria. Several of those can be augmented experimentally by
addition of recombinant LKT or outer membrane proteins.

Introduction

Mannheimia haemolytica (formerly Pasteurella haemolytica Biotype A) is a ruminant patho-
gen traditionally associated with severe respiratory disease of domestic sheep, bighorn sheep,
and cattle, as well as septicemia in lambs and mastitis in ewes (Caswell and Williams, 2007;
Dassanayake et al., 2009, 2010; Singh et al., 2011; Besser et al., 2013; Gelasakis et al., 2015).
Bovine respiratory disease (BRD) is the major cause of beef cattle morbidity, mortality, and
reduced production and costing the US cattle industry approximately $1 billion per year,
when drugs, labor costs, decreased production, and animal death losses are taken into account
(Marshall and Levy, 2011). In healthy cattle, M. haemolytica is a natural inhabitant of the
upper respiratory tract including the nasal passages, nasopharynx, and tonsils; paranasal
sinuses are predominately sterile, and M. haemolytica was isolated from transtracheal fluids
from 13.1% of healthy cattle (Frank and Briggs, 1992; Frank et al., 1995; Murray et al.,
2017; Timsit et al., 2017). M. haemolytica live within biofilms on the upper respiratory mucosa
(Olson et al., 2002; Boukahil and Czuprynski, 2015, 2016, 2018). Multiple surface adhesins,
including several surface proteins, fimbriae, and the polysaccharide capsule, are responsible
for adherence of M. haemolytica to the upper respiratory mucosa and colonization (Morck
et al., 1988; Jaramillo et al., 2000; Lo, 2001; Gioia et al., 2006; Daigneault and Lo, 2009;
Kisiela and Czuprynski, 2009). Early association of severe respiratory disease in stockyards
and shipping earned the disease such names as stockyards pneumonia, shipping fever, and
transit fever, whereas the name shipping fever is commonly used today for BRD in stressed
beef cattle (Carter, 1967; Mosier et al., 1989a). Stress caused by environmental changes, ship-
ping, weaning, comingling, and viral infections cause the bacterium to proliferate, to release
from biofilms on the upper respiratory surface, and to be inhaled into the lower respiratory
tract. Recently, an in vitro model demonstrated dispersal ofM. haemolytica from biofilms trea-
ted with stress-related substances, epinephrine and to a lesser extent norepinephrine and sub-
stance P (Pillai et al., 2018). When host defenses are overcome, the bacterium can precipitate
severe fibrinous bronchopneumonia and death (Grey and Thomson, 1971; Frank and Smith,
1983; Frank et al., 1987; Caswell and Williams, 2007; Booker et al., 2008; Panciera and Confer,
2010; Singh et al., 2011). There are several serotypes of M. haemolytica (see “The organism”,
below), and in severe, often fatal, pneumonia in cattle, especially in weaned beef cattle,
Serotype 1 (S1) is most commonly isolated from sick cattle or from lesions of pneumonia
(Purdy et al., 1997a; Al-Ghamdi et al., 2000; Katsuda et al., 2008; Panciera and Confer,
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2010; Klima et al., 2014). Serotypes 2 and 6 are common causes of
sheep pneumonia (Odendaal and Henton, 1995). Serotype 6 is
isolated from BRD cases approximately 20% of the time or less,
whereas S2 is often isolated from the nasal passages in high con-
centration in healthy, non-stressed cattle, but infrequently causes
bovine pneumonia (Frank and Smith, 1983).

The organism

M. haemolytica is a Gram-negative, non-motile, non-spore-
forming, facultative anaerobic, weakly hemolytic coccobacillus,
and a member of the family Pasteurellaceae (Rice et al., 2007).
Several virulence factors are produced by the bacterium, notably
endotoxin and leukotoxin (LKT) (see section below, “Virulence
factors and potential immunogens”). It primarily infects rumin-
ant species causing pneumonia, septicemia, or mastitis (Singh
et al., 2011). Historically, hemolytic strains of bacteria were iso-
lated from bovine pneumonia in the 1920s and studied under
the name Bacillus boviseptica (Jones, 1921; Jones and Little,
1921). The organism was later named Pasteurella haemolytica to
distinguish it from non-hemolytic Pasteurella multocida
(Newsome and Cross, 1932). Studies to distinguish P. haemolytica
strains serologically led to the classification of the bacterium into
16 serotypes using hemagglutination assays or a rapid direct, plate
agglutination test (Carter, 1956; Biberstein et al., 1960; Biberstein,
1965, 1978; Frank and Wessman, 1978). Smith divided P. haemo-
lytica into biotypes A and T, whereas biotype A strains fermented
arabinose, and biotype T strains fermented trehalose (Smith,
1959). In 1995, serotype A17 was added resulting in 13 serotypes
as biotype A and 4 as biotype T (Younan and Fodar, 1995).

Bingham et al. (1990) noted that biotype A strains were related
by DNA homology, and biotype T strains were related; however,
biotype A and T strains had a little genetic relationship. Sneath
and Stevens (1990) proposed the name Pasteurella trehalosi for
biotype T strains, and Blackall et al. (2007) later demonstrated
genotypically and phenotypically that those bacteria were distinct
from other Pasteurella spp. and transferred P. trehalosi to a new
genus as Bibersteinia trehalosi.

In 1999, the genus Mannheimia was proposed, and through
DNA–DNA hybridization and 16S rRNA gene sequencing, all
but one of the A biotypes were designated M. haemolytica.
Pasteurella haemolytica A11 was unique and assigned a separate
species, Mannheimia glucosida (Angen et al., 1999). Therefore,
M. haemolytica consists of the previous P. haemolytica biotype
A Serotypes 1, 2, 5–9, 12–14, 16 and 17 along with untypable
strains (Katsuda et al., 2008). Although all M. haemolytica sero-
types are derived from biotype A, the designation of M. haemoly-
tica serotypes as A1, A2, etc., often continues, even though it is
redundant to include the biotype designation. Therefore, designa-
tion as Serotype 1 (S1), Serotype 2 (S2), Serotype 6 (S6), etc. seems
appropriate. Serotypes 1 and 6 are closely related genetically and
immunologically (Morton et al., 1995; Confer et al., 2006; Crouch
et al., 2012; Klima et al., 2016). Despite genetic similarities among
serotypes, sequencing of specific genes demonstrated diversity
among similar serotypes and among bovine and ovine isolates.
Davies et al. (Davies et al., 2001; Davies and Lee, 2004) found
that diversity exists in the major outer membrane protein
OmpA between bovine and ovine isolates, and LKT diversity
exists among ovine strains of M. haemolytica. Lawrence et al.
(2010) demonstrated an overall dissimilarity of 12% among
LKT genes from several isolates. Ayalew et al. (2006) demon-
strated that major outer membrane lipoprotein PlpE was highly

conserved among M. haemolytica S1 and S6 strains and highly
diverse among S2 strains. Comparison of the transferrin-binding
protein operons (tbpBA) of M. haemolytica S1 and S6, M. gluco-
sida, and B. trehalosi revealed the existence of a common gene
pool among the organisms. In addition, tbpBA alleles of bovine
M. haemolytica S1 and S6 are closely related to ovine origin
strains (Lee and Davies, 2011). A multiplex polymerase chain
reaction (PCR) test for separating Serotypes 1, 2, and 6 was
recently reported (Klima et al., 2017).

Virulence factors and potential immunogens

M. haemolytica produces virulence factors that promote lung col-
onization, stimulate the production of inflammatory mediators,
enhance evasion of host defense mechanisms, and stimulate an
M. haemolytica – specific immune response. If the innate immune
response fails to curtail pulmonary colonization, stimulation of
pro-inflammatory cytokines and bacterial evasion of host defenses
can promote development of pneumonia (Rice et al., 2007;
Srikumaran et al., 2007; Singh et al., 2011). Virulence factors consist
of capsular polysaccharides (CPS), lipopolysaccharide (LPS), adhe-
sins, outer membrane proteins, iron-binding proteins, secreted
enzymes, endotoxin, and the ruminant-specific repeats-in-toxin
(RTX), LKT (Table 1) (Confer, 2009). Klima et al. (2014) used
PCR to screen for six M. haemolytica virulence genes including
LKT (lktC), a putative adhesin (adhs), outer-membrane lipoprotein
Gs60 (gs60), O-sialoglycoprotease (gcp), transferrin-binding pro-
tein B (tbpB), and UDP-N-acetyl-D-glucosamine-2-epimerase
(nmaA). Each gene was identified in all M. haemolytica S1 and S6
isolates from both healthy and sick cattle. Finally, the importance
of the various virulence factors, including CPS, LPS, adhesins,
outermembrane proteins, iron-binding proteins, secreted enzymes,
endotoxin, and LKT, in pathogenesismakes them targets of the host
immune response and, therefore, potential targets for vaccine
development.

Adhesins

Specific M. haemolytica adhesins include a 68 kDa glycoprotein,
N-acetyl-D-glucosamine, that mediates adherence to tracheal epi-
thelial cells and activates the oxidative burst of bovine neutrophils
through a 165-kDa glycoprotein receptor (Jaramillo et al., 2000;
De la Mora et al., 2006; De la Mora et al., 2007).
Heat-modifiable outer membrane protein A (OmpA) mediates
M. haemolytica binding to bronchial epithelial cells and binds
fibronectin, whereas addition of anti-OmpA antibodies reduces
biofilm formation in vitro (Lo and Sorensen, 2007; Kisiela and
Czuprynski, 2009; Boukahil and Czuprynski, 2015). In addition,
the 30-kDa surface Lipoprotein 1 was identified as important
for M. haemolytica adhesion to the bronchial epithelium
(Kisiela and Czuprynski, 2009). M. haemolytica capsule has anti-
phagocytic properties and may function as an adhesin (Morck
et al., 1988, 1989; Chae et al., 1990; Whiteley et al., 1990).
Several other M. haemolytica adhesin proteins have been studied.
A collagen-binding autotransporter adhesin was identified, and
anti-autotransporter antibodies were in sera fromM. haemolytica-
challenged cattle (Daigneault and Lo, 2009). Large, rigid fimbriae
with subunit proteins of approximately 35 kDa and type IV pili
were identified, and these structures often serve as adhesins in
numerous bacterial species (Potter et al., 1988; Morck et al.,
1989; Lawrence et al., 2010). Filamentous hemagglutinins (Fha)
are major surface proteins associated with adhesion of various
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bacteria, especially Bordetella spp. (Scheller and Cotter, 2015).
Gioia et al. (2006) demonstrated sequence homology among
genes that code for M. haemolytica FhaB, in three M. haemolytica
strains (Lawrence et al., 2010). Using in silico identification and
high throughput screening, M. haemolytica Fha was identified
as a highly immunoreactive protein when screened with sera
against serotypes 1, 2, and 6 (Klima et al., 2018). The Serotype
1- specific (SSA-1) antigen was suggested to function as an adhe-
sin. The gene coding for SSA-1 is expressed in vivo during lung
infection and present in several M. haemolytica serotypes as
well as in S1. In addition, the protein is highly immunogenic
(Gonzalez et al., 1991, 1995; Lawrence et al., 2010; Ayalew
et al., 2011b; Sathiamoorthy et al., 2011).

Secreted enzymes

M. haemolytica secretes numerous enzymes into culture superna-
tants and, therefore, likely the respiratory lumens during infec-
tion. Several proteases were recently identified in the culture
supernatant of M. haemolytica S2, and those were primarily cyst-
eine proteases or metalloproteases (Ramirez Rico et al., 2017). A
specific, 100 kDa Zn-dependent metalloprotease was identified in
the same study.

Neuraminidase (sialidase) is an extracellular protein associated
with numerous bacterial species and hydrolyzes sialic acid resi-
dues from host mucosal sialoglycoproteins exposing underlying

carbohydrate moieties used for bacterial adhesion (Moncla
et al., 1990; Lewis and Lewis, 2012). Therefore, neuraminidase
is not a bacterial adhesin itself but may enhance bacterial adhe-
sion through modification of cell surfaces allowing adhesins to
interact with the surface. M. haemolytica neuraminidase was
demonstrated to be a large, approximately 160 kDa, extracellular,
heat-labile enzyme produced by various serotypes, primarily dur-
ing stationary growth phase (Frank and Tabatabai, 1981; Straus
and Purdy, 1995; Straus et al., 1998; Highlander, 2001).
Neuraminidase is produced in vivo in M. haemolytica-infected
cattle as evidenced by the rise in anti-neuraminidase antibodies
during infection (Straus et al., 1998).

O-Sialoglycoprotease (also referred to as O-sialoglycoprotein
endopeptidase and glycoprotease) is a 35.2 kDa endopeptidase
that hydrolyzes peptide bonds within glycoproteins with a marked
specificity for sialylated glycoproteins (Otulakowski et al., 1983;
Abdullah et al., 1990, 1992; Lee et al., 1994a, 1994b; Mellors and
Lo, 1995). Its enzyme activity was originally identified inM. haemo-
lytica culture supernatants, the protein was demonstrated by prote-
omic analyses in supernatants, and the enzyme was isolated and
activity characterized as a neutral metalloprotease (Otulakowski
et al., 1983; Abdullah et al., 1992; Ayalew et al., 2017b).
Subsequently, Lo et al. (1994) cloned and expressed the gene as a
fusion protein. The sialoglycoprotease gene and glycoprotease
activity were associated with numerous M. haemolytica serotypes,
and homologs of the protein were detected in several

Table 1. Immunogens and potential immunogens of Mannheimia haemolytica

Antigen Origin or source Virulence Factor Immunogenic Key Reference

Neuraminidase Extracellular Hydrolyzes sialic acid
residues on cell
surfaces

Moderate Straus and Purdy (1995)

Sialoglycoprotease Extracellular Cleaves cell surface
glycoproteins

Strong Lee et al. (1994b)

Lipoprotein 1 Membrane Adhesin Moderate Kisiela and Czuprynski (2009)

Filamentous hemagglutinin Membrane Adhesin Strong Klima et al. (2018)

Serotype 1-specific antigen Outer membrane Possible adhesin Strong Gonzalez-Rayos et al. (1986)

OmpA Outer membrane Adhesin
Binds lactoferrin

Strong Mahasreshti et al. (1997)

PlpE Outer membrane Unknown Strong Pandher et al. (1998)

Transferrin binding proteins A & B Outer membrane Remove iron from
transferrin

Strong Deneer and Potter (1989)

PlpF Outer membrane Unknown Strong Ayalew et al. (2011a)

OmpD15 (Omp85) Outer membrane Unknown Weak Ayalew et al. (2011b)

OmpP2 Outer membrane Unknown Weak Ayalew et al. (2011b)

Gs60 Outer membrane and extracellular Unknown Strong Moore et al. (2011)

Leukotoxin Secreted Leukocyte necrosis &
apoptosis

Strong Shewen and Wilkie (1982)

Metalloproteases Secreted enzymatic Unknown Ramirez Rico et al. (2017)

Capsule Surface Antiphagocytic
Adhesin

Weak Adlam et al. (1984)

Lipopolysaccharide Surface Pro-inflammatory
compound

Lipid A–Weak
Polysaccharide - Moderate

Rimsay et al. (1981)

Fimbria Surface Adhesin Strong Potter et al. (1988)

N-acetyl-D-glucosamine Surface Adhesion Unknown Jaramillo et al. (2000)
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Gram-negative bacteria; however, secretion in the form of
O-sialoglycoprotease was restricted to M. haemolytica serotypes
(Lee et al., 1994a; Lawrence et al., 2010; Klima et al., 2014).
Vaccination of calves with recombinant sialoglycoprotease-fusion
protein stimulated antibodies against the protein (Shewen et al.,
2003). Antibodies to sialoglycoprotease were identified in sera of
cattle challenged with live M. haemolytica (Lee et al., 1994b). The
role of sialoglycoprotease in respiratory pathogenesis is yet
unknown. It was shown to cleave cell surface glycoproteins CD34
(found on hematopoietic progenitors and endothelium), CD43
(leukosialin a surface protein on leukocytes), CD44 (a hyaluronic
receptor serving as a cell adhesin molecule), CD45 (the leukocyte
common antigen associated with signal transduction) and platelet
selectin (Sutherland et al., 1992a, 1992b; Norgard et al., 1993;
Mellors and Lo, 1995). Lawrence et al. (2010) suggested that the
enzyme might assist in colonization of the upper respiratory tract.

Proteases that cleave host immunoglobulins have been
described in various bacteria, are often produced as a component
of autotransporter proteins, and can be secreted into the sur-
rounding milieu (Mistry and Stockley, 2006). Lee and Shewen
(1996) demonstrated bovine IgG1 protease activity in M. haemo-
lytica culture supernatants that hydrolyzed bovine IgG1 into 39,
12, and 7 kDa bands, had no effect on IgG2, and was inhibited
by EDTA, indicating it was a metalloprotease. The authors sug-
gested that sialoglycoprotease might be involved in this process;
however, further study on that point has not been documented
in the literature. Proteases that cleave IgG have been identified
in Streptococcus pyogenes, Pseudomonas aeruginosa, Proteus mir-
abilis, and Staphylococcus aureus (Brezski and Jordan, 2010;
Rungelrath et al., 2017; Wang et al., 2017). A search of the gen-
ome databases of 10 M. haemolytica failed to demonstrate a puta-
tive IgG protease in M. haemolytica; however, numerous
endopeptidases are present that could potentially cleave IgG
(Ayalew, unpublished data, 2017). In addition, Ayalew et al.
(2017b) demonstrated by proteomic analyses a putative IgA pro-
tease in M. haemolytica culture supernatant. IgA proteases in
other bacteria are components of autotransporter molecules,
enhance bacterial invasion of mucosal surfaces, and assist in bac-
terial escape from host defenses (Mistry and Stockley, 2006). In
addition, bacterial IgA proteases are immunogenic and stimulate
local and systemic antibodies in infected hosts (Morelli et al.,
1994; Kirkeby et al., 2000; Kotelnikova et al., 2016).

Leukotoxin

M. haemolytica LKT (originally called cytotoxin) has been the
subject of much research since M. haemolytica – induced cyto-
toxic damage of bovine macrophages and neutrophils was
described in vitro, and the toxin was identified (Benson et al.,
1978; Baluyut et al., 1981; Berggren et al., 1981; Shewen and
Wilkie, 1982). The LKT is encoded by four genes in the toxin
operon, lktC, lktA, lktB, and lktD (Lo et al., 1987). lktA codes
for the structural toxin, and lktC is involved in activation, whereas
products of lktB and lktD are associated with secretion
(Highlander, 2001; Rice et al., 2007). For a detailed description
of M. haemolytica LKT and its genetics and activities, the reader
is referred to one of several review articles (Highlander, 2001;
Jeyaseelan et al., 2002; Zecchinon et al., 2005; Rice et al., 2007;
Czuprynski, 2009; Singh et al., 2011). Recently, LKT acyl transfer-
ase gene (artJ-lktC) was used in a multiplex PCR assay that iden-
tifies M. haemolytica, P. multocida, and Trueperella pyogenes in
infected lungs (Zhang et al., 2017).

