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Abstract:  P. multocida and B. bronchiseptica are widespread and costly swine 
pathogens which have multiple roles in respiratory disease and PRDC.  A toxin 
produced by P. multocida (PMT) is the primary virulence factor and major protective 
immunogen in swine.  Although the protective immunogens of B. bronchiseptica have 
not been fully defined, the membrane protein pertactin is of major importance.  Currently 
available vaccines induce only weak responses against these antigens.  Large-scale 
purification of  PMT and pertactin, which would permit their use as stand-alone vaccines 
or as additives to traditional ones, is not feasible due to technical difficulties and 
expense.  DNA vaccine technology may overcome these limitations and provide a 
practical solution for improving vaccine efficacy. 

We cloned fragments of the P. multocida PMT gene into two different DNA 
vaccine vectors designed to elicit predominantly antibody or cell-mediated immune 
responses.  Initially, the DNA vaccines were engineered to contain a partial PMT gene 
designed to retain immunogenicity but eliminate toxic enzymatic activity.  Although both 
vaccines were nontoxic in mice, only one elicited an immune response following a single 
injection.  Surprisingly, the response disappeared in mice boosted with additional 
injections.  Redesigned, second-generation vaccines were subsequently constructed, 
containing the entire coding region for PMT but with a single base pair change that has 
been demonstrated to completely eliminate enzymatic activity.  Both vaccines appeared 
completely nontoxic but, again, only one elicited an immune response in mice.  
However, the level of antibody production was considerably higher than that seen with 
the previously tested vaccine.  Furthermore, booster injections resulted in significantly 
increased levels of PMT-specific antibodies.  When this vaccine was used to immunize 
naive pigs PMT-specific antibodies were detected in the serum of 10% of the animals 
following 1 injection and in 75% following a booster injection.  No cell-mediated 
response was evident.  This is the first demonstration that PMT-specific antibody, which 
is known to protect against disease, can be elicited in swine with DNA vaccines.   

A portion of the gene for B. bronchiseptica pertactin has also been cloned into 
the DNA vaccine vector successfully used for PMT.  Future studies will establish optimal 
immunization regimens for maximal antibody production and determine minimal 
antibody levels required for protection.  
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Introduction:  Swine respiratory disease results in annual losses in the U.S. estimated 
at more than $210 million.  The pathogens Pasteurella multocida and Bordetella 
bronchiseptica are frequently associated with respiratory disease outbreaks, despite the 
fact that whole-cell vaccines for these agents have been available for many years.  
Surveys reveal that a majority of U.S. swine veterinary specialists use P. multocida and 
B. bronchiseptica vaccines, but only about one-third are satisfied with their efficacy. 

P. multocida is an etiologic agent of severe, progressive atrophic rhinitis in swine. 
 It is also a secondary invader in enzootic pneumonia and is the most commonly 
diagnosed secondary respiratory pathogen in U.S. swine herds.  A toxin produced by 
this organism (PMT) is its primary virulence factor in swine and is the major protective 
immunogen.  However, P. multocida produces only low levels of toxin such that the 
toxin-specific antibody response induced by whole-cell vaccines is minimal. 
   B. bronchiseptica is widely prevalent in swine and has multiple roles in disease.  
In very young pigs it causes severe bronchopneumonia.  It is also an etiologic agent of 
moderate to mild atrophic rhinitis and permits colonization of the respiratory tract by P. 
multocida, which is otherwise generally unable to establish infection in swine.  Recently 
it has been shown that asymptomatic, B. bronchiseptica-infected pigs develop B. 
bronchiseptica pulmonary infection when co-infected wtih PRRS virus.  Although the 
protective immunogens of B. bronchiseptica have not been fully defined, the membrane 
protein pertactin is of major importance in swine.  Yet, only a minor portion of the 
antibody response elicited by many whole-cell vaccines is directed against this protein. 
    Large-scale purification of PMT and pertactin, which would permit their use as 
stand-alone vaccines or as additives to traditional ones, is not feasible due to technical 
difficulties and expense. We propose that DNA vaccine technology may overcome 
these limitations and provide a practical means by which vaccine efficacy can be 
improved.  
 
Objectives:  Our overall goal is to generate DNA vaccine constructs, containing 
fragments of the P. multocida PMT gene or B. bronchiseptica pertactin gene, that will 
elicit protective immune responses in swine.  Specific objectives in pursuit of this goal 
are:  1)  independently clone fragments of the PMT and pertactin genes into DNA 
expression vectors that target either humoral or cell-mediated immune responses; 2) 
establish functionality and immunogenicity of DNA vaccine inserts; 3) evaluate 
protective efficacy of potential DNA vaccines. 
 
