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Two Outer Membrane Lipoproteins from Histophilus somni Are
Immunogenic in Rabbits and Sheep and Induce Protection against
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Histophilus somni is an economically important pathogen of cattle and other ruminants and is considered one of the key compo-
nents of the bovine respiratory disease (BRD) complex, the leading cause of economic loss in the livestock industry. BRD is a
multifactorial syndrome, in which a triad of agents, including bacteria, viruses, and predisposing factors or “stressors,” com-
bines to induce disease. Although vaccines against H. somni have been used for many decades, traditional bacterins have failed
to demonstrate effective protection in vaccinated animals. Hence, the BRD complex continues to produce strong adverse effects
on the health and well-being of stock and feeder cattle. The generation of recombinant proteins may facilitate the development
of more effective vaccines against H. somni, which could confer better protection against BRD. In the present study, primers
were designed to amplify, clone, express, and purify two recombinant lipoproteins from H. somni, p31 (Plp4) and p40 (LppB),
which are structural proteins of the outer bacterial membrane. The results presented here demonstrate, to our knowledge for the
first time, that when formulated, an experimental vaccine enriched with these two recombinant lipoproteins generates high anti-
body titers in rabbits and sheep and exerts a protective effect in mice against septicemia induced by H. somni bacterial challenge.

ovine respiratory disease (BRD) is a major cause of economic

losses in the livestock industry (15, 47). Technological, bio-
logical, and pharmacological advances have facilitated the devel-
opment of several products to combat BRD, including vaccines.
Nevertheless, the bacterial component of the BRD complex con-
tinues to provoke important adverse effects on the health and
well-being of stock and feeder cattle (14, 20, 33).

BRD is a multifactorial syndrome, in which a triad of agents,
including bacteria, viruses, and predisposing factors or “stres-
sors,” combines to induce disease (reviewed in reference 49). BRD
involves complex interactions among viral and bacterial patho-
gens that can lead to intense pulmonary inflammation (fibrinous
pleuropneumonia) (10). Histophilus somni is among the bacterial
pathogens associated with this disease (formerly Haemophilus
somnus) (1), an unencapsulated Gram-negative coccobacillus and
member of the Pasteurellaceae family that exhibits strict ruminant
host specificity (9, 23, 39). H. somni is considered one of the key
components of the BRD complex (11), and it is an economically
important pathogen that causes respiratory disease, septicemia,
thrombotic meningoencephalitis, myocarditis, arthritis, and
abortion (9, 37, 44). H. somni is an opportunistic normal habitant
of the lower reproductive tract and upper respiratory tract of cattle
and other ruminants (9, 39), and it acts as a pathogen under cer-
tain circumstances via mechanisms that remain poorly under-
stood (55).

Pathogens involved in BRD have developed intricate mecha-
nisms to thwart both the innate and adaptive immune responses
of their hosts. These immune evasive strategies probably contrib-
ute to the failure of currently available vaccines to provide com-
plete protection against these pathogens (24, 29, 48). Conse-
quently, the combination of multiple antigens in an enriched
vaccine may provide more effective protection.
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Lipooligosaccharide and various outer membrane proteins
(OMPs) have been proposed as potential virulence factors of H.
sommni, although experimental evidence is lacking (7). A compar-
ative genomic analysis of virulence factors from two H. somni
strains (2336 and 129Pt) identified genes and gene products that
are putatively involved in H. sommni virulence, placing particular
emphasis on those that were common to both strains (44). None-
theless, a recent detailed sequence analysis of the H. somni tran-
scriptional map (28) suggests that other immune-active proteins
may also be involved.