After the discovery of M. haemolytica LKT, it was character-
ized as a 104 kDa protein and a member of the RTX family of tox-
ins, which includes the Escherichia coli α-hemolysin and
numerous toxins from other Gram-negative bacteria (Frey,
2011). The toxic component of LKT resides in the N-terminus,
whereas the region stimulating LKT–neutralizing antibodies is
localized to a 32 amino acid region near the C-terminus
(Lainson et al., 1996; Welch, 2001). The toxin is specific for leu-
kocytes from various ruminant species and not for other cell types
or leukocytes from nonruminant animal species; therefore, the
name was changed from cytotoxin to LKT (Confer et al., 1990;
Jeyaseelan et al., 2002; Narayanan et al., 2002). LKT is secreted
into culture supernatants during logarithmic growth phase,
binds to the LKT receptor β2 integrins, CD18, and induces
dose-related changes in bovine leukocytes (Shewen and Wilkie,
1985; Ambagala et al., 1999; Li et al., 1999; Odendaal and Ellis,
1999; Dassanayake et al., 2007; Tucci et al., 2016). At high LKT
concentrations, leukocytes undergo rapid osmotic swelling, mem-
brane pore formation, and necrosis (Clinkenbeard et al., 1989). At
reduced doses, LKT can induce leukocyte apoptosis, activate leu-
kocytes with release of proinflammatory cytokines and oxygen-
derived free radicals, reduce mitogen-mediated lymphogenesis,
and stimulate histamine release from mast cells (Majury and
Shewen, 1991; Maheswaran et al., 1992; Adusu et al., 1994;
Cudd et al., 2001, 2003; Rice et al., 2007; Singh et al., 2011).
Localization of LKT by immunohistochemistry in the lung after
challenge demonstrated LKT associated with necrotic leukocytes
and cell debris within alveoli (Whiteley et al., 1990). Challenge
of cattle with M. haemolytica LKT deletion mutants resulted in
less severe lesions than with parent strains (Tatum et al., 1998;
Highlander et al., 2000). Therefore, due to its many pathologic
effects on leukocytes, LKT is considered the most important viru-
lence factor in M. haemolytica – induced pneumonia.

M. haemolytica LKT is responsible for hemolysis in vitro and is
produced by all serotypes of the bacterium with the exception of the
occasional LKT – deficient mutant strains that have been described
(Shewen and Wilkie, 1983b; Murphy et al., 1995; Ayalew et al.,
2017a). LKT exposure stimulates neutralizing antibodies against
the C-terminus region of the molecule. Despite some genetic diver-
sity among LKT molecules, LKT-neutralizing antibodies against
one M. haemolytica serotype or isolate usually neutralize LKT
from anotherM. haemolytica serotype or isolate or from B. trehalosi
(Gentry et al., 1985; Lainson et al., 1996; Hodgins and Shewen,
1998; Davies and Baillie, 2003; Shewen and Wilkie, 1983a,
1983b). Recently, however, it was shown that well-characterized
LKT neutralizing monoclonal antibody MM601 did not neutralize
serotype 2 or B. trehalosi serotype 10 LKT, and likewise, the mono-
clonal antibody raised against B. trehalosi T10 did not neutralize
serotype 1 and 2 LKT, suggesting differences in their epitopes
(Murugananthan et al., 2018). LKT-neutralizing antibodies strongly
correlated with resistance against experimental challenge (Gentry
et al., 1985; Rice et al., 2007).

Capsule and lipopolysaccharide

M. haemolytica serotypes produce serotype-specific CPS that are
on the surface of the bacteria, particularly during logarithmic
growth (Corstvet et al., 1982; Rice et al., 2007). S1 CPS is a
complex mannose-rich polymer made of a disaccharide repeat
of N-acetylmannosaminuronic acid β1,4 linked with
N-acetylmannosamine, is moderately immunogenic, and partially
protects the bacterium from phagocytosis (Adlam et al., 1984;
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Czuprynski et al., 1989, 1991a; Chae et al., 1990; Conlon and
Shewen, 1993; Tigges and Loan, 1993). Purified M. haemolytica
S1 CPS did not stimulate the release of pro-inflammatory
cytokines from monocytes and macrophages (Czuprynski et al.,
1991b). Deposition of CPS into the lungs of sheep resulted in
edema and a mild neutrophilic infiltrate with CPS binding to
surfactant, whereas in lungs from cattle experimentally challenged
with live M. haemolytica, CPS localized in alveolar lumens and
macrophages, but not within the alveolar wall (Brogden et al.,
1989; Whiteley et al., 1990). Vaccination of calves with purified
CPS, with or without other M. haemolytica antigens, stimulated
significant anti-CPS IgM and IgG antibodies in sera; however,
36% of calves experimentally vaccinated with CPS developed
anaphylaxis, and after challenge, lung lesion scores did not
significantly correlate with anti-CPS titers (Conlon and Shewen,
1993). IgG1 and IgG2 anti-CPS antibodies were highest in calves
vaccinated with CPS in oil adjuvant, whereas IgM anti-CPS
antibodies were highest in calves vaccinated with CPS with
aluminum hydroxide adjuvant (Tigges and Loan, 1993). In
another study, antibodies to purified CPS and to a partially
purified saline extract that contained capsule, LPS, and proteins
were examined in sera from cattle vaccinated with live or killed
M. haemolytica (Confer et al., 1989). Correlations between high
antibodies to CPS and low lesion scores were inconsistent
among experiments, whereas important antibodies in the saline
extract were likely proteins (Confer et al., 1989; Srinand et al.,
1996b).

M. haemolytica LPS has a classical endotoxic activity that sti-
mulates pro-inflammatory mediator production and inflamma-
tion. Those result in modification and damage of endothelium,
causing vascular leakage, enhancement and depression of leuko-
cyte functions, and complexing with LKT, increasing
LKT-receptor production and augmenting LKT activity (Rimsay
et al., 1981; Confer and Simons, 1986; Paulsen et al., 1989;
1990, 1995; Kumar et al., 1991; Saban et al., 1997; Cutlip et al.,
1998; Hsuan et al., 1999; Li and Clinkenbeard, 1999; Lafleur
et al., 2001; Leite et al., 2003; McClenahan et al., 2008).
Intratracheal inoculation ofM. haemolytica resulted in LPS within
the cytoplasm of neutrophils, alveolar macrophages, endothelial
cells, and pulmonary intravascular macrophages as well as on epi-
thelial cell surfaces, as determined by immunohistochemistry
(Whiteley et al., 1990). Therefore, LPS is an important virulence
factor widely distributed throughout the M. haemolytica-infected
lung. Using monoclonal antibodies, antigenic similarities were
demonstrated in a carbohydrate moiety of LPS extracted from
serotypes 1, 5, 6, 7, 8, and 12 (Durham et al., 1988). Nuclear
magnetic resonance spectroscopy revealed the O-chain polysac-
charides of S1, S6, and S9 to be identical and the core oligosac-
charides of S1, S6, S8, S9, and S12 are similar (Lacroix et al.,
1993). Davies et al. demonstrated distinct serological differences
among LPS molecules extracted from different serotypes of M.
haemolytica (Davies and Donachie, 1996; Davies et al., 1997);
however, M. haemolytica LPS is poorly immunogenic, and no
correlation existed between anti-LPS antibodies and resistance
against experimental challenge (Confer et al., 1986b). This may
be because bovine M. haemolytica isolates often do not elaborate
an O-antigen, which is the most immunogenic component of LPS
(Ali et al., 1992). Alternatively, the core lipopolysaccharide of M.
haemolytica LPS has been analyzed, and glycoconjugates of LPS
core were shown to be immunogenic in rabbits and stimulated
complement-mediated killing of M. haemolytica (St Michael
et al., 2011a, 2011b).

Outer membrane proteins (OMPs)

The outer membrane of Gram-negative bacteria is a complex
structure that assists bacteria to adapt to environmental changes,
regulate influx and efflux of nutrients, and coordinate signal
transduction (Khalid et al., 2008). M. haemolytica has a host of
proteins in the outer membrane, and many OMPs share partial
sequence homology with OMPs from other Gram-negative patho-
gens (Squire et al., 1984; Confer, 1993; Davies et al., 1994; Ayalew
et al., 2010). Squire et al. (1984) extracted outer and inner M. hae-
molytica membranes using detergents and identified two major
OMPs that were 30 and 42 kDa. Using radioiodination, Morton
et al. (1996) demonstrated eight surface-exposed M. haemolytica
proteins. Pandher et al. (1999) identified 21 surface-exposed,
immunogenicM. haemolytica OMPs using Western immunoblots
on protease-treated and untreated bacteria. Ayalew et al. (2010)
demonstrated 55 potentially immunogenic M. haemolytica OMPs
by immunoproteomic analyses with those proteins potentially
involved in cell structure, transport mechanisms, general metabol-
ism, translation or other unknown functions. M. haemolytica
outer membrane is adaptable with the number and character of
the OMP profile changing depending on growth conditions and
media (Gatewood et al., 1994). OMPs are not virulence factors
per se with the exception of OmpA and SSA-1, which have adhe-
sin properties, and transferrin binding proteins that procure iron
from host transferrin (Potter et al., 1999; Kisiela and Czuprynski,
2009; Lawrence et al., 2010). The importance of OMPs for this
review is as potential immune targets for the production of
opsonizing antibodies to M. haemolytica. Shewen and Wilkie
(1988) demonstrated that vaccine immunity to M. haemolytica
required both LKT-neutralizing antibodies and opsonizing anti-
bodies to surface antigens. Because antibody responses to CPS
and LPS do not appear to correlate with protection against M.
haemolytica challenge, surface proteins are the more likely targets
for stimulating the production of opsonizing antibodies. Several
OMPs were examined as potential targets for the development
of opsonizing antibodies. In fact, correlations between antibodies
against several different OMPs and resistance to experimental
challenge have been documented; therefore, opsonizing anti-
bodies directed against multiple OMPs are likely involved in
immunity to M. haemolytica (Mosier et al., 1989b).

M. haemolytica OMPs that have been studied to some degree
with respect to immunity include OmpA, SSA-1, Gs60, PlpE,
TBPs, PlpF, OmpD15, and OmpP2. Three approaches have
been taken: (1) determination if antibodies to a specific OMP
are present in higher concentration in sera from cattle that recov-
ered from BRD compared with sera from cattle that were never ill,
(2) determination if high antibodies to a specific OMP in sera
from M. haemolytica–vaccinated cattle correlated with low lung
lesion scores after experimental challenge, and (3) immunization
of cattle with purified or recombinant OMPs either by themselves
or in conjunction with a M. haemolytica vaccine followed by
experimental challenge.

One of the first characterized M. haemolytica OMPs was the
approximately 104 kDa SSA-1 (Gonzalez-Rayos et al., 1986).
The protein was identified in E. coli expressing plasmids from a
M. haemolytica gene library using antibodies against M. haemoly-
tica culture supernatant. Initial studies indicated that the protein
was reasonably specific for M. haemolytica S1; however, later
studies identified ssa1 was distributed among seven M. haemoly-
tica serotypes, including S1, S2, and S6 (Gonzalez et al., 1991).
Subsequent studies indicated that the genes encoding SSA-1
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derived from M. haemolytica S1 or S2 were identical (Gonzalez
et al., 1995). Localization of SSA-1 in the outer membrane was
confirmed in studies of M. haemolytica outer membrane vesicles
(Ayalew et al., 2013; Roier et al., 2013). Recently, Kumar et al.
(2015) used ssa1 gene as part of a multiplex PCR for rapid detec-
tion of M. haemolytica from sheep lungs. We vaccinated mice and
cattle with recombinant SSA-1 and demonstrated that it was
highly immunogenic resulting in significant increases in anti-
bodies by day 28 after vaccination (Ayalew et al., 2011b).
Vaccination of mice with recombinant SSA-1 and LKT-PlpE
chimeric protein (SAC89) resulted in increased antibody
responses to the SSA-1 and to the chimeric protein. Klima et al.
(2018) demonstrated that using in silico identification and high
throughput screening of antigenic proteins, SSA-1 was the most
immunoreactive of the proteins screened with antisera to M. hae-
molytica serotypes 1, 2, and 6. Challenge of cattle vaccinated with
SSA-1 has not been done to our knowledge.

The OmpA Family of outer membrane proteins is a group of
genetically related, heat-modifiable, surface-exposed, porin pro-
teins ranging from 30 to 35 kDa that is in the outer membrane
of numerous Gram-negative bacteria (Confer and Ayalew,
2013). Members of the OmpA family of proteins are potential
vaccine candidates for several bacteria (Pore and Chakrabarti,
2013; Dubey et al., 2016; Zhang et al., 2016). OmpA for many
bacteria is among the most numerous OMPs in the outer mem-
brane (Khalid et al., 2008). M. haemolytica OmpA is an approxi-
mately 30 kDa, heat-modifiable, surface-exposed, highly
immunogenic protein with porin activity, and as a member of
the OmpA family of proteins, it shares partial homology with
heat-modifiable OMPs from numerous bacteria (Khalid et al.,
2008; Ayalew et al., 2011b; Confer and Ayalew, 2013). As
described above, the protein has adhesin properties and was
recently identified as binding lactoferrin, therefore, M. haemoly-
tica OmpA may assist removal of iron from lactoferrin (Kisiela
and Czuprynski, 2009; Samaniego-Barron et al., 2016).M. haemo-
lytica OmpA, originally called PomA, was purified and partially
characterized, and its gene was cloned, expressed, and sequenced
(Mahasreshti et al., 1997; Zeng et al., 1999). Vaccination of cattle
with live M. haemolytica resulted in high antibodies against M.
haemolytica OmpA, and adsorption studies demonstrated
surface-exposed epitopes (Mahasreshti et al., 1997). Surface
exposure of OmpA was corroborated, and two different OmpA
subclasses (OmpA1 and OmpA2) with epitopic differences were
identified in bovine and ovine isolates, respectively (Hounsome
et al., 2011). Vaccination of cattle with recombinant M. haemoly-
tica OmpA stimulated high antibody responses with the
complement-mediated killing of the bacterium (Ayalew et al.,
2011b).

Gs60 is a surface-exposed, 60 kDa outer membrane lipoprotein
found in M. haemolytica culture supernatant (Moore et al., 2011;
Ayalew et al., 2017b). A fragment of the gene was cloned, charac-
terized, and expressed, and antibodies directed against the
expressed protein fragment correlated with resistance against
experimental challenge (Weldon et al., 1994). Subsequently, the
entire gene was cloned, sequenced, and found in P. haemolytica
A biotypes (now M. haemolytica) and not in T biotypes (now
B. trehalosi) (Lo and Mellors, 1996). In vivo expression of the
gs60 and lkt genes were demonstrated within pneumonic lungs
of cattle experimentally challenged with M. haemolytica (Lo
et al., 2006). Lkt gene expression increased between 6 and 12 h
after challenge, whereas gs60 gene expression decreased
(Sathiamoorthy et al., 2012). The Gs60 protein was identified as

a component of the putative M. haemolytica secretome but was
not identified in an outer membrane immunoproteomics study
of one M. haemolytica strain (Lo and Mellors, 1996; Ayalew
et al., 2010, 2017b). Recombinant Gs60 as a potential vaccine
component was studied by several approaches including expres-
sion in alfalfa as a potential component of an edible vaccine
and incorporation of M. haemolytica culture supernatant into
immunostimulatory complexes (ISCOMs) with recombinant
bovine C3d (Lee et al., 2008; Moore et al., 2011). Feeding of
dried Gs60-transgenic alfalfa to rabbits resulted in seroconversion
to Gs60 (Lee et al., 2008). In vivo cattle studies have not been
reported with the Gs60 transgenic alfalfa, and Gs60 was not
demonstrated in the ISCOMs. Further, in vivo studies demon-
strated anti-Gs60 antibodies in sera from calves vaccinated with
M. haemolytica supernatant vaccines and from calves vaccinated
with recombinant Gs60 and challenged (Orouji et al., 2012). In
those studies, there were strong correlations between the produc-
tion of antibodies to LKT and to Gs60, whereas increased anti-
bodies to Gs60 were beneficial in resistance against challenge
when anti-LKT antibodies were low.

Several immunogenic, surface-exposed M. haemolytica OMPs
in the 40–50 kDa range were identified originally by several tech-
niques (Mosier et al., 1989b; Morton et al., 1996; Pandher et al.,
1999). Of those, the 45-kDa surface-exposed, outer membrane
lipoprotein PlpE was extensively studied in our and other labora-
tories. The plpE gene was isolated from a gene library, cloned,
sequenced, and expressed (Pandher et al., 1998). Adsorption of
serum antibodies with recombinant PlpE reduced the serum-
mediated complement-mediated killing of M. haemolytica. The
protein was named PlpE, because it was the fifth lipoprotein asso-
ciated with the outer membrane of then P. haemolytica, with
PlpA-C being three contiguous 28–30 kDa lipoproteins and
PlpD being a 31-kDa lipoprotein (Cooney and Lo, 1993;
Murphy and Whitworth, 1993; Dabo et al., 1994; Murphy et al.,
1998; Nardini et al., 1998). PlpE was identified by immunoproteo-
mics of the outer membrane and is in culture supernatants of M.
haemolytica propagated under various growth conditions (Ayalew
et al., 2010, 2017b). Vaccination of cattle with recombinant PlpE
plus adjuvant resulted in a reduction in lesion scores of >40%
compared with controls after Mannheimia haemolytica S1 or S6
challenge (Confer et al., 2003, 2006). In those studies, when incor-
porated with commercial M. haemolytica vaccines, recombinant
PlpE enhanced resistance against challenge above that of the
commercial vaccine alone. The immunodominant and potentially
protective epitopes in PlpE are in a region of eight imperfect
repeats of a hexapeptide in the N-terminal region (Ayalew
et al., 2004). Antibodies against that region stimulated
complement-mediated killing of M. haemolytica. The 8 hexapep-
tide repeats were identical between M. haemolytica S1 and S6 iso-
lates, whereas in S2 isolates, the repeats ranged from 3 to 28
hexapeptides (Ayalew et al., 2006). Vaccination of mice and cattle
with chimeric proteins composed of the hexapeptide-repeats epi-
tope of PlpE and the neutralizing epitope of LKT stimulated anti-
bodies that bound the surface of M. haemolytica and neutralized
LKT (Ayalew et al., 2008; Batra et al., 2016a). Cattle vaccinated
with chimeric protein plus formalin-killed bacteria were highly
resistant against experimental challenge (Ayalew et al., 2009;
Confer et al., 2009a, 2009b; Guzman-Brambila et al., 2012).

Iron is essential for bacterial growth and production of viru-
lence factors, and bacteria have acquired several strategies for
iron uptake (Gentry et al., 1986; Sheldon et al., 2016). Strategies
include extraction of iron from hemoglobin and acquisition
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from transferrin. In addition, through secretion and uptake of
siderophores, free iron is obtained. M. haemolytica does not pro-
duce siderophores; therefore, M. haemolytica iron acquisition
must be from heme, transferrin, and/or lactoferrin. During low
iron concentrations, M. haemolytica produces iron-regulated
OMPs (IROMPs). Thus, OMP profiles are different among bac-
teria grown in vitro in growth media that is iron-sufficient, iron-
deficient, or iron-sufficient with an iron chelator. In addition,
growth of bacteria in vivo, which is an iron-deficient environ-
ment, produces an OMP profile similar to that of the bacterium
grown in vitro under iron-deficient conditions (Deneer and
Potter, 1989; Morck et al., 1991; Confer et al., 1992, 1995;
Davies et al., 1994; Gatewood et al., 1994). LKT causes hemolysis
of bovine erythrocytes, and in vivo transcription of two potential
hemoglobin receptors, hmbR1 and hmbR2 were demonstrated in
M. haemolytica within the lung (Murphy et al., 1995; Roehrig
et al., 2007). Iron acquisition from transferrin is a major
mechanism used by M. haemolytica, and three IROMPs (approxi-
mately 70, 77, and 105 kDa) involved in transferrin binding were
identified in bacteria grown in vitro under iron-restricted
conditions or in vivo within an intraperitoneal implanted cham-
ber (Deneer and Potter, 1989; Ogunnariwo and Schryvers, 1990;
Morck et al., 1991; Yu et al., 1992; Geschwend et al., 1997;
Ogunnariwo et al., 1997). Western blots using convalescent sera
from M. haemolytica-infected calves demonstrated antibodies
against the three proteins (Deneer and Potter, 1989; Puchalski
et al., 2013). We demonstrated antibody responses to the 70
and 77 kDa proteins to be significantly higher in live M.
haemolytica-vaccinated calves than in control calves; however,
there was no significant correlation between antibody responses
to those proteins and lesion scores following challenge (Confer
et al., 1995). In another study, calves were vaccinated with either
or both native 105 and/or recombinant 70 kDa proteins, termed
transferrin-binding proteins (Tbp) A and B, respectively, and
challenged (Potter et al., 1999). Both proteins were immunogenic
and the best protection was in calves vaccinated with both TbpA
and TbpB.