To identify potentially protective antigens to formulate an ex-
perimental vaccine against H. somni infection during BRD, we
selected two OMPs and evaluated their antigenicity/immunoge-
nicity as immunogenic proteins. Several immunodominant sur-
face antigens of H. somni were identified previously (8), including
a 40-kDa protein (p40) that was subsequently identified and
cloned (50), and designated LppB for lipoprotein B (GenBank
accession no. AAA72348.1). According to domain analyses per-
formed using the Motif Scan function of MyHits (38), this protein
contains a prokaryotic membrane lipoprotein lipid attachment
site profile from amino acids 1 to 17, and a LysM domain from
amino acids 120 to 163 that is also found in a variety of enzymes
involved in bacterial cell wall degradation (25). Indeed, the struc-
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FIG 1 (A) p40 protein domain structure. The prokaryotic membrane lipo-
protein lipid attachment site (a), LysM domain (b), and peptidase family M23
domain (c) are indicated. (B) p31 protein domain structure. The prokaryotic
membrane lipoprotein lipid attachment site (d), SmpA/OmlA family signa-
ture domain (e), and OmpA-like (outer membrane protein) domain signature
(f) are indicated. The sequences were obtained from GenBank (accession
numbers AAA72348.1 and AAA24941.1, respectively). Analyses were per-
formed by Motif Scan using MyHits (35).

ture of this domain was defined (3), and it may have a general
peptidoglycan binding function. Finally, LppB contains a pepti-
dase family M23 domain from amino acids 243 to 263 (Fig. 1A).

Another relevant immunogenic protein, p31, has also been
identified (52) (GenBank accession no. AAA24941.1), which
shares sequence homology with the plpD gene that encodes a 31-
kDa lipoprotein (Plp4) present in Pasteurella haemolytica Al (34),
and with a 19.2-kDa antigen from Neisseria meningitidis. A do-
main analyses performed using Motif Scan from MyHits (38)
demonstrated that p31 possesses 273 amino acids and that it con-
tains a prokaryotic membrane lipoprotein lipid attachment site
from amino acids 1 to 19 and a SmpA/OmlA family signature
domain from amino acids 19 to 122. This latter domain is found in
some bacterial outer membrane lipoproteins and may be involved
in maintaining the structural integrity of the cell envelope (36). In
addition, this protein possess an OMPA-like domain signature
from amino acids 129 to 251, which is thought to be responsible
for noncovalent interactions with peptidoglycan (21) (Fig. 1B).

While vaccines against H. somni have been available for several
decades, traditional bacterins do not work properly and have
failed to demonstrate effective protection in vaccinated animals. A
multivalent vaccine for bovine bacterial respiratory disease was
developed to simplify the vaccination schedule and increase the
range of protection, composed of two immunogens and five bac-
terins (including attenuated H. somni) (5). However, similarly
developed commercial vaccines produce diverse secondary effects
due to the high lipooligosaccharide content of the cell walls of
Gram-negative bacteria. Consequently, the generation of recom-
binant proteins may facilitate the formulation of recombinant
vaccines against H. somni that could confer better protection
against BRD.

We previously formulated an experimental vaccine using two
fragments from Mannheimia haemolytica OMPs that elicited high
antibody titers in rabbits and sheep and that protected mice
against bacterial challenge (22). However, since BRD is a complex
pathology a multivalent vaccine is more desirable, both to increase
the protective range and to simplify the vaccination schedule.
Hence, in the present study we selected two lipoproteins from H.
somni, p31 (homologous to Plp4) and p40 (LppB), to induce an-
tibodies with which to formulate an experimental vaccine to pro-
tect against H. somni challenge. As a vaccine adjuvant we used
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aluminum hydroxide [Al(OH);], which stimulates immunity
(13) by potentiating the immune response (46) and serves as a
useful alternative to cholera toxin or Freund incomplete adjuvant.
Our results clearly show that the combination of the p31 and p40
fusion proteins in this experimental vaccine formulation yielded
high antibody titers in rabbits and sheep and protected mice from
H. somni infection.

(The results presented here are included in a masters and doc-
toral thesis prepared by Carolina Guzman-Brambila at the Uni-
versidad de Guadalajara, Guadalajara, Mexico.)

MATERIALS AND METHODS

Bacterial strains and culture conditions. Escherichia coli (TOP10 or M15;
Invitrogen) was used as the host to clone and propagate plasmids, which
were cultured in Luria-Bertani (LB) broth supplemented with thymine
(50 mg/ml) and ampicillin (100 mg/ml), chloramphenicol (25 mg/ml), or
kanamycin (50 mg/ml), as necessary. H. somni, obtained from the Amer-
ican Type Culture Collection (strain ATCC 2336), was used to obtain
bacterial DNA for PCR.

Extraction and quantification of genomic DNA and recombinant
methods. Bacterial genomic DNA was obtained using the Illustra bacteria
genomic Prep Mini spin kit (GE Healthcare, United Kingdom). DNA
integrity was routinely evaluated by electrophoresis in agarose gels stained
with Safe DNA gel stain (Invitrogen), and its quality was evaluated by
determining the absorbance ratio at A, ¢,/A,g,. All DNA cloning and liga-
tion was carried out according to standard recombinant DNA techniques
(2,43).

Oligonucleotide design and PCR. Oligonucleotide sequences of the
primers used for PCR were as follows. The 5'-GGTAGGCCTATGAAAC
TATCACGTTTTGTAT-3' sense primer and the 5'-TAATCTCTCTTGA
TATAGGTAAGCTTATCA-3’ antisense primer were used to amplify an
852-bp fragment encoding p31. The 5'-TAAAGTAACGGAGAATTTAC
ATGAA-3' sense primer and 5'-TTAATAAAGCTTAAATTACCATATC
CACG-3' antisense primer were used to amplify an 870-bp fragment that
encoded p40. Primers were designed with the Stul restriction enzyme site
in both forward primers and HindIII in both reverse primers to achieve
directional cloning in the expression vector.

PCR was performed using a Perkin-Elmer GeneAmp PCR System
2400 thermocycler (Perkin-Elmer, Foster City, CA). For all PCR experi-
ments, Platinum PCR SuperMix High Fidelity (Invitrogen) was used.
PCR products were visualized on 1.5% agarose gels stained with Safe DNA
gel stain (Invitrogen). Optimal annealing temperatures were initially es-
tablished by testing a temperature gradient. All PCRs were performed
after a single denaturation step at 94°C for 5 min and involved 30 dena-
turation cycles at 94°C for 1 min, annealing for 1 min at 62°C for the p31
primers and at 58°C for the p40 primers, and extension at 72°C for 1 min,
followed by a final extension at 72°C for 5 min.

Construction of p31-pQE 30 Xa and p40-pQE 30 Xa and molecular
cloning. To clone the PCR products, fragments were purified from aga-
rose gels using the GFX PCR DNA and a gel band purification kit (GE
Healthcare) and cloned directly using the pCR TOPO 2.1 vector (Invitro-
gen). TOP10 bacteria were transformed by the CaCl, method, and posi-
tive clones were selected using the B-galactosidase reaction. Plasmid DNA
was obtained from E. coli using the plasmid Prep Mini spin kit (GE
Healthcare) and, for each insert, at least three clones were sequenced to
verify the sequence of both genes. Only clones that precisely matched the
reported sequence were used for subcloning and to express the fusion
protein. Sequences were obtained in a capillary ABI Prism 310 sequencer
(Applied Biosystems) and were compiled with the Chromas v2.31 and
DNASTAR, Inc., software packages before they were compared to the
sequences in databases using the BLAST program.

The pQE 30 Xa vector (Qiagen) was used to generate the fusion pro-
tein, which introduces a six-histidine tag and a site for factor Xa cleavage.
Previously cloned plasmid DNA with the PCR inserts was digested and
religated at the Stul and HindIII sites located at the ends of the p31 and
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TABLE 1 Rabbit and sheep groups

Sampling times

Vaccination (days) for blood
Group Rabbit immunogen Sheep immunogen times (days) (sera)
A Biobac 11 vias Biobac 11 vias 0, 14 0, 14, 21, 28, 35, 42
B Recombinant (30 pg) Recombinant (50 pg) 0,14 0, 14, 21, 28, 35, 42
C Recombinant (60 pg) Recombinant (100 p.g) 0,14 0, 14, 21, 28, 35, 42
D Biobac 7 vias Biobac 7 vias 0, 14 0, 14, 21, 28, 35, 42
E None [PBS + Al(OH);] None [PBS + Al(OH);] 0, 14 0, 14, 21, 28, 35, 42

p40 sequences, thereby generating two constructs expressing fusion pro-
teins, designated p31-pQE 30 Xa and p40-pQE 30 Xa, and theoretically
expressing 32.4- and 32-kDa derivatives, respectively. These constructs
were transformed into E. coli M 15 (Qiagen) to express the fusion proteins.