Through immunoproteomic analyses using 2D-electrophoresis
and Western blots of M. haemolytica of outer membrane prepara-
tions probed with convalescent cattle sera, we identified several
additional OMPs that were of interest for further study (Ayalew
et al., 2010). These are PlpF, OmpD15, and OmpP2. PlpF is a
29.7 kDa lipoprotein that was identified in the first published
M. haemolytica sequence as a conserved hypothetical protein
(GI 7227128) (Highlander, 2001). The N terminus of PlpF con-
tains a variable number of perfect and imperfect repeats, which
varied among S1, S2 and S6 strains, and antigenicity plots pre-
dicted those repeats to be highly antigenic (Ayalew et al.,
2011a). The C-terminus half of PlpF shares substantial similarity
with a surface-exposed, highly antigenic lipoprotein of Neisseria
meningitidis (Madico et al., 2006). Recombinant PlpF was
immunogenic in mice and calves, and anti-PlpF antibodies are
associated with complement-mediated killing (Ayalew et al.,
2011a). OmpD15 is an 88.8 kDa protein (also called Omp85 or
Oma87) with homologues among various Gram-negative bacteria
including Haemophilus ducreyi, Pasteurella multocida,
H. influenzae, Shigella dysenteriae, Shigella flexneri, and
Neisseria spp. (Ruffolo and Adler, 1996; Manning et al., 1998;
Robb et al., 2001; Ayalew et al., 2011b). Recombinant OmpD15
is immunogenic in mice; however, calves vaccinated with 100 µg
in Freund’s incomplete antigen developed only minimal antibody
responses (Ayalew et al., 2011b). Unfortunately, challenge data

from that study was lost due to a recording machine malfunction
(Ayalew and Confer, unpublished data 2010). M. haemolytica
OmpP2 (41.4 kDa) is a homologue of major outer membrane
protein P2 of Haemophilus influenzae, which is known to have
antigenic variation among H. influenzae isolates (Forbes et al.,
1992; Andersen et al., 2003). Both mice and calves vaccinated
with recombinant OmpP2 developed low antibody responses sug-
gesting that it may not be highly immunogenic at the dose or in
the form that was administered (Ayalew et al., 2011b).

M. haemolytica vaccines

Realistic goals of vaccination
As described above, M. haemolytica produces various virulence
factors that promote lung colonization, stimulate the production
of inflammatory mediators, and enhance evasion of host defense
mechanisms, as well as numerous potential immunogens that can
stimulate an M. haemolytica–specific immune response. In 1975,
Thomson et al. (1975) demonstrated that on day 1 after shipping
cattle that remained healthy had lower numbers of M. haemoly-
tica in the nasal cavity and higher concentrations of anti-M. hae-
molytica antibodies than did cattle that became sick. Therefore,
vaccination of cattle with efficacious M. haemolytica vaccines
prior to shipment could potentially reduce shipping fever pneu-
monia. The overall goals forM. haemolytica vaccines are to stimu-
late an efficacious immune response that would (1) neutralize
LKT and kill Mannheimia haemolytica, (2) reduce lung coloniza-
tion, (3) block evasion of host defense mechanisms, and (4)
reduce the severity of or prevent pneumonia. The central
dogma of M. haemolytica vaccination was established by
Shewen and Wilkie (1988), whereas they demonstrated that
efficacious vaccines must stimulate antibodies against LKT and
against surface antigens, although the important surface antigens
were not established in that study. Therefore, vaccines against
M. haemolytica can accomplish this through multiple antibody-
mediated mechanisms that (1) neutralize LKT, (2) enhance
opsonization and phagocytosis, (3) block adhesion to respiratory
cells, and/or (4) augment complement-mediated bacterial killing
(Metzger, 2011). It would be an added benefit if M. haemolytica
vaccines also stimulated protection against multiple serotypes.
Cross-serotypic LKT neutralization has been documented
(Shewen and Wilkie, 1983b; Gentry et al., 1988). Surface antigens
vary among serotypes making cross-serotypic protection often
incomplete, but some degree of cross protection between other
serotypes, especially for S1 and S6, has been demonstrated
(Gentry et al., 1988; Morton et al., 1995; Purdy et al., 1998;
Confer et al., 2006; Crouch et al., 2012; Zheng et al., 2015). In
addition, an added potential benefit of efficacious vaccination
against bacteria is reduced use of antimicrobials and decreased
development of antimicrobial resistance (Jansen et al., 2018).

Due to the complexity of BRD, even with efficacy demon-
strated in experimental challenge studies, determination of
M. haemolytica vaccine efficacy can be a daunting task
(Table 2). Rice et al. (2007) described the difficulties in evaluation
of vaccine efficacy field trials in beef calves, and especially the
inadequacy of a single field trial to assess vaccine efficacy. For
example, review of published vaccine field trials indicated that
in some studies, vaccination of cattle with M. haemolytica bacter-
ins enhanced protection against shipping fever, whereas in
another study, no such protection was noted (Palotay et al.,
1963; Amstutz et al., 1981; Martin, 1983; Perino and Hunsaker,
1997; Larson and Step, 2012). Various experimental challenge
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methods have been used to assess M. haemolytica vaccine efficacy.
Originally, licensure of P. multocida and P. haemolytica bacterins
used intraperitoneal vaccination and challenge in mice, which was
not a good vaccine model for BRD and was discontinued (Confer,
1993). Several experimental M. haemolytica challenge methods
for cattle have been used, and the most common ones are aerosol,
intratracheal, intrabronchial, or transthoracic routes with M. hae-
molytica alone or in combination with a respiratory virus such as
bovine herpesvirus-1 (BHV-1), bovine viral diarrhea virus
(BVDV), parainfluenza-3, or bovine respiratory syncytial virus
(Frank, 1989). Therefore, comparisons of different experimental
vaccine efficacy trials can be confounded by variations in chal-
lenge methods. Additional considerations on vaccine trials are:
(1) calves persistently infected with BVDV failed to mount an
antibody response when vaccinated with a M. haemolytica
bacterin-toxoid (Fulton et al., 2003), and (2) M. haemolytica vac-
cines are often given with live or killed respiratory viral vaccines,
and simultaneous vaccination of BHV-1 seronegative cattle with
modified-live BHV-1 vaccine can interfere with the antibody
response to M. haemolytica (Cortese et al., 2011).

M. haemolytica bacterins
For an in-depth review of early vaccines directed against B. bovi-
septica, see Mosier et al. (1989a) and Mosier (1992). In the early
twentieth century, initial attempts to prevent BRD revolved
around the use of bacterins, live vaccines, aggressins (bacteria-free
inflammatory exudate produced by injection of virulent organ-
isms), and antisera (Mosier et al., 1989a). Several early reports
indicated that antisera may reduce shipping fever mortality; how-
ever, in a later field study, use of prophylactic passive immuniza-
tion after shipment had little protective value (King et al., 1955).
Early vaccine studies often used small groups of cattle, and results
suggested that both a bacterin and a live B. boviseptica vaccine
could probably protect against natural disease; however, injection

site abscesses were encountered with live B. boviseptica vaccines
(Buckley and Gochenour, 1924). In one study, a 3-fold increase
in death occurred in bacterin-vaccinated cattle compared with
unvaccinated ones (Farley, 1932).

Vaccination of cattle with M. haemolytica bacterins via various
routes and with various adjuvants stimulated antibodies to the
bacterium, and in several experimental studies, bacterins
enhanced resistance against challenge, especially when oil adju-
vants were used (Carter, 1957; Wohler and Baugh, 1980; Confer
et al., 1987; Jericho et al., 1990; Purdy et al., 1997b). However,
other studies indicated that M. haemolytica bacterin-vaccinated
cattle were either not protected or had more severe disease than
did unvaccinated controls when naturally or experimentally chal-
lenged (Hamdy and Trapp, 1964; Hamdy et al., 1965; Schipper
and Kelling, 1971; Friend et al., 1977; Wilkie et al., 1980;
Confer et al., 1985b; Srinand et al., 1995; Frank et al., 1996).

Live M. haemolytica vaccines
Interest in and study of live M. haemolytica vaccines developed in
the 1980s. This was because of data showing inconclusive protec-
tion or enhanced disease in bacterin-vaccinated cattle, the discov-
ery of LKT, which is not in bacterins, and demonstration that
prior natural exposure of cattle to M. haemolytica enhanced
resistance against challenge (Thomson et al., 1975; Shewen and
Wilkie, 1982, 1983b; Confer et al., 1984b). Live M. haemolytica
vaccines studied contained wild type, attenuated, and chemically
modified strains as well as a streptomycin-dependent mutant
(Srinand et al., 1995; Bowland and Shewen, 2000). In several stud-
ies, parenteral or aerosol vaccination with live M. haemolytica
resulted in enhanced resistance against experimental challenge.
However, in field studies, live M. haemolytica vaccines either
enhanced resistance or had no clear influence on morbidity and
mortality (Confer et al., 1983; 1984a, 1985b, 1986a; Kucera
et al., 1983; Panciera et al., 1984; Catt et al., 1985; Kadel et al.,

Table 2. Various Mannheimia haemolytica vaccines tested under experimental and field trials

Vaccine type Timeframe

Efficacy

Commercially availableExperimental Field

Bacterin Prior to 1990s Variable No No longer

Sodium Salicylate extract 1980s Variable Unknown No

Potassium thiocyanate extract 1980s Variable Unknown No

Saline extract 1980s Efficacious Unknown No

Live – attenuated 1980s Efficacious Efficacious or ineffective No longer

Live – streptomycin-dependent 1985-present Variable Efficacious or ineffective Parenteral or intranasal vaccination

Culture supernatant 1988 to present Efficacious Variable Yes

Bacterin toxoid 1989 to present Efficacious Variable Yes

Capsular polysaccharide 1990s Variable or poor Unknown No

Proprietary extract 1990s Efficacious Somewhat efficacious No longer

Recombinant chimeric protein 2001-present Partially efficacious Unknown No

Ghosts 2003 Efficacious Unknown No

Recombinant single protein 2003–3006 Partially efficacious Unknown No

LKT-deficient mutant 2012–2013 Efficacious Unknown No

Vesicles 2013-present Efficacious Unknown No
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1985; Smith et al., 1985; Purdy et al., 1986; Blanchard-Channell
et al., 1987; Srinand et al., 1995, 1996b). Because LKT is produced
primarily during logarithmic phase growth, one study demon-
strated that in four of five experiments, aerosol vaccination with
live M. haemolytica from 6-h cultures enhanced resistance to
experimental challenge better than vaccination with 20–22 h
live cultures (Confer et al., 1984a).

An intradermally administered attenuated strain, a chemically
modified strain, and the streptomycin-dependent strain were
commercialized M. haemolytica vaccines (Kucera et al., 1983;
Henry, 1984; Panciera et al., 1984; Confer et al., 1984a, 1985b,
1986a; Smith et al., 1985). Use of the commercial intradermally
administered attenuated M. haemolytica vaccine-enhanced resist-
ance in experimentally challenged dairy calves and stimulated sig-
nificant antibody responses to the bacterial surface in shipped
beef calves. However, in one field trial, vaccination afforded
marked protection, and in other field trials, the vaccination had
no significant effect on performance, morbidity, or mortality
(Confer et al., 1983; Henry, 1984; Smith et al., 1985; Purdy
et al., 1986). The intradermal vaccine was later removed from
the market partially because of difficulty in administration and
local injection site reactions.

In one field trial, experimental live M. haemolytica vaccination
by aerosol or subcutaneous routes prior to shipment stimulated
significant antibody responses to the bacterial surface; however,
significant protection against BRD was not demonstrated
(Confer et al., 1983).

Calves vaccinated with the chemically modified M. haemoly-
tica strain had increased resistance to a BHV-1/M. haemolytica
challenge when compared with nonvaccinated controls (Kucera
et al., 1983). Later, 11 cases of systemic M. haemolytica infection
were described in post-vaccinated calves. Those calves had men-
ingitis, polyarthritis, and dermatitis and/or cellulitis, and the
infecting bacterial strain was identified by restriction endonucle-
ase analysis as the chemically modified vaccine strain (Zeman
et al., 1993). That vaccine is no longer available.

Genetically modified M. haemolytica have been described
including streptomycin-dependent, AroA deletion, and LKT –
modified mutants. AroA is a component a metabolic pathway
important in aromatic amino acid synthesis, construction of several
AroA deletion mutants of M. haemolytica have been described
(Homchampa et al., 1994; Tatum et al., 1994; Tatum and Briggs,
2005). In one study, vaccination of mice with live M. haemolytica
aroA− mutants reduced death in vaccinated mice; however, to our
knowledge cattle studies have not been done (Homchampa et al.,
1994).

A bivalent vaccine containing streptomycin-dependent
M. haemolytica and P. multocida mutants has been approved
for parenteral or (recently) intranasal vaccination and marketed
for many years (OncePMH®). (Catt et al., 1985; Kadel et al.,
1985; Blanchard-Channell et al., 1987; Chengappa et al., 1989;
Mosier et al., 1998). Two studies demonstrated significant
increases in antibodies to M. haemolytica following vaccination
with the mutant bacteria as well as reduced clinical signs and
lesions following BHV-1/M. haemolytica challenge (Catt et al.,
1985; Blanchard-Channell et al., 1987). Greater economic gains
in vaccinated, non-preconditioned cattle were noted following a
50-day field trial (Kadel et al., 1985). Vaccination stimulated sig-
nificant increases in antibodies to CPS and whole bacteria after
one dose, whereas significant increases in antibodies against
LKT and IROMPs required a booster vaccination (Srinand
et al., 1996a). In other studies, the streptomycin-dependent

vaccine stimulated antibodies to M. haemolytica cell surface but
not against LKT, and clinical and lesion scores for vaccinates
were not significantly less than those in control cattle following
transthoracic or intrabronchial M. haemolytica challenge
(Srinand et al., 1996b; Mosier et al., 1998). Vaccinated veal calves
had reduced respiratory morbidity compared with non-vaccinates
(Schnepper et al., 1996).Vaccination of 14–20-day-old Holstein
calves with the vaccine stimulated significant increases in anti-
bodies; however, differences between vaccinated and control
calves were not seen in BRD treatment data (Aubry et al.,
2001). Recently, a study compared cattle vaccinated with the
streptomycin-dependent mutant vaccines by intranasal or sub-
cutaneous routes and found no differences in cattle performance
due to the route of vaccination (Spore et al., 2017).

LKT-deficient M. haemolytica mutants have been studied as
potential vaccines. Frank et al. demonstrated that intranasal expos-
ure of shipped calves to liveM. haemolytica with a 1-kb deletion in
the lktA gene resulted in increased serumM.haemolytica antibodies
and decreased M. haemolytica nasal colonization (Frank et al.,
2003). Recently, oral or parenteral vaccination of calves, sheep,
and goats with live M. haemolytica mutants that produced
N-terminal truncated LKT, which retained the neutralizing epitope,
enhanced resistance against M. haemolytica challenge and stimu-
lated both hemagglutinating and LKT-neutralizing antibodies
(Briggs et al., 2012, 2013).

M. haemolytica extract vaccines
With the realization that M. haemolytica bacterins either failed to
protect or caused enhanced disease, various antigen extraction
procedures, including saline, potassium thiocyanate, and sodium
salicylate, were studied to try to develop a better vaccine
(Durham et al., 1986).

Matsumoto et al. (1984) used a 2.5% saline extraction of M.
haemolytica adsorbed to aluminum hydroxide gel as subcutane-
ous vaccine and extract alone for aerosol vaccination. They
demonstrated enhanced resistance against a BHV-1/M. haemoly-
tica challenge after subcutaneous vaccination; however, aerosol
vaccination resulted in inconsistent results. Warm saline extrac-
tion of logarithmic-phase bacteria removed capsule and multiple
surface proteins (Gentry et al., 1982; Confer et al., 1985a; Lessley
et al., 1985; McKinney et al., 1985). Vaccination with that saline
extract enhanced resistance against transthoracic challenge, and
there was a significant correlation between high antibodies to vari-
ous protein components and low lesion scores (Confer et al.,
1985a; McKinney et al., 1985). Likewise, vaccination of cattle
with a carbohydrate-protein subunit made by chromatofocusing
of M. haemolytica saline extract enhanced resistance against
transthoracic challenge (Confer et al., 1989).

Sodium salicylate extraction of M. haemolytica S1 and S6
resulted in similar SDS-PAGE profiles as well as protein, carbohy-
drate, lipid, and phosphorus compositions (Donachie et al., 1984).
Vaccination with salicylate extracts with aluminum hydroxide
adjuvant enhanced the resistance of calves and lambs against
challenge with homologous serotypes (Gilmour et al., 1982,
1983). In a later study, however, vaccination with salicylate extract
failed to provide protection of calves against intranasal and intra-
tracheal challenge and may have actually enhanced disease
(Gilmour et al., 1987). Vaccination of calves with a salicylate
extract containing IROMPs stimulated significant antibody
responses to capsular polysaccharide and IROMPS, and those
calves had significantly lower percent lung lesions than did con-
trols after experimental challenge (Sreevatsan et al., 1996).
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Potassium thiocyanate extracts of M. haemolytica as vaccines
were studied briefly. Vaccination of mice and hamsters with
M. haemolytica saline extract, potassium thiocyanate extract or
bacterins indicated potassium thiocyanate extract resulted in
greatest resistance against challenge (Tadayon and Lauerman,
1981). Immunization of mice with a potassium thiocyanate
extract of M. haemolytica enhanced cross-protection against P.
multocida challenge (Mukkur, 1977). Vaccination of calves via
intranasal, subcutaneous, or intramuscular routes resulted in vari-
able degrees of protection against aerosol BHV-1/M. haemolytica
challenge (Yates et al., 1983). Parenteral vaccination enhanced
resistance and reduced bacterial isolation at necropsy better
than did aerosol vaccination.

Capsular polysaccharide extract vaccines were tested experi-
mentally. Vaccination of cattle with purified capsular polysacchar-
ide stimulated antibodies to the capsule, and the intensity of the
response and immunoglobulin type produced were dependent
on the adjuvant used (Tigges and Loan, 1993). In another
study, vaccination of calves with capsular polysaccharide alone
or in conjunction with M. haemolytica culture supernatant or
recombinant LKT did not protect calves (Conlon and Shewen,
1993). In fact, capsular polysaccharide vaccination was associated
with a 36% incidence of anaphylaxis. Others demonstrated that
vaccination of calves with capsular polysaccharide with various
dosages of muramyl dipeptide analogs stimulated resistance
against challenge in several experiments; however, in an experi-
ment comparing the capsular vaccine against commercial vac-
cines, the capsular vaccine had little efficacy (Brogden et al.,
1995). More recently, authors suggested that (2→8)-α-Neu5Ac,
which is a component of the capsule of Group B Neisseria menin-
gitidis, E. coli K1, and M. haemolytica S2, might be used as a com-
ponent of a conjugate vaccine (Robbins et al., 2011).

A commercial vaccine that was a mild detergent extract of M.
haemolytica was marketed for several years (Septimune® PH-K).
The extraction method and detergent used were proprietary and
not available in the literature. In published studies, the vaccine sti-
mulated variable antibody responses to cell surface antigens and
low anti-LKT antibodies (Confer and Panciera, 1994; Srinand
et al., 1996a; Confer et al., 1998). In two studies, Septimune
enhanced resistance against M. haemolytica challenge, and in
one study, vaccinated, shipped cattle had better, though not stat-
istically significant, performance and health than did nonvacci-
nated cattle (Brogden et al., 1989; Hill et al., 1993; Confer and
Panciera, 1994). That vaccine was later removed from the market.
Saline, sodium salicylate, and potassium thiocyanate extracts
likely lacked appreciable quantities of LKT to stimulate strong
immunity and were not studied beyond the 1990s.