Fusion protein expression by IPTG and purification. IPTG (isopro-
pyl-B-p-thiogalactopyranoside) was used to express the fusion proteins.
Bacterial cultures were grown overnight, of which 1 ml was used to inoc-
ulate 50 ml of LB medium and allowed to grow for 2 h. Next, 1 mM IPTG
was added, and the culture was grown for a further 3 h. Finally, the crude
total extracts were obtained and examined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Fusion proteins were purified using the QIAexpress system (Qiagen),
based on the affinity of the histidine tag included in the fusion protein for
nickel-nitrilotriacetic acid (Ni-NTA) resin. Acid or basic buffers were
then used to elute fusion protein from the column in 500-p.l fractions and
factor Xa was used to isolate the protein from the total extracts. The total
protein was quantified by the Lowry method (31), and a small aliquot of
the extract (5 g of total protein) was examined by SDS-PAGE to confirm
the presence of proteins corresponding to the p31 and p40 fusion pro-
teins.

Production of anti-p31 and anti-p40 antibodies in rabbits. To pre-
pare the immunogen, the purified proteins in the elution buffer (8 M urea,
0.01 M Tris-HCI, 0.1 M NaH,PO,) were mixed (1/8 [vol/vol]) with the
adjuvant [0.25% Al(OH),] in sterile phosphate-buffered saline (PBS; pH
7.2). Once prepared, the immunogen was subcutaneously inoculated into
New Zealand White rabbits weighing approximately 2 kg. Two rabbits
were subcutaneously inoculated with each fusion protein (90 pg) on days
0, 14, and 21, and serum was collected prior to the first inoculation on day
0 (preimmune serum control) and after each inoculation (days 14 and
21). Finally, total serum was obtained by complete exsanguination of the
rabbit on day 31. The crude serum was heat inactivated and stored at
—20°C until it was analyzed in Western blots.

Protein electrophoresis and Western blotting. Western blots were
used to detect the production of antibodies against p31 and p40 in rabbits
immunized with the purified fusion proteins. Crude extracts of total pro-
tein were obtained in lysis buffer (PBS [pH 7.2], 4% SDS), and the ho-
mogenates were then centrifuged at 14,000 X g for 15 min at 4°C. The
supernatants were collected, and the protein content was determined us-
ing the Lowry method. Samples were diluted in PBS (pH 7.2) containing
4% SDS, denatured by boiling, and separated by electrophoresis on 10%
acrylamide gels. The proteins were then transferred onto nitrocellulose
membranes (Millipore, Bedford, MA), and the membranes were blocked
overnight at 4°C with 80 g/liter of nonfat milk in 0.1% PBS-Tween—Tris-
buffered saline (TBST). After the membranes were incubated with crude
rabbit serum (1:1,000) for 1 h at room temperature, the blots were washed
thoroughly in TBST and incubated for 1 h with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (1:5,000; Millipore). Immunoreactive
proteins were detected by ECL (ECL Western blot analysis system; GE
Healthcare) and analyzed using ChemiDoc (Bio-Rad Laboratories, Her-
cules, CA).

Vaccination and production of polyclonal antibodies in rabbits and
sheep. Twenty-five New Zealand White rabbits weighing ~2 kg were
divided into five groups (Table 1). The experimental vaccines (500 pl of
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each) were subcutaneously inoculated on days 0 and 14. Group A (posi-
tive control) was inoculated with a commercial bacterin (Biobac 11 vias)
composed of Clostridium chauvoei, Clostridium septicum, Clostridium
novyi, Clostridium sordellii, Clostridium perfringens type C, Clostridium
perfringens type D, Pasteurella multocida type A, Pasteurella multocida type
D, Mannheimia haemolytica serotype Al, Histophilus somni, and adjuvant
[AI(OH);]. Group B was vaccinated with the recombinant preparation
containing 30 pg of recombinant p31 (rp31) and 30 pg of recombinant
p40 (rp40) and complemented with the commercial vaccine Biobac 7 vias
(Clostridium chauvoei, Clostridium septicum, Clostridium novyi, Clostrid-
ium sordellii, Clostridium perfringens type C, Clostridium perfringens type
D, and Al(OH);. Rabbits of group C were inoculated with a recombinant
preparation composed of 60 g of rp31 plus 60 g of rp40 plus Biobac 7
vias. Group D (negative control) was inoculated with Biobac 7 vias, and
group E (negative control) was inoculated with adjuvant alone.

For the second experiment, 10 healthy female sheep (hybrids of Peli-
buey, Katahdin, and Blackbelly) weighing ~30 kg, were housed in corrals
and dewormed orally with 5% closantel. The animals were divided into
five groups and vaccinated in the lateral neck region on days 0 and 14 with
2.5 ml of each formulation. The groups were as follows: group A (positive
control) was immunized with the recombinant preparation alone; group
B was immunized with recombinant preparation containing 50 g of
rp31, 50 ng of rp40, and Biobac 7 vias; group C was immunized with a
recombinant preparation containing 100 pg of rp31, 100 g of rp40, and
Biobac 7 vias; group D (negative control) was immunized with Biobac 7
vias; and group E (negative control) with PBS and Al(OH);.

For antibody determination, serum samples were collected on days 0,
14, 21, 28, 35, and 42 and assayed for rp31, rp40, and H. somni whole
bacterial cell crude protein extract (WC) using a enzyme-linked immu-
nosorbent assay (ELISA). Protein extracts (WC) were prepared as de-
scribed previously, and 2 pg of total protein was assayed for each group.

ELISA. Polystyrene microplates (96-well) were coated separately with
H. somni WC in lysis buffer and recombinant proteins. The plates were
coated with 100 ng of each protein/well diluted in carbonate buffer (0.1 M
sodium carbonate, 0.1 M bicarbonate sodium [pH 9.6]), followed by in-
cubation for 16 to 18 h at 4°C. The supernatant was removed, and the
plates were washed four times in buffer (1.25 M NaCl, 250 mM Tris-HCl
[pH 7.9], 1% Tween 20), blocked with 2% nonfat milk in 0.1% TBST, and
incubated at 37°C for 1 h. Subsequently, the plates were washed, and the
WG, rp31, and rp40 samples were applied at a 1:800 dilution. After incu-
bation for 1 h at 37°C, the microplates were washed four times, followed
by incubation with the secondary antibody (HRP-conjugated anti-rabbit
IgG [1:1,000]; Millipore) for 1 h at 37°C. After o-phenylenediamine
(OPD; Sigma) was added as a peroxidase substrate, the plates were incu-
bated for 5 min at room temperature, and the absorbance was then read at
415 nm. The results were reported as the median values from independent
determinations each performed in triplicate and corrected versus the
background control. To determine the levels of anti-rp31 and anti-rp40
for the sheep IgG antibodies, the previous steps were repeated diluting the
serum 1:800 and using HRP-conjugated rabbit anti-sheep IgG (H+L,
1:1,000; Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD) as the
secondary antibody.
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FIG 2 Expression and purification of p31-pQE 30 Xa. (A) Induction of fusion
protein expression; (B) protein purification after elution from the column.

Bacterial challenge in BALB/c mice. As previously demonstrated (17,
18, 45), H. somni causes septicemia when inoculated intraperitoneally in
mice. Therefore, we selected this model to test for the efficacy of our
experimental vaccine.

Seventy-five male BALB/c mice weighing 26 to 32 g were housed under
controlled conditions of temperature, humidity, and lighting. The mice
were divided into five groups and injected intraperitoneally on days 0 and
14 with 250 pl of each formulation. Group A (positive control) was im-
munized with Biobac 11 vias. Group B was immunized with a recombi-
nant preparation containing 10 g of rp31, 10 pg of rp40, and Biobac 7
vias. Group C was immunized with a recombinant preparation containing
20 pg of rp31 plus 20 pg of rp40 plus Biobac 7 vias, and the negative
control groups D and E were immunized with Biobac 7 vias and PBS-
Al(OH)j, respectively. Since the final objective was to formulate and test a
combined experimental vaccine, we did not include groups to test each
recombinant protein individually.