LKT supernatant vaccines
With the discovery of LKT secretion into culture supernatants
and correlation between high LKT-neutralizing antibodies and
resistance against the field or experimental BRD, Dr Bruce
Wilkie’s laboratory began to study the use of culture supernatant
as a vaccine (Gentry et al., 1985; Shewen and Wilkie, 1983a,
1983b). Besides LKT,M. haemolytica culture supernatant contains
numerous secreted and surface antigenic proteins as well as cap-
sular polysaccharide and LPS (Mosier et al., 1994; Mellors and Lo,
1995; Ayalew et al., 2017b).

Shewen and Wilkie (1988) demonstrated that vaccination with
M. haemolytica S1 LKT-rich culture supernatant enhanced resist-
ance against intrabronchial challenge with the homologous sero-
type, which led to the licensure of the commercial culture

supernatant vaccine Presponse®. In that study, vaccination with
LKT-rich culture supernatant derived from P. haemolytica S11
(now M. glucosida) stimulated LKT neutralizing antibodies but
was not as efficacious against M. haemolytica S1 challenge.
Those data led to the conclusion that antibodies to both LKT
and surface antigens are important for enhancing resistance
against M. haemolytica pneumonia. In addition, they noted that
two doses of vaccine were more efficacious than one; however,
in a 1995 study, one dose of the commercial vaccine was as effi-
cacious as two doses against an intrabronchial challenge leading
to licensure of Presponse for one-dose protection (Conlon et al.,
1995). The rationale for one-dose protection is based on a spon-
taneous rise in anti-M. haemolytica antibodies in young calves
due to natural exposure through nasopharyngeal colonization;
therefore, natural exposure is equivalent to primary vaccination
(Hodgins and Shewen, 1998; Prado et al., 2006). In another
study, two doses of Presponse stimulated low peak antibody
responses in 2-week-old, colostrum-deprived dairy calves; how-
ever, vaccinated calves had significant reductions in clinical
signs and lesion scores compared with placebo-vaccinated calves
(Hodgins and Shewen, 2000). In addition, Presponse vaccination
with two doses of vaccine stimulated significant antibodies to sur-
face antigens and to LKT, and vaccinated calves had a significant
reduction in lung lesions after challenge when compared with
controls (Sreevatsan et al., 1996). In the previously cited culture
supernatant vaccine studies, anti-LKT and anti-surface antigen
antibodies were demonstrated after vaccination. In contrast,
Srinand et al. (1996a) demonstrated antibody responses to capsu-
lar polysaccharide but low to no anti-LKT or anti-whole cell anti-
bodies in calves following Presponse vaccination. Similarly, we
demonstrated that Presponse stimulated significant increases in
antibodies to M. haemolytica whole cells and LKT as early as
7–14 days after vaccination; however, those responses were
often lower than seen with other LKT-containing vaccines
(Confer et al., 1998, 2001, 2003).

As with many commercial vaccines, published studies of field
trials are not numerous, and results can be variable due to condi-
tions of the study, type of cattle used, and which respiratory
pathogens may be involved in causing clinical disease. Bateman
(1988) vaccinated recently shipped, non-preconditioned calves
with Presponse and found a slight decrease in morbidly, a slight
improvement in treatment responses, and reduction in relapses.
Jim et al. (1988) demonstrated reduced mortality, increased
response to treatment, and economic benefits in feedlot calves
vaccinated with Presponse In another study, Presponse vaccin-
ation of auction calves reduced relapse rates and mortality; how-
ever, vaccinated calves from ranches had no changes in morbidity
rates or weight gains compared with nonvaccinated calves
(Thorlakson et al., 1990). Average daily gains were improved in
cattle vaccinated with Presponse at time of receiving compared
with control cattle; however, morbidity and mortality data were
not significantly different between vaccinated and nonvaccinated
cattle (McLean et al., 1990). Brazle (1992) vaccinated steers and
bull calves and found no difference between vaccinated and con-
trols with respect to weight gain, mortality, or morbidity. Fewer
treatments, however, were required among vaccinates compared
with controls. Malcolm-Callis et al. (1994) demonstrated no bene-
fit to vaccination in low morbidity calves but found increased
gains and reduced treatments in vaccinated stressed calves.
Bechtol and Jones (1996) suggested that Presponse vaccination
of lightweight calves in a backgrounding lot was economically
beneficial. Ives et al. (1999) found vaccination of calves with
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Presponse plus modified viral vaccines tended to reduce BRD
incidence and retreatment rates, but those differences were not
significant at P < 0.05.

In several experimental studies, Presponse was supplemented
with either recombinant LKT, purified capsular polysaccharide,
recombinant sialoglycoprotease, or recombinant outer membrane
lipoprotein PlpE (Conlon et al., 1991; Conlon and Shewen, 1993;
Confer et al., 2003, 2006; Shewen et al., 2003). In those studies, the
addition of any of the three recombinant proteins reduced clinical
disease and/or lesion scores compared with Presponse alone,
whereas addition of capsular polysaccharide failed to enhance
resistance against challenge. In one experimental study, M. hae-
molytica culture supernatant was incorporated into polymerized
methacrylic acid hydrogels and orally administered to calves
(Bowersock et al., 1994). Vaccinated calves had less severe lung
lesions and lived longer after intrabronchial challenge.

Bacterin-toxoid vaccines
Combinations of culture supernatants and killed M. haemolytica
are marketed as bacterin-toxoid vaccines. Common examples
include One Shot® and Pulmo-Guard®, and bacterin-toxoids are
highly immunogenic stimulating intense antibody responses to
surface antigens and LKT. One study demonstrated that One
Shot vaccination also stimulated the production of the acute-
phase protein haptoglobin (Arthington et al., 2013; Moriel and
Arthington, 2013). Srinand et al. (1996a) demonstrated that a
commercial bacterin-toxoid stimulated a significant antibody
response to LKT, capsular polysaccharide, and whole cells but
not to IROMPs. In numerous studies, high antibody responses
to whole M. haemolytica and LKT were demonstrated after vac-
cination of cattle with One Shot or Pulmo-Guard (Loan and
Tigges, 1989; Confer et al., 1998; 2001, 2003, 2006; Mosier
et al., 1998; Frank et al., 2002; Fulton et al., 2003; Ayalew et al.,
2004; Bowersock et al., 2014).

Parenteral vaccination of cattle with M. haemolytica bacterin-
toxoid vaccines enhanced resistance against experimental intrab-
ronchial or transthoracic M. haemolytica S1 challenge and
often-enhanced resistance more than other vaccines with which
it was compared (Loan and Tigges, 1989; Confer and Panciera,
1994; Srinand et al., 1996a; Mosier et al., 1998). Cattle vaccinated
with One Shot, a bacterin-toxoid derived from M. haemolytica
S1, had 46% reduction in lesion scores after challenge withM. hae-
molytica S6 when compared with control lesion scores (Confer
et al., 2006). In that study, cattle vaccinated with One Shot supple-
mented with recombinant outer membrane lipoprotein PlpE had a
62% reduction in lesion scores compared with control cattle.
Because of the relatedness betweenM. haemolytica and B. trehalosi.
Bowersock et al. (2014) demonstrated that vaccination of calves
with a multivalent modified-live virus vaccine containing One
Shot enhanced resistance against an intrabronchial B. trehalosi
challenge compared with vaccination with the virus vaccine alone.

There have been fewer published field trials with bacterin-
toxoid vaccines compared with culture supernatant vaccine trials.
Vaccination of cattle on entry to a feedlot with aH. somni –M. hae-
molytica bacterin-toxoid (SOMNU-STAR Ph, Elanco, Canada)
resulted in increased antibodies to both bacteria and reduced mor-
bidity (Van Donkersgoed et al., 1993). Frank et al. (2002) found
that M. haemolytica bacterin-toxoid vaccination prior to shipping
did not enhance the resistance of cattle treated with florfenicol at an
entry to the feedlot compared with nonvaccinated, florfenicol-
treated calves. In field trials, Wildman et al. (2008) recommended
the use of a bacterin-toxoid in conjunction with modified-live viral

vaccines in a vaccination program for feedlot cattle. Vaccination of
cattle with Pulmo-guard on arrival at a feedlot, significantly
reduced mortality, but morbidity and average daily gain were
unaffected by vaccination (MacGregor et al., 2003).

Autogenous vaccines
Several companies will make an M. haemolytica vaccine from a
bacterial strain isolated from a specific farm, ranch, feedlot, or
dairy. That vaccine is to be used only on those premises, and
herd-specific vaccines have been used against several cattle
pathogens (Attia et al., 2013). Although these vaccines are not
subject to the traditional safety and efficacy studies required for
licensure of a commercial vaccine, they are required to be manu-
factured in a licensed facility and are subject to various regulations
and guidelines for use that vary among countries (Attia et al.,
2013) (https://www.aphis.usda.gov/animal_health/vet_biologics/
publications/pel_4_16.pdf). Published efficacy data onM. haemo-
lytica autogenous vaccines are limited to an intraperitoneal
M. haemolytica autogenous vaccine used effectively to control mas-
titis in sheep (Kabay and Ellis, 1989). M. haemolytica autogenous
vaccines are used in the field for BRD control; however, we and
others have been unable to find published controlled studies of
the use ofM. haemolytica autogenous vaccines in BRD, and vaccine
efficacies remain unknown (Miles and Rogers, 2014).

Experimental M. haemolytica vaccines
In recent years, several experimental approaches have been
reported in attempts to develop improved M. haemolytica vac-
cines. These include outer membrane vesicles, recombinant pro-
teins including chimeric proteins, and bacterial ghosts.

Gram-negative bacteria produce closed outer membrane blebs
that detach as vesicles, which contain OMPs, LPS, periplasmic
proteins, peptidoglycans, and secretory components such as tox-
ins and have been studied as non-living, acellular vaccines against
several bacteria (Kuehn and Kesty, 2005; Koeberling et al., 2011;
Nieves et al., 2011; Park et al., 2011). M. haemolytica spontan-
eously produces vesicles in vitro, and proteomic analyses revealed
58 proteins of outer membrane or periplasmic membrane origin
and LKT (Ayalew et al., 2013). Similarly, differences were minimal
between M. haemolytica vesicle protein profiles and outer mem-
brane protein profiles, and intranasal immunization of mice sti-
mulated serum IgA and IgG1 antibody responses that reacted
with SSA-1, OmpA, OMP P2, and several unidentified antigens
(Roier et al., 2013). Ramirez Rico et al. (2017) demonstrated
that the culture supernatant of M. haemolytica S2 had higher pro-
tease activity than did outer membrane vesicles. Vaccination of
calves with M. haemolytica vesicles stimulated antibodies to
LKT and to surface antigens, and vaccinated calves had significant
reductions in clinical signs and lesion scores after intrabronchial
challenge (Ayalew et al., 2013).

As described in previous sections, addition of recombinant
LKT, sialoglycoprotease, or PlpE to commercial vaccines enhanced
resistance against experimental challenge compared with the vac-
cine alone (Conlon et al., 1991; Confer et al., 2003, 2006; Shewen
et al., 2003). In each of those studies, vaccination of calves with
only the recombinant protein demonstrated little or some benefi-
cial effects, at least at the dosage given and with the adjuvant used.
Feeding cattle with dried alfalfa expressing truncated LKT resulted
in transient nasal IgA anti-LKT antibodies, and in a small pilot
study, two orally vaccinated calves challenged with M. haemoly-
tica had no lung lesions, whereas the two nonvaccinated controls
had 11 and 27% pneumonic lesions (Shewen et al., 2009).
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In several studies, recombinant chimeric or fusion proteins
have been produced using the neutralizing epitope fragment of
lktA and an immunogenic protein expressed from another gene.
A recombinant protein with glutathione-S-transferase (GST),
neutralizing epitope of LKT and Bordetella bronchiseptica fimbrial
protein stimulated higher anti-LKT antibody responses in mice
than did the GST-LKT protein minus fimbrial protein (Rajeev
et al., 2001). We produced several chimeric proteins from the neu-
tralizing epitope of LKT and the major epitope of PlpE and
demonstrated that mice vaccinated with those proteins developed
antibodies against PlpE and LKT that had both complement-
mediated bacterial killing and LKT neutralization activities
(Ayalew et al., 2004, 2008). Subcutaneous vaccination of cattle
with a PlpE-LKT chimeric (SAC89) plus formalin- killed bacteria
in an oil-in-water adjuvant resulted in 75% lower lesion scores
compared with controls, whereas vaccination with the chimeric
protein or bacterin alone resulted in approximately 35% lower
lesion scores compared with controls (Confer et al., 2009a).
Subsequently, intranasal vaccination of cattle with PlpE-LKT chi-
meric protein plus cholera toxin stimulated nasal anti-whole cell
and anti-LKT antibodies, whereas intranasal vaccination of calves
with a PlpE-LKT-cholera toxin subunit B chimeric protein
(SAC102) stimulated serum and nasal antibodies (Ayalew et al.,
2009; Confer et al., 2009b). Calves vaccinated with SAC102 had
lower clinical signs after intrabronchial challenge than did non-
vaccinated calves. Recently, a similar PlpE-LKT chimeric protein
stimulated anti-PlpE and anti-LKT antibodies in mice (Batra
et al., 2016b). Those scientists intranasally vaccinated Bighorn
sheep with a recombinant BHV-1-vectored vaccine expressing
PlpE-LKT chimeric proteins. Vaccinated sheep developed
anti-LKT antibodies, but inconsistently developed anti-surface
antibodies, and the vaccine failed to protect against M. haemoly-
tica challenge (Batra et al., 2017).

Bacterial ghosts are a non-living vaccine strategy, wherein bac-
teria are infected with a temperature-controlled lytic phage that
causes membrane tunnels through which the bacterial genome
(cytosol?) is expelled leaving a bacterial envelop (ghost) that has
proteins that were not modified by exposure to formalin or
another bactericidal substance, as with a bacterin (Szostak et al.,
1996; Lubitz et al., 1999). Vaccination of mice and calves with
M. haemolytica ghosts plus adjuvant enhanced resistance against
challenge similar to a commercial vaccine (Pastobov®, Merial)
(Marchart et al., 2003a, 2003b).

Conclusions

In the last 30 years, much has been learned about immunogens
and potential immunogens of M. haemolytica. Current commer-
cial vaccines, in general, are improvements over prior bacterins,
albeit field trials have not always demonstrated efficacy in the
face of a complex of pathogens and environmental stressors.
Enough data have been generated on immunogenic recombinant
M. haemolytica proteins that warrant further studies to develop a
new generation of M. haemolytica vaccines with increased efficacy
beyond that experienced with today’s vaccines.

References

Abdullah KM, Lo RY and Mellors A (1990) Distribution of glycoprotease
activity and the glycoprotease gene among serotypes of Pasteurella haemo-
lytica. Biochemical Society Transactions 18, 901–903.

Abdullah KM, Udoh EA, Shewen PE and Mellors A (1992) A neutral glyco-
protease of Pasteurella haemolytica A1 specifically cleaves
O-sialoglycoproteins. Infection and Immunity 60, 56–62.

Adlam C, Knights JM, Mugridge A, Lindon JC, Baker PR, Beesley JE,
Spacey B, Craig GR and Nagy LK (1984) Purification, characterization
and immunological properties of the serotype-specific capsular polysac-
charide of Pasteurella haemolytica (serotype A1) organisms. Journal of
General Microbiology 130, 2415–2426.

Adusu TE, Conlon PD, Shewen PE and Black WD (1994) Pasteurella haemo-
lytica leukotoxin induces histamine release from bovine pulmonary mast
cells. Canadian Journal of Veterinary Research 58, 1–5.

Al-Ghamdi GM, Ames TR, Baker JC, Walker R, Chase CC, Frank GH and
Maheswaran SK (2000) Serotyping of Mannheimia (Pasteurella) haemoly-
tica isolates from the upper Midwest United States. Journal of Veterinary
Diagnostic Investigation 12, 576–578.

Ali Q, Davies RL, Parton R, Coote JG and Gibbs HA (1992)
Lipopolysaccharide heterogeneity in Pasteurella haemolytica isolates from
cattle and sheep. Journal of General Microbiology 138, 2185–2195.

Ambagala TC, Ambagala AP and Srikumaran S (1999) The leukotoxin of
Pasteurella haemolytica binds to beta(2) integrins on bovine leukocytes.
FEMS Microbiology Letters 179, 161–167.

Amstutz HE, Hortsman LA and Morter R (1981) Clinical evaluation of the
efficacy of Haemophilus somnus and Pasteurella sp. bacterins. Bovine
Practitioner 16, 106–108.

Andersen C, Maier E, Kemmer G, Blass J, Hilpert AK, Benz R and Reidl J
(2003) Porin OmpP2 of Haemophilus influenzae shows specificity for
nicotinamide-derived nucleotide substrates. Journal of Biological
Chemistry 278, 24269–24276.

Angen O, Mutters R, Caugant DA, Olsen JE and Bisgaard M (1999)
Taxonomic relationships of the [Pasteurella] haemolytica complex as evalu-
ated by DNA-DNA hybridizations and 16S rRNA sequencing with proposal
ofMannheimia haemolytica gen. nov., comb. nov.,Mannheimia granulomatis
comb. nov.,Mannheimia glucosida sp. nov.,Mannheimia ruminalis sp. nov.
and Mannheimia varigena sp. nov. International Journal of Systematic
Bacteriology 49, 67–86.

Arthington JD, Cooke RF, Maddock TD, Araujo DB, Moriel P, Dilorenzo N
and Lamb GC (2013) Effects of vaccination on the acute-phase protein
response and measures of performance in growing beef calves. Journal of
Animal Science 91, 1831–1837.

Attia Y, Schmerold I and Honel A (2013) The legal foundation of the produc-
tion and use of herd-specific vaccines in Europe. Vaccine 31, 3651–3655.

Aubry P, Warnick LD, Guard CL, Hill BW and Witt MF (2001) Health and
performance of young dairy calves vaccinated with a modified-live
Mannheimia haemolytica and Pasteurella multocida vaccine. Journal of
the American Veterinary Medical Association 219, 1739–1742.

Ayalew S, Confer AW and Blackwood ER (2004) Characterization of immu-
nodominant and potentially protective epitopes of Mannheimia haemoly-
tica serotype 1 outer membrane lipoprotein PlpE. Infection and Immunity
72, 7265–7274.

Ayalew S, Blackwood ER and Confer AW (2006) Sequence diversity of the
immunogenic outer membrane lipoprotein PlpE from Mannheimia haemo-
lytica serotypes 1, 2, and 6. Veterinary Microbiology 114, 260–268.

Ayalew S, Confer AW, Payton ME, Garrels KD, Shrestha B, Ingram KR,
Montelongo MA and Taylor JD (2008) Mannheimia haemolytica chimeric
protein vaccine composed of the major surface-exposed epitope of outer
membrane lipoprotein PlpE and the neutralizing epitope of leukotoxin.
Vaccine 26, 4955–4961.

Ayalew S, Step DL, Montelongo M and Confer AW (2009) Intranasal vaccin-
ation of calves with Mannheimia haemolytica chimeric protein containing
the major surface epitope of outer membrane lipoprotein PlpE, the neutral-
izing epitope of leukotoxin, and cholera toxin subunit B. Veterinary
Immunology and Immunopathology 132, 295–302.

Ayalew S, Confer AW, Hartson SD and Shrestha B (2010) Immunoproteomic
analyses of outer membrane proteins ofMannheimia haemolytica and iden-
tification of potential vaccine candidates. Proteomics 10, 2151–2164.

Ayalew S, Shrestha B, Montelongo M, Wilson AE and Confer AW (2011a)
Identification and immunogenicity of Mannheimia haemolytica S1 outer
membrane lipoprotein PlpF. Vaccine 29, 8712–8718.

90 Anthony W. Confer and Sahlu Ayalew

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Ayalew S, Shrestha B, Montelongo M, Wilson AE and Confer AW (2011b)
Immunogenicity of Mannheimia haemolytica recombinant outer mem-
brane proteins serotype 1-specific antigen, OmpA, OmpP2, and
OmpD15. Clinical and Vaccine Immunology 18, 2067–2074.

Ayalew S, Confer AW, Shrestha B, Wilson AE and Montelongo M (2013)
Proteomic analysis and immunogenicity of Mannheimia haemolytica vesi-
cles. Clinical and Vaccine Immunology 20, 191–196.