All mice were challenged 28 days after the initial immunization with
approximately 3.3 X 10® CFU of virulent H. somni (ATCC 2336), injected
intraperitoneally, and their survival was monitored for 10 days. Necrop-
sies were performed to verify the effect of the bacterial challenge.

Animal care and use. The present study complied with all Institu-
tional Guidelines and the Official Mexican Regulations (35) for the pro-
duction, care, and use of laboratory animals. The protocol was approved
by the local Animal Ethics Committee. Every effort was made to minimize
animal suffering and the number of animals used.

Statistical analyses. The Fisher exact test was used to evaluate the
protection against H. somni, and the results are presented as a Kaplan-
Meier curve. ELISA results were compared by analysis of variance.

RESULTS

Induction of rp31-pQE 30 Xa and rp40-pQE 30 Xa expression.
PCR fragments from of each gene were initially cloned into pCR
2.1 TOPO (Invitrogen), digested and the gel-purified Stul-
HindIII restriction fragments were subcloned into the pQE-30 Xa
expression vector (Qiagen). The fusion proteins were expressed in
M-15 E. coli (Invitrogen) transformed by heat shock.

In the case of p31, the whole protein was cloned (Fig. 1A) as a
283-amino-acid polypeptide to generate a fusion protein with a
theoretical molecular mass of 32 kDa that included the histidine
tag and the Xa factor recognition site. The fusion protein was
clearly induced by IPTG, and its electrophoretic migration corre-
sponded well with the theoretical molecular mass (Fig. 2A). The
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FIG 3 Expression and purification of p40-pQE 30 Xa. (A) Induction of fusion
protein expression; (B) protein purification after elution from the column.

construct used for p40 (LppB) contained 289 amino acids and
included the tag and protease recognition site. The resulting fu-
sion protein had a theoretical molecular mass of 32 kDa. Although
this protein was also clearly induced by IPTG, it had a slightly
higher electrophoretic mobility than expected (Fig. 3A).

Fusion protein purification and antibody production. Fu-
sion proteins were purified from the crude extracts using the QIA-
express assay system (Qiagen), and they were analyzed by SDS-
PAGE (Fig. 2B and 3B). Three New Zealand White rabbits were
immunized with 30 g of each protein (a total of 90 pg) on days 0,
14, and 21 after collecting preimmune serum prior to the first
immunization as an internal control. Ten days after the last im-
munization the rabbits were sacrificed and exsanguinated to ob-
tain the final serum sample. All samples were analyzed in Western
blots of total protein extracts, with or without the induced pro-
teins (Fig. 4A [p31] and B [p40]).

ELISA analysis of the antibody response. Antibodies against
H. somni, rp31 and rp40, were evaluated by ELISA in two experi-
mental models (rabbits and sheep). Vaccination of rabbits with
commercial bacterin (Biobac 11 vias) and recombinant vaccine
formulations stimulated detectable levels of anti-p31 and anti-p40
antibodies (Fig. 5A), with significant increases in antibody pro-

A B

kD M +IPTG P5 P2

FIG 4 (A and B) Western blot analysis of rabbit serum. Serum containing
antibodies against p31 (A) and p40 (B). M, molecular mass marker; +I1PTG,
total bacterial extract in which expression was induced; P5, 5 pg of the purified
fusion protein; P2, 2 pg of purified fusion protein.
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FIG 5 Results from ELISA analysis. (A) Rabbits. Group A (positive control) was inoculated with a commercial bacterin (Biobac 11 vias [see Materials and
Methods]). Group B was vaccinated with a recombinant preparation containing 30 pg of recombinant p31 (rp31) and 30 pg of recombinant p40 (rp40)
and complemented with the commercial vaccine Biobac 7 vias. Group C was inoculated with a recombinant preparation containing 60 g of rp31, 60 g of rp40,
and Biobac 7 vias. Negative control groups D and E were inoculated with Biobac 7 vias and PBS-adjuvant [Al(OH),], respectively. (B) Sheep. Group A (positive
control) was immunized with the recombinant preparation alone. Group B was immunized with a recombinant preparation containing 50 pg of rp31, 50 pg of
rp40, and Biobac 7 vias. Group C was immunized with a recombinant preparation containing 100 pg of rp31, 100 g of rp40, and Biobac 7 vias. Negative control
groups D and E were inoculated with Biobac 7 vias and PBS-adjuvant [AI(OH);], respectively.

duction observed from day 21. For rp31, the antibody response
was significantly greater in group C (rp31, 60 pg) than in groups A
and B, whereas no antibody production was observed in groups D
or E (negative controls). For rp40, the antibody response was sig-
nificantly greater in group B (rp40, 30 pg) than in groups A and C,
also was higher in group C (rp40, 60 pg) than in group A (com-
mercial vaccine).