Ayalew S, Confer AW, Hansen RD and Couger MB (2017a) Genome
sequence of a spontaneous nonhemolytic mutant of Mannheimia haemoly-
tica 16041065 GH. Genome Announcements 5, e01720-16.

Ayalew S, Confer AW, Hartson SD, Canaan PJ, Payton M and Couger B
(2017b) Proteomic and bioinformatic analyses of putativeMannheimia hae-
molytica secretome by liquid chromatography and tandem mass spectrom-
etry. Veterinary Microbiology 203, 73–80.

Baluyut CS, Simonson RR, Bemrick WJ and Maheswaran SK (1981)
Interaction of Pasteurella haemolytica with bovine neutrophils: identifica-
tion and partial characterization of a cytotoxin. American Journal of
Veterinary Research 42, 1920–1926.

Bateman KG (1988) Efficacy of a pasteurella haemolytica vaccine/bacterial
extract in the prevention of bovine respiratory disease in recently shipped
feedlot calves. The Canadian Veterinary Journal 29, 838–839.

Batra SA, Shanthalingam S, Donofrio G and Srikumaran S (2016a) A chi-
meric protein comprising the immunogenic domains ofMannheimia haemo-
lytica leukotoxin and outer membrane protein PIpE induces antibodies
against leukotoxin and PlpE. Veterinary Immunology and Immunopathology
175, 36–41.

Batra SA, ShanthalingamS,DonofrioGandSrikumaranS (2016b)A chimeric
protein comprising the immunogenic domains of Mannheimia haemolytica
leukotoxin and outer membrane protein PlpE induces antibodies against leu-
kotoxin andPlpE.Veterinary Immunologyand Immunopathology 175, 36–41.

Batra SA, Shanthalingam S, Donofrio G, Haldorson GJ, Chowdhury S,
White SN and Srikumaran S (2017) Immunization of bighorn sheep
against Mannheimia haemolytica with a bovine herpesvirus 1-vectored vac-
cine. Vaccine 35, 1630–1636.

Bechtol D and Jones G (1996) Can a Pasteurella vaccine prevent respiratory
disease in calves in a backgrounding lot? Veterinary Medicine November,
1042–1045.

Benson ML, Thomson RG and Valli VE (1978) The bovine alveolar macro-
phage. II. In vitro studies with Pasteurella haemolytica. Canadian Journal of
Comparative Medicine 42, 368–369.

Berggren KA, Baluyut CS, Simonson RR, Bemrick WJ and Maheswaran SK
(1981) Cytotoxic effects of Pasteurella haemolytica on bovine neutrophils.
American Journal of Veterinary Research 42, 1383–1388.

Besser TE, Cassirer EF, Highland MA, Wolff P, Justice-Allen A,
Mansfield K, Davis MA and Foreyt W (2013) Bighorn sheep pneumonia:
sorting out the cause of a polymicrobial disease. Preventive Veterinary
Medicine 108, 85–93.

Biberstein EL (1965) Cross-Reactions between types of Pasteurella
Hemolytica. The Cornell Veterinarian 55, 495–499.

Biberstein EL (1978) Biotyping and Serotyping Pasteurella haemolytica.
London: Academic Press.

Biberstein EL, Gills M and Knight H (1960) Serological types of Pasteurella
hemolytica. The Cornell Veterinarian 50, 283–300.

Bingham DP, Moore R and Richards AB (1990) Comparison of DNA:
DNA homology and enzymatic activity between Pasteurella haemolytica
and related species. American Journal of Veterinary Research 51,
1161–1166.

Blackall PJ, Bojesen AM, Christensen H and Bisgaard M (2007)
Reclassification of [Pasteurella] trehalosi as Bibersteinia trehalosi gen.
nov., comb. nov. International Journal of Systematic and Evolutionary
Microbiology 57, 666–674.

Blanchard-Channell MT, Ashfaq MK and Kadel WL (1987) Efficacy of a
streptomycin-dependent, live Pasteurella haemolytica vaccine against chal-
lenge exposure to Pasteurella haemolytica in cattle. American Journal of
Veterinary Research 48, 637–642.

Booker CW, Abutarbush SM, Morley PS, Jim GK, Pittman TJ,
Schunicht OC, Perrett T, Wildman BK, Fenton RK, Guichon PT and
Janzen ED (2008) Microbiological and histopathological findings in cases

of fatal bovine respiratory disease of feedlot cattle in Western Canada.
The Canadian Veterinary Journal 49, 473–481.

Boukahil I and Czuprynski CJ (2015) Characterization of Mannheimia hae-
molytica biofilm formation in vitro. Veterinary Microbiology 175, 114–122.

Boukahil I and Czuprynski CJ (2016) Mannheimia haemolytica biofilm for-
mation on bovine respiratory epithelial cells. Veterinary Microbiology 197,
129–136.

Boukahil I and Czuprynski CJ (2018) Mutual antagonism between
Mannheimia haemolytica and Pasteurella multocida when forming a bio-
film on bovine bronchial epithelial cells in vitro. Veterinary Microbiology
216, 218–222.

Bowersock TL, Shalaby WS, Levy M, Samuels ML, Lallone R, White MR,
Borie DL, Lehmeyer J and Park K (1994) Evaluation of an orally adminis-
tered vaccine, using hydrogels containing bacterial exotoxins of Pasteurella
haemolytica, in cattle. American Journal of Veterinary Research 55, 502–509.

Bowersock TL, Sobecki BE, Terrill SJ, Martinon NC, Meinert TR and
Leyh RD (2014) Efficacy of a multivalent modified-live virus vaccine con-
taining a Mannheimia haemolytica toxoid in calves challenge exposed with
Bibersteinia trehalosi. American Journal of Veterinary Research 75, 770–776.

Bowland SL and Shewen PE (2000) Bovine respiratory disease: commercial
vaccines currently available in Canada. The Canadian Veterinary Journal
41, 33–48.

Brazle F (1992) Effect of presponse® on the gain and health of long-hauled,
newly arrived calves. Kansas Agricultural Experiment Station Research
Reports 651, 78–79.

Brezski RJ and Jordan RE (2010) Cleavage of IgGs by proteases associated
with invasive diseases: an evasion tactic against host immunity? MAbs 2,
212–220.

Briggs RE, Tabatabai LB and Tatum FM (2012) Mucosal and parenteral vac-
cination against pneumonic pasteurellosis in cattle with a modified-live
in-frame lktA deletion mutant of Mannheimia haemolytica. Microbial
Pathogenesis 52, 302–309.

Briggs RE, Hauglund MJ, Maheswaran SK and Tatum FM (2013) Bivalent
vaccination against pneumonic pasteurellosis in domestic sheep and goats
with modified-live in-frame lktA deletion mutants of Mannheimia haemo-
lytica. Microbial Pathogenesis 64, 43–47.

Brogden KA, Adlam C, Lehmkuhl HD, Cutlip RC, Knights JM and
Engen RL (1989) Effect of Pasteurella haemolytica (A1) capsular polysac-
charide on sheep lung in vivo and on pulmonary surfactant in vitro.
American Journal of Veterinary Research 50, 555–559.

Brogden KA, DeBey B, Audibert F, Lehmkuhl H and Chedid L (1995)
Protection of ruminants by Pasteurella haemolytica A1 capsular polysacchar-
ide vaccines containing muramyl dipeptide analogs. Vaccine 13, 1677–1684.

Buckley JS and Gochenour WS (1924) Immunization against hemorrhagic
septicemia. Journal of the American Veterinary Medical Association 66,
308–311.

Carter GR (1956) A serological study of Pasteurella haemolytica. Canadian
Journal of Microbiology 2, 483–488.

Carter GR (1957) A bacterin for the prevention of shipping fever in Canada.
Veterinary Medicine 52, 421–423.

Carter GR (1967) Pasteurellosis: Pasteurella multocida and Pasteurella hemo-
lytica. Advances in Veterinary Science 11, 321–379.

Caswell JL and Williams KJ (2007) Respiratory system, In Maxie MG (ed.),
Pathology of Domestic Animals, 5th Edn. Saunders, Edinburgh, 523–653.

Catt DM, Chengappa MM, Kadel WL and Herren CE (1985) Preliminary
studies with a live streptomycin-dependent Pasteurella multocida and
Pasteurella haemolytica vaccine for the prevention of bovine pneumonic
pasteurellosis. Canadian Journal of Comparative Medicine 49, 366–371.

Chae CH, Gentry MJ, Confer AW and Anderson GA (1990) Resistance to
host immune defense mechanisms afforded by capsular material of
Pasteurella haemolytica, serotype 1. Veterinary Microbiology 25, 241–251.

Chengappa MM, McLaughlin BG, Kadel WL, Maddux RL and Greer SC
(1989) Efficacy of a live Pasteurella multocida vaccine for the prevention
of experimentally induced bovine pneumonic pasteurellosis. Veterinary
Microbiology 21, 147–154.

Clinkenbeard KD, Mosier DA and Confer AW (1989) Transmembrane pore
size and role of cell swelling in cytotoxicity caused by Pasteurella haemoly-
tica leukotoxin. Infection and Immunity 57, 420–425.

Animal Health Research Reviews 91

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Confer AW (1993) Immunogens of Pasteurella. Veterinary Microbiology 37,
353–368.

Confer AW (2009) Update on bacterial pathogenesis in BRD. Animal Health
Research Reviews 10, 145–148.

Confer AW and Ayalew S (2013) The OmpA family of proteins: roles in bac-
terial pathogenesis and immunity. Veterinary Microbiology 163, 207–222.

Confer AW and Panciera RJ (1994) Testing of two new generation Pasteurella
haemolytica vaccines against experimental bovine pneumonic pasteurellosis.
Agri-Practice 15, 10–15.

Confer AW and Simons KR (1986) Effects of Pasteurella haemolytica lipo-
polysaccharide on selected functions of bovine leukocytes. American
Journal of Veterinary Research 47, 154–157.

Confer AW, Wright JC, Cummins JM, Panciera RJ and Corstvet RE (1983)
Use of a fluorometric immunoassay to determine antibody response to
Pasteurella haemolytica in vaccinated and nonvaccinated feedlot cattle.
Journal of Clinical Microbiology 18, 866–871.

Confer AW, Panciera RJ, Corstvet RE, Rummage JA and Fulton RW
(1984a) Bovine pneumonic pasteurellosis: effect of culture age of
Pasteurella haemolytica used as a live vaccine. American Journal of
Veterinary Research 45, 2543–2545.

Confer AW, Panciera RJ and Fulton RW (1984b) Effect of prior natural
exposure to Pasteurella haemolytica on resistance to experimental bovine
pneumonic pasteurellosis. American Journal of Veterinary Research 45,
2622–2624.

Confer AW, Lessley BA, Panciera RJ, Fulton RW and Kreps JA (1985a)
Serum antibodies to antigens derived from a saline extract of Pasteurella
haemolytica: correlation with resistance to experimental bovine pneumonic
pasteurellosis. Veterinary Immunology and Immunopathology 10, 265–278.

Confer AW, Panciera RJ, Fulton RW, Gentry MJ and Rummage JA (1985b)
Effect of vaccination with live or killed Pasteurella haemolytica on resistance
to experimental bovine pneumonic pasteurellosis. American Journal of
Veterinary Research 46, 342–347.

Confer AW, Panciera RJ, Gentry MJ and Fulton RW (1986a) Immunologic
response and resistance to experimentally induced pneumonic pasteurel-
losis in cattle vaccinated with various dosages of lyophilized Pasteurella hae-
molytica. American Journal of Veterinary Research 47, 1853–1857.

Confer AW, Panciera RJ and Mosier DA (1986b) Serum antibodies to
Pasteurella haemolytica lipopolysaccharide: relationship to experimental
bovine pneumonic pasteurellosis. American Journal of Veterinary
Research 47, 1134–1138.

Confer AW, Panciera RJ, Gentry MJ and Fulton RW (1987) Immunologic
response to Pasteurella haemolytica and resistance against experimental
bovine pneumonic pasteurellosis, induced by bacterins in oil adjuvants.
American Journal of Veterinary Research 48, 163–168.

Confer AW, Simons KR, Panciera RJ, Mort AJ and Mosier DA (1989)
Serum antibody response to carbohydrate antigens of Pasteurella haemoly-
tica serotype 1: relation to experimentally induced bovine pneumonic pas-
teurellosis. American Journal of Veterinary Research 50, 98–105.

Confer AW, Simons KR, Barrie MT and Clinkenbeard KD (1990) Effects of
Pasteurella haemolytica leukotoxin on neutrophils from white-tailed deer
and several exotic ruminant species. Veterinary Research Communications
14, 175–180.

Confer AW, Durham JA and Clarke CR (1992) Comparison of antigens of
Pasteurella haemolytica serotype 1 grown in vitro and in vivo. American
Journal of Veterinary Research 53, 472–476.

Confer AW, McCraw RD, Durham JA, Morton RJ and Panciera RJ (1995)
Serum antibody responses of cattle to iron-regulated outer membrane pro-
teins of Pasteurella haemolytica A1. Veterinary Immunology and
Immunopathology 47, 101–110.

Confer AW, Fulton RW, Clinkenbeard KD and Driskel BA (1998) Duration
of serum antibody responses following vaccination and revaccination of cat-
tle with non-living commercial Pasteurella haemolytica vaccines. Vaccine
16, 1962–1970.

Confer AW, Montelongo MA, Brown MJ, Fergen BJ and Clement JC (2001)
Onset of serum antibodies to Pasteurella (Mannheimia) haemolytica following
vaccination with five commercial vaccines. Bovine Practitioner 35, 141–148.

Confer AW, Ayalew S, Panciera RJ, Montelongo M, Whitworth LC and
Hammer JD (2003) Immunogenicity of recombinant Mannheimia

haemolytica serotype 1 outer membrane protein PlpE and augmentation
of a commercial vaccine. Vaccine 21, 2821–2829.

Confer AW, Ayalew S, Panciera RJ, Montelongo M and Wray JH (2006)
Recombinant Mannheimia haemolytica serotype 1 outer membrane protein
PlpE enhances commercial M. haemolytica vaccine-induced resistance
against serotype 6 challenge. Vaccine 24, 2248–2255.

Confer AW, Ayalew S, Montelongo M, Step DL, Wray JH, Hansen RD and
Panciera RJ (2009a) Immunity of cattle following vaccination with a
Mannheimia haemolytica chimeric PlpE-LKT (SAC89) protein. Vaccine
27, 1771–1776.

Confer AW, Ayalew S, Step DL, Trojan B and Montelongo M (2009b)
Intranasal vaccination of young Holstein calves with Mannheimia haemoly-
tica chimeric protein PlpE-LKT (SAC89) and cholera toxin. Veterinary
Immunology and Immunopathology 132, 232–236.

Conlon JA and Shewen PE (1993) Clinical and serological evaluation of a
Pasteurella haemolytica A1 capsular polysaccharide vaccine. Vaccine 11,
767–772.

Conlon JA, Shewen PE and Lo RY (1991) Efficacy of recombinant leukotoxin
in protection against pneumonic challenge with live Pasteurella haemolytica
A1. Infection and Immunity 59, 587–591.

Conlon JA, Gallo GF, Shewen PE and Adlam C (1995) Comparison of pro-
tection of experimentally challenged cattle vaccinated once or twice with a
Pasteurella haemolytica bacterial extract vaccine. Canadian Journal of
Veterinary Research 59, 179–182.

Cooney BJ and Lo RY (1993) Three contiguous lipoprotein genes in Pasteurella
haemolyticaA1 which are homologous to a lipoprotein gene inHaemophilus
influenzae type b. Infection and Immunity 61, 4682–4688.

Corstvet RE, Gentry MJ, Newman PR, Rummage JA and Confer AW (1982)
Demonstration of age-dependent capsular material on Pasteurella haemoly-
tica serotype 1. Journal of Clinical Microbiology 16, 1123–1126.

Cortese VS, Seeger JT, Stokka GS, Hunsaker BD, Lardy GP, Weigel DJ and
Brumbaugh GW (2011) Serologic response to Mannheimia haemolytica in
calves concurrently inoculated with inactivated or modified-live preparations of
M haemolytica and viral combination vaccines containing modified-live bovine
herpesvirus type 1. American Journal of Veterinary Research 72, 1541–1549.

Crouch CF, LaFleur R, Ramage C, Reddick D, Murray J, Donachie W and
Francis MJ (2012) Cross protection of a Mannheimia haemolytica A1 Lkt-/
Pasteurella multocida ΔhyaE bovine respiratory disease vaccine against
experimental challenge with Mannheimia haemolytica A6 in calves.
Vaccine 30, 2320–2328.

Cudd LA, Ownby CL, Clarke CR, Sun Y and Clinkenbeard KD (2001) Effects
of Mannheimia haemolytica leukotoxin on apoptosis and oncosis of bovine
neutrophils. American Journal of Veterinary Research 62, 136–141.

Cudd L, Clarke C and Clinkenbeard K (2003) Mannheimia haemolytica
leukotoxin-induced increase in leukotriene B4 production by bovine neu-
trophils is mediated by a sustained and excessive increase in intracellular
calcium concentration. FEMS Microbiology Letters 224, 85–90.

Cutlip RC, Brogden KA and Lehmkuhl HD (1998) Changes in the lungs of
lambs after intratracheal injection of lipopolysaccharide from Pasteurella
haemolytica A1. Journal of Comparative Pathology 118, 163–167.

Czuprynski CJ (2009) Host response to bovine respiratory pathogens. Animal
Health Research Reviews 10, 141–143.

Czuprynski CJ, Noel EJ and Adlam C (1989) Modulation of bovine neutro-
phil antibacterial activities by Pasteurella haemolytica A1 purified capsular
polysaccharide. Microbial Pathogenesis 6, 133–141.

Czuprynski CJ, Noel EJ and Adlam C (1991a) Interaction of bovine
alveolar macrophages with Pasteurella haemolytica A1 in vitro: modulation
by purified capsular polysaccharide. Veterinary Microbiology 26, 349–358.

Czuprynski CJ, Noel EJ and Adlam C (1991b) Pasteurella haemolytica
A1 purified capsular polysaccharide does not stimulate interleukin-1
and tumor necrosis factor release by bovine monocytes and alveolar
macrophages. Veterinary Immunology and Immunopathology 28, 157–163.

Dabo SM, Confer AW, Styre D and Murphy GL (1994) Expression, purifica-
tion and immunologic analysis of three Pasteurella haemolytica A1
28-30 kDa lipoproteins. Microbial Pathogenesis 17, 149–158.

Daigneault MC and Lo RY (2009) Analysis of a collagen-binding trimeric
autotransporter adhesin from Mannheimia haemolytica A1. FEMS
Microbiology Letters 300, 242–248.

92 Anthony W. Confer and Sahlu Ayalew

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Dassanayake RP, Maheswaran SK and Srikumaran S (2007) Monomeric
expression of bovine beta2-integrin subunits reveals their role in
Mannheimia haemolytica leukotoxin-induced biological effects. Infection
and Immunity 75, 5004–5010.

Dassanayake RP, Shanthalingam S, Herndon CN, Lawrence PK, Frances
Cassirer E, Potter KA, Foreyt WJ, Clinkenbeard KD and Srikumaran S
(2009)Mannheimia haemolytica serotype A1 exhibits differential pathogen-
icity in two related species, Ovis canadensis and Ovis aries. Veterinary
Microbiology 133, 366–371.

Dassanayake RP, Shanthalingam S, Herndon CN, Subramaniam R,
Lawrence PK, Bavananthasivam J, Cassirer EF, Haldorson GJ,
Foreyt WJ, Rurangirwa FR, Knowles DP, Besser TE and Srikumaran S
(2010) Mycoplasma ovipneumoniae can predispose bighorn sheep to fatal
Mannheimia haemolytica pneumonia. Veterinary Microbiology 145, 354–
359.

Davies RL and Baillie S (2003) Cytotoxic activity of Mannheimia haemolytica
strains in relation to diversity of the leukotoxin structural gene lktA.
Veterinary Microbiology 92, 263–279.

Davies RL and Donachie W (1996) Intra-specific diversity and host specificity
within Pasteurella haemolytica based on variation of capsular polysacchar-
ide, lipopolysaccharide and outer-membrane proteins. Microbiology
(Reading, England) 142, 1895–1907.

Davies RL and Lee I (2004) Sequence diversity and molecular evolution of the
heat-modifiable outer membrane protein gene (ompA) of Mannheimia
(Pasteurella) haemolytica, Mannheimia glucosida, and Pasteurella trehalosi.
Journal of Bacteriology 186, 5741–5752.

Davies RL, McCluskey J, Gibbs HA, Coote JG, Freer JH and Parton R
(1994) Comparison of outer-membrane proteins of Pasteurella haemolytica
expressed in vitro and in vivo in cattle. Microbiology (Reading, England)
140, 3293–3300.

Davies RL, Arkinsaw S and Selander RK (1997) Evolutionary genetics of
Pasteurella haemolytica isolates recovered from cattle and sheep. Infection
and Immunity 65, 3585–3593.

Davies RL, Whittam TS and Selander RK (2001) Sequence diversity and
molecular evolution of the leukotoxin (lktA) gene in bovine and ovine
strains of Mannheimia (Pasteurella) haemolytica. Journal of Bacteriology
183, 1394–1404.

De la Mora A, Trigo F, Jaramillo L, Garfias Y, Solorzano C, Agundis C,
Pereyra A, Lascurain R, Zenteno E and Suarez-Guemes F (2006) The
N-acetyl-D-glucosamine specific adhesin from Mannheimia haemolytica
activates bovine neutrophils oxidative burst. Veterinary Immunology and
Immunopathology 113, 148–156.

De la Mora A, Suarez-Guemes F, Trigo F, Gorocica P, Solorzano C,
Slomianny MC, Agundis C, Pereyra MA and Zenteno E (2007)
Purification of the receptor for the N-acetyl-D-glucosamine specific adhesin
of Mannheimia haemolytica from bovine neutrophils. Biochimica et
Biophysica Acta 1770, 1483–1489.

Deneer HG and Potter AA (1989) Iron-repressible outer-membrane proteins
of Pasteurella haemolytica. Journal of General Microbiology 135, 435–443.

Donachie W, Gilmour NJ, Mould DL and Poxton IR (1984) Comparison of
cell surface antigen extracts from two serotypes of Pasteurella haemolytica.
Journal of General Microbiology 130, 1209–1216.

Dubey S, Avadhani K, Mutalik S, Sivadasan SM, Maiti B, Girisha SK,
Venugopal MN, Mutoloki S, Evensen O, Karunasagar I and
Munang’andu HM (2016) Edwardsiella tarda OmpA encapsulated in chit-
osan nanoparticles shows superior protection over inactivated whole cell
vaccine in orally vaccinated fringed-lipped Peninsula carp (Labeo fimbria-
tus). Vaccines (Basel) 4. https://doi.org/10.3390/vaccines4040040.

Durham JA, Confer AW, Mosier DA and Lessley BA (1986) Comparison of
the antigens associated with saline solution, potassium thiocyanate, and
sodium salicylate extracts of Pasteurella haemolytica serotype 1. American
Journal of Veterinary Research 47, 1946–1951.

Durham JA, Antone SM, Cunningham MW and Confer AW (1988)
Monoclonal antibodies to Pasteurella haemolytica serotype 1 lipopolysac-
charide: demonstration of antigenic similarities among several serotypes.
Journal of Clinical Microbiology 26, 885–889.

Farley H (1932) An epizoological study of shipping fever in Kansas. Journal of
the American Veterinary Medical Association 52, 165–172.

Forbes KJ, Bruce KD, Ball A and Pennington TH (1992) Variation in length
and sequence of porin (ompP2) alleles of non-capsulate Haemophilus influ-
enzae. Molecular Microbiology 6, 2107–2112.

Frank GH (1989) Pasteurellosis of cattle, In Adlam C and Rutter JM (eds),
Pasteurella and Pasteurellosis. London: Academic Press, 197–222.

Frank GH and Briggs RE (1992) Colonization of the tonsils of calves with
Pasteurella haemolytica. American Journal of Veterinary Research 53,
481–484.

Frank GH and Smith PC (1983) Prevalence of Pasteurella haemolytica in
transported calves. American Journal of Veterinary Research 44, 981–985.

Frank GH and Tabatabai LB (1981) Neuraminidase activity of Pasteurella
haemolytica isolates. Infection and Immunity 32, 1119–1122.

Frank GH and Wessman GE (1978) Rapid plate agglutination procedure
for serotyping Pasteurella haemolytica. Journal of Clinical Microbiology 7,
142–145.

Frank GH, Briggs RE and Gillette KG (1987) Pasteurella haemolytica sero-
type 1 colonization of the nasal passages of virus-infected calves.
American Journal of Veterinary Research 48, 1674–1677.

Frank GH, Briggs RE and Zehr ES (1995) Colonization of the tonsils and
nasopharynx of calves by a rifampicin-resistant Pasteurella haemolytica
and its inhibition by vaccination. American Journal of Veterinary
Research 56, 866–869.

Frank GH, Briggs RE, Loan RW, Purdy CW and Zehr ES (1996) Respiratory
tract disease and mucosal colonization by Pasteurella haemolytica in trans-
ported cattle. American Journal of Veterinary Research 57, 1317–1320.

Frank GH, Briggs RE, Duff GC, Loan RW and Purdy CW (2002) Effects of
vaccination prior to transit and administration of florfenicol at time
of arrival in a feedlot on the health of transported calves and detection of
Mannheimia haemolytica in nasal secretions. American Journal of
Veterinary Research 63, 251–256.

Frank GH, Briggs RE, Duff GC and Hurd HS (2003) Effect of intranasal
exposure to leukotoxin-deficient Mannheimia haemolytica at the time of
arrival at the feedyard on subsequent isolation of M. haemolytica from nasal
secretions of calves. American Journal of Veterinary Research 64, 580–585.

Frey J (2011) The role of RTX toxins in host specificity of animal pathogenic
Pasteurellaceae. Veterinary Microbiology 153, 51–58.

Friend SC, Wilkie BN, Thomson RG and Barnum DA (1977) Bovine pneu-
monic pasteurellosis: experimental induction in vaccinated and nonvacci-
nated calves. Canadian Journal of Comparative Medicine 41, 77–83.

Fulton RW, Step DL, Ridpath JF, Saliki JT, Confer AW, Johnson BJ,
Briggs RE, Hawley RV, Burge LJ and Payton ME (2003) Response of
calves persistently infected with noncytopathic bovine viral diarrhea virus
(BVDV) subtype 1b after vaccination with heterologous BVDV strains in
modified live virus vaccines and Mannheimia haemolytica bacterin-toxoid.
Vaccine 21, 2980–2985.

Gatewood DM, Fenwick BW and Chengappa MM (1994) Growth-condition
dependent expression of Pasteurella haemolytica A1 outer membrane pro-
teins, capsule, and leukotoxin. Veterinary Microbiology 41, 221–233.

Gelasakis AI, Mavrogianni VS, Petridis IG, Vasileiou NG and Fthenakis GC
(2015) Mastitis in sheep–The last 10 years and the future of research.
Veterinary Microbiology 181, 136–146.

Gentry MJ, Corstvet RE and Panciera RJ (1982) Extraction of capsular
material from Pasteurella haemolytica. American Journal of Veterinary
Research 43, 2070–2073.

Gentry MJ, Confer AW and Panciera RJ (1985) Serum neutralization of cyto-
toxin from Pasteurella haemolytica, serotype 1 and resistance to experimen-
tal bovine pneumonic pasteurellosis. Veterinary Immunology and
Immunopathology 9, 239–250.

Gentry MJ, Confer AW, Weinberg ED and Homer JT (1986) Cytotoxin (leu-
kotoxin) production by Pasteurella haemolytica: requirement for an iron-
containing compound. American Journal of Veterinary Research 47,
1919–1923.

Gentry MJ, Confer AW and Holland SG (1988) Comparison of the toxic and
antigenic properties of single bovine isolates of Pasteurella haemolytica
representing five serotypes and an untypable strain. Veterinary
Microbiology 16, 351–367.

Geschwend G, Feist H and Erler W (1997) [Investigation of outer membrane
proteins of Pasteurella. 2: iron-regulated outer membrane proteins of

Animal Health Research Reviews 93

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.3390/vaccines4040040
https://doi.org/10.1017/S1466252318000142


Pasteurella multocida and Pasteurella haemolytica]. Berliner und
Munchener tierarztliche Wochenschrift 110, 386–390.

Gilmour NJ, Angus KW, Donachie W and Fraser J (1982) Vaccination
against experimental pneumonic pasteurellosis. The Veterinary Record
110, 450.

Gilmour NJ, Martin WB, Sharp JM, Thompson DA, Wells PW and
Donachie W (1983) Experimental immunisation of lambs against pneu-
monic pasteurellosis. Research in Veterinary Science 35, 80–86.

Gilmour NJ, Gilmour JS, Donachie W, Jones GE and Gourlay RN (1987)
Failure of a Pasteurella haemolytica extract vaccine to protect calves against
experimental pneumonic pasteurellosis. The Veterinary Record 121, 277–
278.

Gioia J, Qin X, Jiang H, Clinkenbeard K, Lo R, Liu Y, Fox GE,
Yerrapragada S, McLeod MP, McNeill TZ, Hemphill L, Sodergren E,
Wang Q, Muzny DM, Homsi FJ, Weinstock GM and Highlander SK
(2006) The genome sequence of Mannheimia haemolytica A1: insights
into virulence, natural competence, and Pasteurellaceae phylogeny.
Journal of Bacteriology 188, 7257–7266.

Gonzalez C, Murtaugh MP and Maheswaran SK (1991) Genomic distribu-
tion of a serotype 1-specific antigen-coding DNA fragment of Pasteurella
haemolytica. Zentralbl Veterinarmed B 38, 599–609.

Gonzalez CT, Maheswaran SK and Murtaugh MP (1995) Pasteurella haemo-
lytica serotype 2 contains the gene for a noncapsular serotype 1-specific
antigen. Infection and Immunity 63, 1340–1348.

Gonzalez-Rayos C, Lo RY, Shewen PE and Beveridge TJ (1986) Cloning of a
serotype-specific antigen from Pasteurella haemolytica A1. Infection and
Immunity 53, 505–510.

Grey CL and Thomson RG (1971) Pasteurella haemolytica in the tracheal air
of calves. Canadian Journal of Comparative Medicine 35, 121–128.

Guzman-Brambila C, Quintero-Fabian S, Gonzalez-Castillo C, de
Obeso-Fernandez del Valle A, Flores-Samaniego B, de la Mora G,
Rojas-Mayorquin AE and Ortuno-Sahagun D (2012) LKTA and PlpE
small fragments fusion protein protect against Mannheimia haemolytica
challenge. Research in Veterinary Science 93, 1293–1300.

Hamdy AH and Trapp AL (1964) Experimental immunization of cattle
against shipping fever. The Cornell Veterinarian 54, 41–49.

Hamdy AH, King NB and Trapp AL (1965) Attempted immunization of cat-
tle against shipping fever: a field trial. American Journal of Veterinary
Research 26, 897–902.

Henry CW (1984) Shipping fever pneumonia: a new look at an old enemy.
Veterinary Medicine 79, 1200–1206.

Highlander SK (2001) Molecular genetic analysis of virulence in Mannheimia
(Pasteurella) haemolytica. Frontiers in Bioscience 6, D1128–D1150.

Highlander SK, Fedorova ND, Dusek DM, Panciera R, Alvarez LE and
Rinehart C (2000) Inactivation of Pasteurella (Mannheimia) haemolytica
leukotoxin causes partial attenuation of virulence in a calf challenge
model. Infection and Immunity 68, 3916–3922.

Hill WJ, Kirkpatrick J, Gill DR and Ball RJ (1993) The effects of septimune
on health and performance of stressed stocker cattle. Oklahoma State
University Animal Science Research Report P-933, 301–305.

Hodgins DC and Shewen PE (1998) Serologic responses of young colostrum
fed dairy calves to antigens of Pasteurella haemolytica A1. Vaccine 16,
2018–2025.

Hodgins DC and Shewen PE (2000) Vaccination of neonatal colostrum-
deprived calves against Pasteurella haemolytica A1. Canadian Journal of
Veterinary Research 64, 3–8.

Homchampa P, Strugnell RA and Adler B (1994) Construction and vaccine
potential of an aroA mutant of Pasteurella haemolytica. Veterinary
Microbiology 42, 35–44.

Hounsome JD, Baillie S, Noofeli M, Riboldi-Tunnicliffe A, Burchmore RJ,
Isaacs NW and Davies RL (2011) Outer membrane protein A of bovine
and ovine isolates of Mannheimia haemolytica is surface exposed and con-
tains host species-specific epitopes. Infection and Immunity 79, 4332–4341.

Hsuan SL, Kannan MS, Jeyaseelan S, Prakash YS, Malazdrewich C,
Abrahamsen MS, Sieck GC and Maheswaran SK (1999) Pasteurella hae-
molytica leukotoxin and endotoxin induced cytokine gene expression in
bovine alveolar macrophages requires NF-kappaB activation and calcium
elevation. Microbial Pathogenesis 26, 263–273.

Ives S, Drouillard JS, Anderson DE, Stokka GL and Kuhl GL (1999)
Comparison of morbidity and performance among stressed feeder calves
following vaccination with pyramid™ MLV 4 or Pyramid™ 4+
Presponse® SQ. Kansas Agricultural Experiment Station Research Reports
831, 126–129.

Jansen KU, Knirsch C and Anderson AS (2018) The role of vaccines in pre-
venting bacterial antimicrobial resistance. Nature Medicine 24, 10–19.

Jaramillo L, Diaz F, Hernandez P, Debray H, Trigo F, Mendoza G and
Zenteno E (2000) Purification and characterization of an adhesin from
Pasteurella haemolytica. Glycobiology 10, 31–37.

Jericho KW, Cho HJ and Kozub GC (1990) Protective effect of inactivated
Pasteurella haemolytica bacterin challenged in bovine herpesvirus-1 experi-
mentally infected calves. Vaccine 8, 315–320.

Jeyaseelan S, Sreevatsan S and Maheswaran SK (2002) Role of Mannheimia
haemolytica leukotoxin in the pathogenesis of bovine pneumonic pasteurel-
losis. Animal Health Research Reviews 3, 69–82.

Jim GK, Guichon PT and Shaw G (1988) Protecting feedlot calves from pneu-
monic pasteurellosis. Veterinary Medicine 83, 1084–1087.

Jones FS (1921) A study of bacillus bovisepticus. Journal of Experimental
Medicine 34, 561–577.

Jones FS and Little RB (1921) An outbreak of pneumonia in dairy cows
attributed to Bacillus bovisepticus. Journal of Experimental Medicine 34,
541–560.

Kabay MJ and Ellis TM (1989) Intraperitoneal inoculation of ewes with an
autogenous vaccine to prevent mastitis due to Pasteurella haemolytica.
Australian Veterinary Journal 66, 342–343.

Kadel WL, Chengappa MM and Herren CE (1985) Field-trial evaluation of a
Pasteurella vaccine in preconditioned and nonpreconditioned lightweight
calves. American Journal of Veterinary Research 46, 1944–1948.

Katsuda K, Kamiyama M, Kohmoto M, Kawashima K, Tsunemitsu H and
Eguchi M (2008) Serotyping of Mannheimia haemolytica isolates from
bovine pneumonia: 1987-2006. Veterinary Journal 178, 146–148.

Khalid S, Bond PJ, Carpenter T and Sansom MS (2008) OmpA: gating and
dynamics via molecular dynamics simulations. Biochimica et Biophysica
Acta 1778, 1871–1880.

King NB, Edgington BH, Ferguson LC, Thomas Jr DL, Pounden WD and
Klosterman E (1955) Preliminary results in the control and treatment of
shipping fever complex in beef cattle. Journal of the American Veterinary
Medical Association 127, 320–323.

Kirkeby L, Rasmussen TT, Reinholdt J and Kilian M (2000)
Immunoglobulins in nasal secretions of healthy humans: structural integrity
of secretory immunoglobulin A1 (IgA1) and occurrence of neutralizing
antibodies to IgA1 proteases of nasal bacteria. Clinical and Diagnostic
Laboratory Immunology 7, 31–39.

Kisiela DI and Czuprynski CJ (2009) Identification of Mannheimia haemo-
lytica adhesins involved in binding to bovine bronchial epithelial cells.
Infection and Immunity 77, 446–455.

Klima CL, Alexander TW, Hendrick S and McAllister TA (2014)
Characterization of Mannheimia haemolytica isolated from feedlot cattle
that were healthy or treated for bovine respiratory disease. Canadian
Journal of Veterinary Research 78, 38–45.

Klima CL, Cook SR, Zaheer R, Laing C, Gannon VP, Xu Y, Rasmussen J,
Potter A, Hendrick S, Alexander TW and McAllister TA (2016)
Comparative genomic analysis of Mannheimia haemolytica from bovine
sources. PLoS ONE 11, e0149520.

Klima CL, Zaheer R, Briggs RE and McAllister TA (2017) A multiplex PCR
assay for molecular capsular serotyping of Mannheimia haemolytica sero-
types 1, 2 and 6. Journal of Microbiological Methods 139, 155–160.

Klima CL, Zaheer R, Cook SR, Rasmussen J, Alexander TW, Potter A,
Hendrick S andMcAllister TA (2018) In silico identification and high through-
put screening of antigenic proteins as candidates for aMannheimia haemolytica
vaccine. Veterinary Immunology and Immunopathology 195, 19–24.

Koeberling O, Seubert A, Santos G, Colaprico A, UgozzoliM, Donnelly J and
Granoff DM (2011) Immunogenicity of a meningococcal native outer mem-
brane vesicle vaccine with attenuated endotoxin and over-expressed factor H
binding protein in infant rhesus monkeys. Vaccine 29, 4728–4734.

Kotelnikova OV, Zinchenko AA, Vikhrov AA, Alliluev AP, Serova OV,
Gordeeva EA, Zhigis LS, Zueva VS, Razgulyaeva OA, Melikhova TD,

94 Anthony W. Confer and Sahlu Ayalew

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Nokel EA, Drozhzhina EY and Rumsh LD (2016) Serological analysis of
immunogenic properties of recombinant meningococcus IgA1 protease-
based proteins. Bulletin of Experimental Biology and Medicine 161, 391–394.

Kucera CJ, Wong JC and Feldner TJ (1983) Challenge exposure of cattle vac-
cinated with a chemically altered strain of Pasteurella haemolytica.
American Journal of Veterinary Research 44, 1848–1852.

Kuehn MJ and Kesty NC (2005) Bacterial outer membrane vesicles and the
host-pathogen interaction. Genes & Development 19, 2645–2655.

Kumar S, Breider MA, Corstvet RE and Maddux JL (1991) Effect of
Pasteurella haemolytica saline capsular extract on bovine pulmonary endo-
thelial cells. American Journal of Veterinary Research 52, 1774–1778.

Kumar J, Dixit SK and Kumar R (2015) Rapid detection ofMannheimia hae-
molytica in lung tissues of sheep and from bacterial culture. Veterinary
World 8, 1073–1077.

Lacroix RP, Duncan JR, Jenkins RP, Leitch RA, Perry JA and Richards JC
(1993) Structural and serological specificities of Pasteurella haemolytica
lipopolysaccharides. Infection and Immunity 61, 170–181.

Lafleur RL, Malazdrewich C, Jeyaseelan S, Bleifield E, Abrahamsen MS and
Maheswaran SK (2001) Lipopolysaccharide enhances cytolysis and inflam-
matory cytokine induction in bovine alveolar macrophages exposed to
Pasteurella (Mannheimia) haemolytica leukotoxin. Microbial Pathogenesis
30, 347–357.