In the second experiment (Fig. 5B), serum samples from sheep
were analyzed for rp31 and rp40 and for WC H. somni. Increases
in anti-p31 and anti-rp40 were clearly observed from day 21 in
groups B (rp31 + rp40, 50 pg) and C (rp31 + rp40, 100 pg)
(recombinant vaccine formulations), with greater responses in the
latter group for p31, when comparing with controls but also with
commercial vaccine (group A). Increased levels of anti-WC H.
somni were detected from day 14 in all groups treated with the
commercial and recombinant vaccine formulations, at a similar
levels until day 42.

Immunization of rabbits and sheep with experimental vaccines
complemented with recombinant proteins strongly stimulated
the dose-dependent production of antibodies against p31 and p40
(Fig. 5). Hence, the recombinant proteins used in these experi-
ments are clearly immunogenic and can be used to formulate vac-
cines against BRD.

Bacterial challenge. Protection against bacterial challenge
with pathogenic H. somni was analyzed by the Fisher exact test,
and the results are summarized on a Kaplan-Meier curve (Fig. 6).
Mice were monitored for 10 days after challenge with 3.3 X 10*
CFU of virulent H. somni, and protection was observed in groups
A, B, and C as follows: group A (Biobac 11 vias), 93% survival;
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group B (immunized with a low dose of recombinant vaccine
(rp31 + rp40, 10 pg of each), 87% survival; and group C (immu-
nized with a high dose of recombinant vaccine (20 pg of rp31 +
rp40), 100% survival. No protective effects were observed in the
negative control groups (D and E), in which no survival was ob-
served following the challenge. The protective effect of the com-
mercial (Biobac 11 vias) and recombinant vaccines (containing
rp31 and rp40) was significantly greater (P < 0.0001) than that of
the negative controls (Biobac 7 vias and adjuvant).

DISCUSSION

BRD is generally detected in cattle raised on farms with poor or
nonexistent cattle health management plans (20), but many feed-
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FIG 6 Result of challenge test in BALB/c mice. A Kaplan-Meier curve shows
the percent survival over time.
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lots, calf raising facilities, and other facilities with excellent man-
agement also still have a considerable BRD problem (14, 15, 20,
33, 47). Therefore, the use of vaccines as a preventative measure is
important to prevent the spread of this disease (40). Although
several commercial vaccines were developed prior to the 1990s
(reviewed in reference 41), most caused secondary adverse reac-
tions (12), emphasizing the need to develop recombinant vaccines
in which the presence of more than one antigen may increase
efficacy. The results presented here demonstrate that a recombi-
nant experimental vaccine containing protein fragments of two
OMP H. somni antigens, p31 (Plp4) and p40 (LppB), induced high
antibody titers in mice and sheep. Furthermore, this vaccine for-
mulation protected mice from septicemia after bacterial chal-
lenge. In addition, the use of AI(OH); as an adjuvant potentiated
the immune response, thereby maximizing the potency and effi-
cacy of the antigens, which are generated in limited amounts (13),
and enhancing the immune response (46).

Protective effects of antibodies against the H. somni OMPs
p31 (Plp4) and p40 (LppB). The immunogenic potential of some
H. somni proteins has been previously assessed, demonstrating
that they can produce partial protection against bacterial infec-
tion. Among antigens most probably involved in stimulating host
defense as well as immunopathology, OMPs are relevant as viru-
lence factors (6, 9).