Lainson FA, Murray J, Davies RC and Donachie W (1996) Characterization
of epitopes involved in the neutralization of Pasteurella haemolytica sero-
type A1 leukotoxin. Microbiology (Reading, England) 142, 2499–2507.

Larson RL and Step DL (2012) Evidence-based effectiveness of vaccination
against Mannheimia haemolytica, Pasteurella multocida, and Histophilus
somni in feedlot cattle for mitigating the incidence and effect of bovine
respiratory disease complex. The Veterinary Clinics of North America.
Food Animal Practice 28, 97–106, 106e101-107, ix.

Lawrence PK, Kittichotirat W, McDermott JE and Bumgarner RE (2010) A
three-way comparative genomic analysis of Mannheimia haemolytica iso-
lates. BMC Genomics 11, 535.

Lee I and Davies RL (2011) Evidence for a common gene pool and frequent
recombinational exchange of the tbpBA operon in Mannheimia haemoly-
tica, Mannheimia glucosida and Bibersteinia trehalosi. Microbiology
(Reading, England) 157, 123–135.

Lee CWand Shewen PE (1996) Evidence of bovine immunoglobulin G1 (IgG1)
protease activity in partially purified culture supernate of Pasteurella haemo-
lytica A1. Canadian Journal of Veterinary Research 60, 127–132.

Lee CW, Lo RY, Shewen PE and Mellors A (1994a) The detection of the sia-
loglycoprotease gene and assay for sialoglycoprotease activity among iso-
lates of Pasteurella haemolytica A1 strains, serotypes A13, A14, T15 and
A16. FEMS Microbiology Letters 121, 199–205.

Lee CW, Shewen PE, Cladman WM, Conlon JA, Mellors A and Lo RY
(1994b) Sialoglycoprotease of Pasteurella haemolytica A1: detection of anti-
sialoglycoprotease antibodies in sera of calves. Canadian Journal of
Veterinary Research 58, 93–98.

Lee RW, Cornelisse M, Ziauddin A, Slack PJ, Hodgins DC, Strommer JN,
Shewen PE and Lo RY (2008) Expression of a modified Mannheimia hae-
molytica GS60 outer membrane lipoprotein in transgenic alfalfa for the
development of an edible vaccine against bovine pneumonic pasteurellosis.
Journal of Biotechnology 135, 224–231.

Leite F, Gyles S, Atapattu D, Maheswaran SK and Czuprynski CJ (2003)
Prior exposure to Mannheimia haemolytica leukotoxin or LPS enhances
beta(2)-integrin expression by bovine neutrophils and augments LKT cyto-
toxicity. Microbial Pathogenesis 34, 267–275.

Lessley BA, Confer AW,Mosier DA, GentryMJ, Durham JA and Rummage JA
(1985) Saline-extracted antigens ofPasteurella haemolytica: separation by chro-
matofocusing, preliminary characterization, and evaluation of immunogen-
icity. Veterinary Immunology and Immunopathology 10, 279–296.

Lewis AL and Lewis WG (2012) Host sialoglycans and bacterial sialidases: a
mucosal perspective. Cellular Microbiology 14, 1174–1182.

Li J and Clinkenbeard KD (1999) Lipopolysaccharide complexes with
Pasteurella haemolytica leukotoxin. Infection and Immunity 67, 2920–2927.

Li J, Clinkenbeard KD and Ritchey JW (1999) Bovine CD18 identified as a
species specific receptor for Pasteurella haemolytica leukotoxin. Veterinary
Microbiology 67, 91–97.

Lo RY (2001) Genetic analysis of virulence factors of Mannheimia
(Pasteurella) haemolytica A1. Veterinary Microbiology 83, 23–35.

LoRYCandMellorsA (1996) The isolation of recombinant plasmids expressing
secreted antigens of Pasteurella haemolyticaA1 and the characterization of an
immunogenic 60 kDa antigen. Veterinary Microbiology 51, 381–391.

Lo RY and Sorensen LS (2007) The outer membrane protein OmpA of
Mannheimia haemolytica A1 is involved in the binding of fibronectin.
FEMS Microbiology Letters 274, 226–231.

Lo RY, Strathdee CA and Shewen PE (1987) Nucleotide sequence of the leu-
kotoxin genes of Pasteurella haemolytica A1. Infection and Immunity 55,
1987–1996.

Lo RY, Watts MA, Gyroffy S and Mellors A (1994) Preparation of recombin-
ant glycoprotease of Pasteurella haemolytica A1 utilizing the Escherichia coli
alpha-hemolysin secretion system. FEMS Microbiology Letters 116, 225–
230.

Lo RY, Sathiamoorthy S and Shewen PE (2006) Analysis of in vivo expressed
genes in Mannheimia haemolytica A1. FEMS Microbiology Letters 265,
18–25.

Loan RW and Tigges MG (1989) A tissue culture-derived Pasteurella haemo-
lytica vaccine. Bovine Practitioner 24, 22–24.

Lubitz W, Witte A, Eko FO, Kamal M, Jechlinger W, Brand E, Marchart J,
Haidinger W, Huter V, Felnerova D, Stralis-Alves N, Lechleitner S,
Melzer H, Szostak MP, Resch S, Mader H, Kuen B, Mayr B, Mayrhofer P,
Geretschlager R, Haslberger A and Hensel A (1999) Extended recombinant
bacterial ghost system. Journal of Biotechnology 73, 261–273.

MacGregor S, Smith D, Perino L and Hunsaker B (2003) An evaluation of
the effectiveness of a commercial Mannheimia (Pasteurella) haemolytica
vaccine in a commercial feedlot. Bovine Practitioner 37, 78–82.

Madico G, Welsch JA, Lewis LA, McNaughton A, Perlman DH,
Costello CE, Ngampasutadol J, Vogel U, Granoff DM and Ram S
(2006) The meningococcal vaccine candidate GNA1870 binds the comple-
ment regulatory protein factor H and enhances serum resistance. Journal of
Immunology 177, 501–510.

Mahasreshti PJ, Murphy GL, Wyckoff 3rd JH, Farmer S, Hancock RE and
Confer AW (1997) Purification and partial characterization of the OmpA
family of proteins of Pasteurella haemolytica. Infection and Immunity 65,
211–218.

MaheswaranSK,WeissDJ,KannanMS,TownsendEL,ReddyKR,Whiteley LO
and Srikumaran S (1992) Effects of Pasteurella haemolytica A1 leukotoxin on
bovine neutrophils: degranulation and generation of oxygen-derived free
radicals. Veterinary Immunology and Immunopathology 33, 51–68.

Majury AL and Shewen PE (1991) The effect of Pasteurella haemolytica A1
leukotoxic culture supernate on the in vitro proliferative response of bovine
lymphocytes. Veterinary Immunology and Immunopathology 29, 41–56.

Malcolm-Callis K, Galyean M and Duff G (1994) Effects of dietary supple-
mental protein source and a Pasteurella haemolytica toxoid on performance
and health of newly received calves. Agri-Practice (USA) 45, 22–28.

Manning DS, Reschke DK and Judd RC (1998) Omp85 proteins of Neisseria
gonorrhoeae and Neisseria meningitidis are similar to Haemophilus influen-
zae D-15-Ag and Pasteurella multocida Oma87. Microbial Pathogenesis 25,
11–21.

Marchart J, Dropmann G, Lechleitner S, Schlapp T, Wanner G, Szostak MP
and Lubitz W (2003a) Pasteurella multocida- and Pasteurella haemolytica-
ghosts: new vaccine candidates. Vaccine 21, 3988–3997.

Marchart J, Rehagen M, Dropmann G, Szostak MP, Alldinger S,
Lechleitner S, Schlapp T, Resch S and Lubitz W (2003b) Protective
immunity against pasteurellosis in cattle, induced by Pasteurella haemoly-
tica ghosts. Vaccine 21, 1415–1422.

Marshall BM and Levy SB (2011) Food animals and antimicrobials: impacts
on human health. Clinical Microbiology Reviews 24, 718–733.

Martin SW (1983) Vaccination: is it effective in preventing respiratory disease
or influencing weight gains in feedlot calves? The Canadian Veterinary
Journal 24, 10–19.

Matsumoto M, Schmitz JA, Syuto B, Watrous BJ and Mattson DE (1984)
Immunogenicityof a soluble antigen againstPasteurella haemolytica-associated
pneumonia in calves. Veterinary Research Communications 8, 117–130.

McClenahan D, Hellenbrand K, Atapattu D, Aulik N, Carlton D, Kapur A
and Czuprynski C (2008) Effects of lipopolysaccharide and Mannheimia

Animal Health Research Reviews 95

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


haemolytica leukotoxin on bovine lung microvascular endothelial cells and
alveolar epithelial cells. Clinical and Vaccine Immunology 15, 338–347.

McKinney KL, Confer AW, Rummage JA, Gentry MJ and Durham JA
(1985) Pasteurella haemolytica: purification of saline-extractable proteins
by isoelectrofocusing. Veterinary Microbiology 10, 465–480.

McLean GS, Smith RA, Gill DR and Randolph TC (1990) An evaluation of
an inactivated, leukotoxin-rich, cell-free Pasteurella haemolytica vaccine for
prevention of undifferentiated bovine respiratory disease. In Animal Science
Research Report (Stillwater, OK, Oklahoma State University), 135–140.

Mellors A and Lo RYC (1995) O-Sialoglycoprotease from Pasteurella haemo-
lytica. Methods in Enzymology 248, 728–740.

Metzger DW (2011) Acquired immunity: Acute bacterial infections. In
Kaufmann SHE, Rouse BT, and Sacks DL (eds) The Immune Response to
Infection. Washington, DC: ASM Press, pp. 269–277.

Miles DG and Rogers KC (2014) BRD control: tying it all together to deliver
value to the industry. Animal Health Research Reviews 15, 186–188.

Mistry D and Stockley RA (2006) Iga1 protease. International Journal of
Biochemistry & Cell Biology 38, 1244–1248.

Moncla BJ, Braham P and Hillier SL (1990) Sialidase (neuraminidase) activ-
ity among gram-negative anaerobic and capnophilic bacteria. Journal of
Clinical Microbiology 28, 422–425.

Moore DP, Hodgins DC, Firth MA, Mcbey BA and Shewen PE (2011)
Incorporation of antigens from Mannheimia haemolytic culture super-
natant, and recombinant bovine C3d into ISCOMmatrix using neutravidin-
biotin interaction. Biotechnology and Applied Biochemistry 58, 198–202.

Morck DW, Watts TC, Acres SD and Costerton JW (1988) Electron micro-
scopic examination of cells of Pasteurella haemolytica-A1 in experimentally
infected cattle. Canadian Journal of Veterinary Research 52, 343–348.

Morck DW, Olson ME, Acres SD, Daoust PY and Costerton JW (1989)
Presence of bacterial glycocalyx and fimbriae on Pasteurella haemolytica
in feedlot cattle with pneumonic pasteurellosis. Canadian Journal of
Veterinary Research 53, 167–171.

Morck DW, Ellis BD, Domingue PA, Olson ME and Costerton JW (1991) In
vivo expression of iron regulated outer-membrane proteins in Pasteurella
haemolytica-A1. Microbial Pathogenesis 11, 373–378.

Morelli G, del Valle J, Lammel CJ, Pohlner J, Muller K, Blake M,
Brooks GF, Meyer TF, Koumare B, Brieske N and Achtman M (1994)
Immunogenicity and evolutionary variability of epitopes within IgA1 pro-
tease from serogroup A Neisseria meningitidis. Molecular Microbiology
11, 175–187.

Moriel P and Arthington JD (2013) Metabolizable protein supply modulated
the acute-phase response following vaccination of beef steers. Journal of
Animal Science 91, 5838–5847.

Morton RJ, Panciera RJ, Fulton RW, Frank GH, Ewing SA, Homer JT and
Confer AW (1995) Vaccination of cattle with outer membrane
protein-enriched fractions of Pasteurella haemolytica and resistance against
experimental challenge exposure. American Journal of Veterinary Research
56, 875–879.

Morton RJ, Simons KR and Confer AW (1996) Major outer membrane pro-
teins of Pasteurella haemolytica serovars 1-15: comparison of separation
techniques and surface-exposed proteins on selected serovars. Veterinary
Microbiology 51, 319–330.

Mosier DA (1992) Prevention and control of pasteurellosis. In Patten BE,
Spencer TL, Johnson RB, Hoffmann D and Lehane L (eds), Pasteurellosis
in Production Animals. Bali, Indonesia: ACIAR, pp. 121–134.

Mosier DA, Confer AWand Panciera RJ (1989a) The evolution of vaccines for
bovine pneumonic pasteurellosis. Research in Veterinary Science 47, 1–10.

Mosier DA, Simons KR, Confer AW, Panciera RJ and Clinkenbeard KD
(1989b) Pasteurella haemolytica antigens associated with resistance to pneu-
monic pasteurellosis. Infection and Immunity 57, 711–716.

Mosier DA, Simons KR, Chengappa MM and Confer AW (1994) Antigenic
composition of Pasteurella haemolytica serotype-1 supernatants from sup-
plemented and nonsupplemented media. American Journal of Veterinary
Research 55, 348–352.

Mosier DA, Panciera RJ, Rogers DP, Uhlich GA, Butine MD, Confer AW
and Basaraba RJ (1998) Comparison of serologic and protective responses
induced by two Pasteurella vaccines. Canadian Journal of Veterinary
Research 62, 178–182.

Mukkur TK (1977) Demonstration of cross-protection between Pasteurella
multocida type A and Pasteurella haemolytica, serotype 1. Infection and
Immunity 18, 583–585.

Murphy GL and Whitworth LC (1993) Analysis of tandem, multiple genes
encoding 30-kDa membrane proteins in Pasteurella haemolytica A1. Gene
129, 107–111.

Murphy GL, Whitworth LC, Clinkenbeard KD and Clinkenbeard PA (1995)
Hemolytic activity of the Pasteurella haemolytica leukotoxin. Infection and
Immunity 63, 3209–3212.

Murphy GL, Whitworth LC, Confer AW, Gaskins JD, Pandher K and
Dabo SM (1998) Characterization of a Pasteurella haemolytica A1 mutant
deficient in production of three membrane lipoproteins. American Journal
of Veterinary Research 59, 1275–1280.

Murray GM, O’Neill RG, Lee AM, McElroy MC, More SJ, Monagle A,
Earley B and Cassidy JP (2017) The bovine paranasal sinuses: bacterial
flora, epithelial expression of nitric oxide and potential role in the in-herd
persistence of respiratory disease pathogens. PLoS ONE 12, e0173845.

Murugananthan A, Shanthalingam S, Batra SA, Alahan S and
Srikumaran S (2018) Leukotoxin of Bibersteinia trehalosi contains a unique
neutralizing epitope, and a non-neutralizing epitope shared withMannheimia
haemolytica leukotoxin. Toxins (Basel) 10, E220.

Narayanan SK, Nagaraja TG, Chengappa MM and Stewart GC (2002)
Leukotoxins of gram-negative bacteria. Veterinary Microbiology 84, 337–
356.

Nardini PM, Mellors A and Lo RY (1998) Characterization of a fourth lipo-
protein from Pasteurella haemolytica A1 and its homology to the OmpA
family of outer membrane proteins. FEMS Microbiology Letters 165, 71–77.

Newsome IE and Cross F (1932) Some bipolar organisms found in pneumo-
nia in sheep. Journal of the American Veterinary Medical Association 80,
711–719.

Nieves W, Asakrah S, Qazi O, Brown KA, Kurtz J, Aucoin DP,
McLachlan JB, Roy CJ and Morici LA (2011) A naturally derived outer-
membrane vesicle vaccine protects against lethal pulmonary Burkholderia
pseudomallei infection. Vaccine 29, 8381–8389.

Norgard KE, Moore KL, Diaz S, Stults NL, Ushiyama S, McEver RP,
Cummings RD and Varki A (1993) Characterization of a specific ligand
for P-selectin on myeloid cells. A minor glycoprotein with sialylated
O-linked oligosaccharides. Journal of Biological Chemistry 268, 12764–12774.

Odendaal MW and Ellis CE (1999) The production and evaluation of
Pasteurella haemolytica leukotoxin in the supernatant of submerged cul-
tures in fermenters. Onderstepoort Journal of Veterinary Research 66,
265–272.

Odendaal MW and Henton MM (1995) The distribution of Pasteurella hae-
molytica serotypes among cattle, sheep, and goats in South Africa and their
association with diseases. Onderstepoort Journal of Veterinary Research 62,
223–226.

Ogunnariwo JA and Schryvers AB (1990) Iron acquisition in Pasteurella hae-
molytica: expression and identification of a bovine-specific transferrin
receptor. Infection and Immunity 58, 2091–2097.

Ogunnariwo JA, Woo TK, Lo RY, Gonzalez GC and Schryvers AB (1997)
Characterization of the Pasteurella haemolytica transferrin receptor genes
and the recombinant receptor proteins. Microbial Pathogenesis 23,
273–284.

Olson ME, Ceri H, Morck DW, Buret AG and Read RR (2002) Biofilm bac-
teria: formation and comparative susceptibility to antibiotics. Canadian
Journal of Veterinary Research 66, 86–92.

Orouji S, Hodgins DC, Lo RY and Shewen PE (2012) Serum IgG response in
calves to the putative pneumonic virulence factor Gs60 ofMannheimia hae-
molytica A1. Canadian Journal of Veterinary Research 76, 292–300.

Otulakowski GL, Shewen PE, Udoh AE, Mellors A and Wilkie BN (1983)
Proteolysis of sialoglycoprotein by Pasteurella haemolytica cytotoxic culture
supernatant. Infection and Immunity 42, 64–70.

Palotay JL, Young S, Lovelace SA and Newhall JH (1963) Bovine respiratory
infections. Ii. Field trial using bacterial vaccine products as a means of
prophylaxis. American Journal of Veterinary Research 24, 1137–1142.

Panciera RJ and Confer AW (2010) Pathogenesis and pathology of bovine
pneumonia. The Veterinary Clinics of North America. Food Animal
Practice 26, 191–214.

96 Anthony W. Confer and Sahlu Ayalew

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Panciera RJ, Corstvet RE, Confer AW and Gresham CN (1984) Bovine pneu-
monic pasteurellosis: effect of vaccination with live Pasteurella species.
American Journal of Veterinary Research 45, 2538–2542.

Pandher K, Confer AW and Murphy GL (1998) Genetic and immunologic
analyses of PlpE, a lipoprotein important in complement-mediated killing
of Pasteurella haemolytica serotype 1. Infection and Immunity 66, 5613–
5619.

Pandher K, Murphy GL and Confer AW (1999) Identification of immuno-
genic, surface-exposed outer membrane proteins of Pasteurella haemolytica
serotype 1. Veterinary Microbiology 65, 215–226.

Park SB, Jang HB, Nho SW, Cha IS, Hikima J, Ohtani M, Aoki T and
Jung TS (2011) Outer membrane vesicles as a candidate vaccine against
edwardsiellosis. PloS ONE 6, e17629.

PaulsenDB,MosierDA,ClinkenbeardKDandConferAW (1989)Direct effects
ofPasteurella haemolytica lipopolysaccharide on bovinepulmonaryendothelial
cells in vitro. American Journal of Veterinary Research 50, 1633–1637.

Paulsen DB, Confer AW, Clinkenbeard KD and Mosier DA (1990)
Pasteurella haemolytica lipopolysaccharide-induced arachidonic acid release
from and neutrophil adherence to bovine pulmonary artery endothelial
cells. American Journal of Veterinary Research 51, 1635–1639.

Paulsen DB, Confer AW, Clinkenbeard KD and Mosier DA (1995)
Pasteurella haemolytica lipopolysaccharide-induced cytotoxicity in bovine
pulmonary artery endothelial monolayers: inhibition by indomethacin.
Veterinary Pathology 32, 173–183.

Perino LJ and Hunsaker BD (1997) A review of bovine respiratory disease
vaccine field efficacy. Bovine Practitioner 31, 59–66.