Proteins on the cell surface undoubtedly play an important
role in H. somni virulence and host immunity (reviewed in refer-
ence 44). Because Gram-negative bacteria exhibit a high degree of
genomic variability in some of its proteins, conserved OMPs be-
came relevant immunogenic targets that are able to elicit cellular
mechanisms of host defense involving the antigen-induced release
of cytokines from lymphocytes and the resulting activation of
macrophages with the ability to kill the pathogen.

For example, a 40-kDa OMP from H. somni was proposed as a
candidate protective protein against pneumonia in calves follow-
ing active immunization (19). However, according to a recent
analysis of genes and gene products putatively involved in H.
sommni strain 2336 virulence, this protein corresponds to a different
OMP than the p40 (LppB) used here (see Table 2 in reference 44).
A 78-kDa OMP antigen that was also shown to be consistently and
intensely immunoreactive in Western blots of H. somnus WC re-
acted with convalescent-phase serum from cattle with experimen-
tal H. somnus pneumonia (26). However, this antigen failed to
elicit protective effects (19).

An immunoglobulin binding protein A (IbpA) containing a
Fic motif involved in the virulence of several pathogens (42, 53)
was recently described (30, 55) as a viable vaccine candidate in the
bovine host. Immunization with the IbpA DR2 subunit from H.
somni was demonstrated to partially protect against bacterial in-
fection in a natural host (16, 30). However, further studies will be
necessary to determine the immunogenic properties of the differ-
ent virulence factors involved in H. somni infection, since the ev-
idence for protection against pneumonia by current vaccines re-
mains controversial (29, 48).

Although further immunogenic studies in beef cattle are re-
quired, the results presented here demonstrate for the first time
that the antibody response in rabbits and in sheep against two H.
somni OMPs, p31 (Plp4) and p40 (LppB), is relevant. In addition,
when combined with a commercial vaccine for other bacterial
diseases (Biovac 7 vias), recombinant fragments of p31 (Plp4) and
p40 (LppB), which appear to be conserved structural proteins of
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the outer bacterial membrane, exert a protective effect against H.
sommni bacterial challenge in mice.

p31 and p40 structure and possible functional implications.
The electrophoretic mobility observed for the p40 fusion pro-
tein corresponded to that originally reported for this protein
(8, 50), although it was slightly higher than theoretically ex-
pected. This protein is rich in proline (8%), asparagine (8.0%),
and isoleucine (9.7%) compared to the average amino acid
composition of vertebrate proteins (54), a profile that may in-
fluence its electrophoretic mobility. The fusion protein also
contains some putative peptidoglycan binding sites (32), which
may modify its relative molecular mobility. In addition, the
increased electrophoretic mobility described here may be par-
tially due to the addition of a histidine tag and the factor Xa
recognition site. Nonetheless, when the clones were sequenced
they precisely matched the reported sequence, and thus the
induced fusion protein corresponds to p40.

It is of interest to determine whether the organization of the
distinct domains in these two proteins are implicated in the effects
of H. somni on endothelial cells and in the aggregation of platelets
to form thrombi in blood vessels (19). These phenomena induce
endothelial cell proinflammatory responses and platelet internal-
ization (27), and they trigger cytoskeletal alterations that increase
the permeability of the endothelium (4), resulting in the redistri-
bution of PECAM 1 on the surfaces of bronchial endothelial cells
(51).

Further studies are thus required with antibodies that identify
p31 (Plp4) and p40 (LppB), such as those described here, that can
be used to study their effects at the cellular level (e.g., by analyzing
the antibody neutralization of these two proteins in vitro).

Finally, the basis of viral/bacterial synergism and the manner in
which cattle respond to the virulence strategies of bacterial patho-
gens remain poorly understood (10). The ability of H. somni to
resist leukocytes while creating a proinflammatory and procoagu-
lation environment at the endothelial cell surface and the ability of
M. haemolytica to circumvent leukocyte antibacterial activity via
its leukotoxin LKTA probably contribute to the intense inflamma-
tion that characterizes BRD (10). As such, it seems feasible to
propose that a vaccine that combines antigenic surface proteins
from M. haemolytica (e.g., different fragments of LktA and Plp) (7,
22)and H. somni (e.g., p31 and p40, as demonstrated here) may be
useful in preventing infection and reducing the incidence of BRD.
Further experiments would be needed to test this hypothesis.
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