Pillai DK, Cha E and Mosier D (2018) Role of the stress-associated chemicals
norepinephrine, epinephrine and substance P in dispersal of Mannheimia
haemolytica from biofilms. Veterinary Microbiology 215, 11–17.

Pore D and Chakrabarti MK (2013) Outer membrane protein A (OmpA)
from Shigella flexneri 2a: a promising subunit vaccine candidate. Vaccine
31, 3644–3650.

Potter AA, Ready K and Gilchrist J (1988) Purification of fimbriae from
Pasteurella haemolytica A-1. Microbial Pathogenesis 4, 311–316.

Potter AA, Schryvers AB, Ogunnariwo JA, HutchinsWA, Lo RY andWatts T
(1999) Protective capacity of the Pasteurella haemolytica transferrin-binding
proteins TbpA and TbpB in cattle.Microbial Pathogenesis 27, 197–206.

Prado ME, Prado TM, Payton M and Confer AW (2006) Maternally and nat-
urally acquired antibodies to Mannheimia haemolytica and Pasteurella mul-
tocida in beef calves. Veterinary Immunology and Immunopathology 111,
301–307.

Puchalski A, Urban-Chmiel R, Dec M and Wernicki A (2013) An electro-
phoretic characterization of iron-transporting proteins in Mannheimia hae-
molytica A1. Polish Journal of Veterinary Sciences 16, 527–532.

Purdy CW, Livingston Jr CW, Frank GH, Cummins JM, Cole NA and
Loan RW (1986) A live Pasteurella haemolytica vaccine efficacy trial.
Journal of the American Veterinary Medical Association 188, 589–591.

Purdy CW, Raleigh RH, Collins JK, Watts JL and Straus DC (1997a)
Serotyping and enzyme characterization of Pasteurella haemolytica and
Pasteurella multocida isolates recovered from pneumonic lungs of stressed
feeder calves. Current Microbiology 34, 244–249.

Purdy CW, Straus DC and Ayers JR (1997b) Efficacy of a subcutaneously
administered, ultraviolet light-killed Pasteurella multocida A:3-containing
bacterin against transthoracic challenge exposure in goats. American
Journal of Veterinary Research 58, 841–847.

Purdy CW, Cooley JD and Straus DC (1998) Cross-protection studies with
three serotypes of Pasteurella haemolytica in the goat model. Current
Microbiology 36, 207–211.

Rajeev S, Kania SA, Nair RV, McPherson JT, Moore RN and Bemis DA
(2001) Bordetella bronchiseptica fimbrial protein-enhanced immunogenicity
of a Mannheimia haemolytica leukotoxin fragment. Vaccine 19, 4842–4850.

Ramirez Rico G, Martinez-Castillo M, Gonzalez-Ruiz C, Luna-Castro S and
de la Garza M (2017) Mannheimia haemolytica A2 secretes different pro-
teases into the culture medium and in outer membrane vesicles. Microbial
Pathogenesis 113, 276–281.

Rice JA, Carrasco-Medina L, Hodgins DC and Shewen PE (2007)
Mannheimia haemolytica and bovine respiratory disease. Animal Health
Research Reviews 8, 117–128.

Rimsay RL, Coyle-Dennis JE, Lauerman LH and Squire PG (1981)
Purification and biological characterizationof endotoxin fractions from
Pasteruella haemolytica. American Journal of Veterinary Research 42,
2134–2138.

Robb CW, Orihuela CJ, Ekkelenkamp MB and Niesel DW (2001)
Identification and characterization of an in vivo regulated D15/Oma87
homologue in Shigella flexneri using differential display polymerase chain
reaction. Gene 262, 169–177.

Robbins JB, Schneerson R, Xie G, Hanson LA and Miller MA (2011)
Capsular polysaccharide vaccine for Group B Neisseria meningitidis,
Escherichia coli K1, and Pasteurella haemolytica A2. Proceedings of the
National Academy of Sciences of the United States of America 108,
17871–17875.

Roehrig SC, Tran HQ, Spehr V, Gunkel N, Selzer PM and Ullrich HJ (2007)
The response of Mannheimia haemolytica to iron limitation: implications
for the acquisition of iron in the bovine lung. Veterinary Microbiology
121, 316–329.

Roier S, Fenninger JC, Leitner DR, Rechberger GN, Reidl J and Schild S
(2013) Immunogenicity of Pasteurella multocida and Mannheimia haemo-
lytica outer membrane vesicles. International Journal of Medical
Microbiology 303, 247–256.

Ruffolo CG and Adler B (1996) Cloning, sequencing, expression, and protect-
ive capacity of the oma87 gene encoding the Pasteurella multocida
87-kilodalton outer membrane antigen. Infection and Immunity 64,
3161–3167.

Rungelrath V, Wohlsein JC, Siebert U, Stott J, Prenger-Berninghoff E, von
Pawel-Rammingen U, Valentin-Weigand P, Baums CG and Seele J (2017)
Identification of a novel host-specific IgG protease in Streptococcus phocae
subsp. phocae. Veterinary Microbiology 201, 42–48.

Saban R, Broadstone RV, Haak-Frendscho M, Skoyen S, Fialkowski J,
Maheswaran SK, Bjorling DE and Czuprynski C (1997) Effects of
Pasteurella haemolytica leukotoxin and lipopolysaccharide on histamine,
prostanoid, and leukotriene release by bovine lung parenchyma in vitro.
American Journal of Veterinary Research 58, 1227–1231.

Samaniego-Barron L, Luna-Castro S, Pina-Vazquez C, Suarez-Guemes F
and de la Garza M (2016) Two outer membrane proteins are bovine
lactoferrin-binding proteins in Mannheimia haemolytica A1. Veterinary
Research 47, 93.

Sathiamoorthy S, Hodgins DC, Shewen PE, Highlander SK and Lo RY
(2011) A snap-shot of Mannheimia hemolytica A1 gene expression during
infection in the bovine host. FEMS Microbiology Letters 325, 148–154.

Sathiamoorthy S, Shewen PE, Hodgins DC and Lo RY (2012) In vivo gene
expression in Mannheimia haemolytica A1 during a time-course trial in
the bovine host. Veterinary Microbiology 158, 163–171.

Scheller EV and Cotter PA (2015) Bordetella filamentous hemagglutinin and
fimbriae: critical adhesins with unrealized vaccine potential. Pathogens and
Disease 73, ftv079.

Schipper IA and Kelling CL (1971) Shipping fever prophylaxis: comparison
of vaccine and antibiotics administered following weaning. The Canadian
Veterinary Journal 12, 172–175.

Schnepper RL, Srinand S and Jones G.F., 1996. Respiratory morbidity in veal
calves given Pasteurella vaccines Veterinary Medicine 91, 72–76.

Sheldon JR, Laakso HA and Heinrichs DE (2016) Iron acquisition strategies
of bacterial pathogens. Microbiology Spectrum 4.

Shewen PE and Wilkie BN (1982) Cytotoxin of Pasteurella haemolytica acting
on bovine leukocytes. Infection and Immunity 35, 91–94.

Shewen PE and Wilkie BN (1983a) Pasteurella haemolytica cytotoxin neutral-
izing activity in sera from Ontario beef cattle. Canadian Journal of
Comparative Medicine 47, 497–498.

Shewen PE and Wilkie BN (1983b) Pasteurella haemolytica cytotoxin: pro-
duction by recognized serotypes and neutralization by type-specific rabbit
antisera. American Journal of Veterinary Research 44, 715–719.

Shewen PE and Wilkie BN (1985) Evidence for the Pasteurella haemolytica
cytotoxin as a product of actively growing bacteria. American Journal of
Veterinary Research 46, 1212–1214.

Shewen PE and Wilkie BN (1988) Vaccination of calves with leukotoxic cul-
ture supernatant from Pasteurella haemolytica. Canadian Journal of
Veterinary Research 52, 30–36.

Animal Health Research Reviews 97

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Shewen PE, Lee CW, Perets A, Hodgins DC, Baldwin K and Lo RY (2003)
Efficacy of recombinant sialoglycoprotease in protection of cattle against pneu-
monic challenge with Mannheimia (Pasteurella) haemolytica A1. Vaccine 21,
1901–1906.

Shewen PE, Carrasco-Medina L, McBey BA and Hodgins DC (2009)
Challenges in mucosal vaccination of cattle. Veterinary Immunology and
Immunopathology 128, 192–198.

Singh K, Ritchey JW and Confer AW (2011) Mannheimia haemolytica:
bacterial-host interactions in bovine pneumonia. Veterinary Pathology 48,
338–348.

Smith GR (1959) Isolation of two types of Pasteurella haemolytica from sheep.
Nature 183, 1132–1133.

Smith CK, Davidson JN and Henry CW (1985) Evaluating a live vaccine for
Pasteurella haemolytica in dairy calves. Veterinary Medicine 80, 78–88.

Sneath PH and Stevens M (1990) Actinobacillus rossii sp. nov., Actinobacillus
seminis sp. nov., nom. rev., Pasteurella bettii sp. nov., Pasteurella
lymphangitidis sp. nov., Pasteurella mairi sp. nov., and Pasteurella
trehalosi sp. nov. International Journal of Systematic Bacteriology 40, 148–
153.

Spore T, Corrigan ME, Parks TR, Weibert CS, DeTray ML, Hollenbeck WR,
Wahl RN and Blasi D (2017) Route of Mannheimia haemolytica and
Pasteurella multocida vaccine administration does not affect health or per-
formance of receiving heifers. Kansas Agricultural Experiment Station
Research Reports 3, 1–3.

Squire PG, Smiley DW and Croskell RB (1984) Identification and extraction
of Pasteurella haemolytica membrane proteins. Infection and Immunity 45,
667–673.

Sreevatsan S, Ames TR, Werdin RE, Yoo HS and Maheswaran SK (1996)
Evaluation of three experimental subunit vaccines against pneumonic pas-
teurellosis in cattle. Vaccine 14, 147–154.

Srikumaran S, Kelling CL and Ambagala A (2007) Immune evasion by
pathogens of bovine respiratory disease complex. Animal Health Research
Reviews 8, 215–229.

Srinand S, Ames TR, Maheswaran SK and King VL (1995) Efficacy of vari-
ous vaccines against pneumonic pasteurellosis in cattle: a meta-analysis.
Preventive Veterinary Medicine 25, 7–17.

Srinand S, Hsuan SL, Yoo HS, Maheswaran SK, Ames TR and Werdin RE
(1996a) Comparative evaluation of antibodies induced by commercial
Pasteurella haemolytica vaccines using solid phase immunoassays.
Veterinary Microbiology 49, 181–195.

Srinand S, Maheswaran SK, Ames TR, Werdin RE and Hsuan SL (1996b)
Evaluation of efficacy of three commercial vaccines against experimental
bovine pneumonic pasteurellosis. Veterinary Microbiology 52, 81–89.

St Michael F, Cairns C, Filion AL, Neelamegan D, Lacelle S and Cox AD
(2011a) Investigating the candidacy of lipopolysaccharide-based glycocon-
jugates as vaccines to combat Mannheimia haemolytica. Glycoconjugate
Journal 28, 397–410.

St Michael F, Vinogradov E and Cox AD (2011b) Structural analyses of the
core oligosaccharide from the lipopolysaccharide of bovine and ovine
strains of Mannheimia haemolytica serotype 2. Carbohydrate Research 346,
1333–1336.

Straus DC and Purdy CW (1995) Extracellular neuraminidase production by
Pasteurella species isolated from infected animals. Current Microbiology 31,
312–315.

Straus DC, Purdy CW, Loan RW, Briggs RF and Frank GH (1998) In vivo
production of neuraminidase by Pasteurella haemolytica in market stressed
cattle after natural infection. Current Microbiology 37, 240–244.

Sutherland DR, Abdullah KM, Cyopick P and Mellors A (1992a) Cleavage
of the cell-surface O-sialoglycoproteins CD34, CD43, CD44, and CD45
by a novel glycoprotease from Pasteurella haemolytica. Journal of
Immunology 148, 1458–1464.

Sutherland DR, Marsh JC, Davidson J, Baker MA, Keating A and Mellors A
(1992b) Differential sensitivity of CD34 epitopes to cleavage by Pasteurella
haemolytica glycoprotease: implications for purification of CD34-positive
progenitor cells. Experimental Hematology 20, 590–599.

Szostak MP, Hensel A, Eko FO, Klein R, Auer T, Mader H, Haslberger A,
Bunka S, Wanner G and Lubitz W (1996) Bacterial ghosts: non-living can-
didate vaccines. Journal of Biotechnology 44, 161–170.

Tadayon RA and Lauerman LH (1981) The capacity of various fractions of
Pasteurella haemolytica to stimulate protective immunity in mice and ham-
sters. Veterinary Microbiology 6, 85–93.

Tatum FM and Briggs RE (2005) Construction of in-frame aroA deletion
mutants of Mannheimia haemolytica, Pasteurella multocida, and
Haemophilus somnus by using a new temperature-sensitive plasmid.
Applied and Environmental Microbiology 71, 7196–7202.

Tatum FM, Briggs RE and Halling SM (1994) Molecular gene cloning and
nucleotide sequencing and construction of an aroA mutant of Pasteurella
haemolytica serotype A1. Applied and Environmental Microbiology 60,
2011–2016.

Tatum FM, Briggs RE, Sreevatsan SS, Zehr ES, Ling Hsuan S, Whiteley LO,
Ames TR and Maheswaran SK (1998) Construction of an isogenic leuko-
toxin deletion mutant of Pasteurella haemolytica serotype 1: characteriza-
tion and virulence. Microbial Pathogenesis 24, 37–46.

Thomson RG, Chander S, Savan M and Fox ML (1975) Investigation of fac-
tors of probable significance in the pathogenesis of pneumonic pasteurel-
losis in cattle. Canadian Journal of Comparative Medicine 39, 194–207.

Thorlakson B, Martin W and Peters D (1990) A field trial to evaluate the effi-
cacy of a commercial Pasteurella haemolytica bacterial extract in preventing
bovine respiratory disease. The Canadian Veterinary Journal 31, 573–579.

Tigges MG and Loan RW (1993) Serum antibody response to purified
Pasteurella haemolytica capsular polysaccharide in cattle. American
Journal of Veterinary Research 54, 856–861.

Timsit E, Hallewell J, Booker C, Tison N, Amat S and Alexander TW (2017)
Prevalence and antimicrobial susceptibility of Mannheimia haemolytica,
Pasteurella multocida, and Histophilus somni isolated from the lower
respiratory tract of healthy feedlot cattle and those diagnosed with bovine
respiratory disease. Veterinary Microbiology 208, 118–125.

Tucci P, Estevez V, Becco L, Cabrera-Cabrera F, Grotiuz G, Reolon E and
Marin M (2016) Identification of Leukotoxin and other vaccine candidate
proteins in a Mannheimia haemolytica commercial antigen. Heliyon 2,
e00158.

Van Donkersgoed J, Schumann FJ, Harland RJ, Potter AA and Janzen ED
(1993) The effect of route and dosage of immunization on the serological
response to a Pasteurella haemolytica and Haemophilus somnus vaccine
in feedlot calves. The Canadian Veterinary Journal 34, 731–735.

Wang Y, Shi Q, Lv H, Hu M, Wang W, Wang Q, Qiao B, Zhang G, Lv Z,
Kjellman C, Jarnum S, Winstedt L, Zhang Y, Wen J, Hao Y and Yuki N
(2017) IgG-degrading enzyme of Streptococcus pyogenes (IdeS) prevents dis-
ease progression and facilitates improvement in a rabbit model of
Guillain-Barre syndrome. Experimental Neurology 291, 134–140.

Welch RA (2001) RTX toxin structure and function: a story of numerous
anomalies and few analogies in toxin biology. Current Topics in
Microbiology and Immunology 257, 85–111.

Weldon SK, Mosier DA, Simons KR, Craven RC and Confer AW (1994)
Identification of a potentially important antigen of Pasteurella haemolytica.
Veterinary Microbiology 40, 283–291.

Whiteley LO, Maheswaran SK, Weiss DJ and Ames TR (1990)
Immunohistochemical localization of Pasteurella haemolytica A1-derived
endotoxin, leukotoxin, and capsular polysaccharide in experimental bovine
Pasteurella pneumonia. Veterinary Pathology 27, 150–161.

Wildman BK, Perrett T, Abutarbush SM, Guichon PT, Pittman TJ,
Booker CW, Schunicht OC, Fenton RK and Jim GK (2008) A comparison
of 2 vaccination programs in feedlot calves at ultra-high risk of developing
undifferentiated fever/bovine respiratory disease. The Canadian Veterinary
Journal 49, 463–472.

Wilkie BN, Markham RJ and Shewen PE (1980) Response of calves to lung
challenge exposure with Pasteurella haemolytica after parenteral or pulmon-
ary immunization. American Journal of Veterinary Research 41, 1773–1778.

Wohler WH and Baugh CL (1980) Shipping fever pasteurellosis and salmon-
ellosis prophylaxis. Modern Veterinary Practice 61, 921–923.

Yates WD, Stockdale PH, Babiuk LA and Smith RJ (1983) Prevention of
experimental bovine pneumonic pasteurellosis with an extract of
Pasteurella haemolytica. Canadian Journal of Comparative Medicine 47,
250–256.

Younan M and Fodar L (1995) Characterisation of a new Pasteurella haemo-
lytica serotype (A17). Research in Veterinary Science 58, 98.

98 Anthony W. Confer and Sahlu Ayalew

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142


Yu RH, Gray-Owen SD, Ogunnariwo J and Schryvers AB (1992) Interaction
of ruminant transferrins with transferrin receptors in bovine isolates of
Pasteurella haemolytica and Haemophilus somnus. Infection and
Immunity 60, 2992–2994.

Zecchinon L, Fett T and Desmecht D (2005) How Mannheimia haemolytica
defeats host defence through a kiss of death mechanism. Veterinary
Research 36, 133–156.

Zeman D, Neiger R, Nietfield J, Miskimins D, Libal M, Johnson D, Janke B,
Gates C and Forbes K (1993) Systemic Pasteurella haemolytica infection as
a rare sequel to avirulent live Pasteurella haemolytica vaccination in cattle.
Journal of Veterinary Diagnostic Investigation 5, 555–559.

Zeng H, Pandher K and Murphy GL (1999) Molecular cloning of
the Pasteurella haemolytica pomA gene and identification of bovine

antibodies against PomA surface domains. Infection and Immunity 67,
4968–4973.

Zhang X, Yang T, Cao J, Sun J, Dai W and Zhang L (2016) Mucosal immun-
ization with purified OmpA elicited protective immunity against infections
caused by multidrug-resistant Acinetobacter baumannii. Microbial
Pathogenesis 96, 20–25.

ZhangW, Liu X, LiuM,MaB, Xu L andWang J (2017)Development of amulti-
plexPCR for simultaneous detection ofPasteurellamultocida,Mannheimiahae-
molytica and Trueperella pyogenes. Acta Veterinaria Hungarica 65, 327–339.

Zheng T, Gupta SK, McCarthy AR, Moffat J and Buddle BM (2015)
Cross-protection study of a Mannheimia haemolytica serotype 1 vaccine
against acute pasteurellosis in lambs induced by a serotype 2 strain.
Veterinary Microbiology 177, 386–393.

Animal Health Research Reviews 99

https://doi.org/10.1017/S1466252318000142 Published online by Cambridge University Press

https://doi.org/10.1017/S1466252318000142

	Mannheimia haemolytica in bovine respiratory disease: immunogens, potential immunogens, and vaccines
	Introduction
	The organism
	Virulence factors and potential immunogens
	Adhesins
	Secreted enzymes
	Leukotoxin
	Capsule and lipopolysaccharide
	Outer membrane proteins (OMPs)
	M. haemolytica vaccines
	Realistic goals of vaccination
	M. haemolytica bacterins
	Live M. haemolytica vaccines
	M. haemolytica extract vaccines
	LKT supernatant vaccines
	Bacterin-toxoid vaccines
	Autogenous vaccines
	Experimental M. haemolytica vaccines


	Conclusions
	References