Materials and Methods:  The 2 DNA vaccine vectors utilized, VR1020 and VR1028 
(provided gratis by Vical, Inc.), were expected to favor humoral or cell-mediated 
immunity, respectively.  Expression of inserted DNA is driven by a strong eukaryotic 
cytomegalovirus promoter.  VR1020 has a tissue plasminogen activator signal 
sequence that promotes secretion of the gene product.   
    PCR with a high fidelity polymerase was used to generate PMT and pertactin 
gene fragments for cloning.  Fragments were inserted into the BamHI sites of VR1020 
or VR1028.  DNA sequencing of recombinant plasmids was carried out on an ABI 377 
sequencer, at the NADC sequencing facility, using fluorescence-based cycle 
sequencing with AmpliTaq and BigDyeJ Terminators.  Sequences were analyzed using 
Vector NTI Suite software (Informax, Inc.).  A site-directed mutagenesis kit (Stratagene) 
was used to introduce a point mutation into the second-generation PMT vaccine 
construct.  Plasmids were column-purified for both in vitro analysis and in vivo use 
(Qiagen, Inc.)  For the latter, endotoxin-free reagents were utilized.  The codon 
adaptation index for the PMT gene was determined using the Univ. of Maryland, 
Baltimore County, Biological Sciences CAI calculator 
(www.evolvingcode.net/codon/CAI_Calculator.php).  
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    Groups of 15-20 mice each were injected in the right hind quadriceps with 50ug 
of recombinant or vector plasmids.  Three weeks later mice were boosted with 50ug of 
DNA.  An additional boost was administered 4 weeks later.  One-third of the mice from 
each group were euthanized prior to the first and second boosts, and 4 weeks after the 
second boost.  Blood and spleen cells were collected from all injected mice and from 
nonimmunized mice euthanized prior to the first injection.  A variety of tissues was 
recovered from mice at the time of euthanasia, including muscle, spleen, liver, and 
kidney.  Tissues were fixed in 10% neutral buffered formalin, trimmed, and paraffin 
embedded.  Five micron sections were cut, stained with hematoxylin and eosin, and 
examined by light microscopy.  Sections from the quadriceps muscle chosen as the site 
of injection were processed for immunohistochemical analysis using a previously 
generated polyclonal pig anti-PMT antiserum and a biotin/avidin-alkaline phosphatase 
detection system. 
    For evaluation of immunogenicity in swine, 20 pigs each (at 3-4 weeks of age) 
were injected intradermally with 500ug of either recombinant or vector plasmids split 
between 5 sites (1 in each ear and 3 spread across the back of the neck).  Three weeks 
later all pigs were bled and then given booster injections, identical to the first.  Two 
weeks later pigs were bled.  Fifteen seronegative vector-only controls and 15 
immunized pigs with a detectable PMT-specific antibody response were challenged with 
a virulent strain of B. bronchiseptica (5 x 106 cfu in each nostril), followed by 2.5 x 107 
cfu of toxigenic P. multocida per nostril.  Remaining pigs (5 seronegative vector-only 
controls and 5 immunized pigs that were seronegative) were infected only with B. 
bronchiseptica.  Four weeks later all animals were euthanized.  Respiratory tissues 
were examined visually for evidence of disease.  Snouts were sectioned at the first 
premolar and visually scored for turbinate atrophy.  Turbinate and tonsil samples were 
homogenized and plated to determine colonization levels of P. multocida and B. 
bronchiseptica.  Nasal swabs were collected from all pigs upon arrival at the NADC and 
at the time of injection and/or bleeding.  Swabs were plated on media for isolation of P. 
multocida and B. bronchiseptica. 
    Pooled mouse sera and individual swine sera were tested by ELISA to assess 
anti-PMT response.  Samples displaying an absorbance at 405nm greater than the 
average plus 3 standard deviations of the vector-immunized controls were considered 
positive.  PMT-specific secretion of IFN-γ, measured with a sandwich ELISA, was used 
a marker for cellular immune responses in mice.  Units of IFN-γ were calculated with 
reference to a recombinant IFN-γ standard.  In pigs, IFN-γ secretion was examined by 
the more sensitive technique of RT-PCR using RNA isolated from peripheral blood 
mononuclear cells.  ELISA and colonization data were analyzed using a 2-tailed 
Student’s t test. 
 
Results: 
      Objective 1):  PMT is a 1285 amino acid protein encoded by the toxA gene.  Since 
cloning the entire gene into an expression vector would result in production of 
enzymatically active toxin, it was necessary for us to clone only a portion of the gene.  
Based on information available in the literature at the outset of this project describing 
the localization of immunogenic epitopes and functional domains, a portion of the toxA 
gene predicted to be enzymatically inert while retaining immunogenicity was chosen for 
cloning.  This fragment, designated toxA 3/4, codes for all but the first 199 amino acids 
of the native protein.  We successfully generated this fragment by PCR and cloned it 
into the DNA vaccine expression vectors VR 1020 and VR 1028 to yield pPR1 and 
pPb10, respectively (Fig. 1). 



 4

5046 bp

Kan (R)

TPA signal peptide

CMV promoter/enhancer

BGH terminator Bam HI

VR1020
8463 bp

Kan (R)

toxA 3/4

CMV promoter/enhancer

BGH terminator

pPR1 Bam HI

TPA signal peptide

4973 bp

Kan (R)

CMV promoter/enhancer

BGH terminator Bam HI

VR1028
8390 bp

Kan (R)

toxA 3/4

CMV promoter/enhancer

BGH terminator

pPB10 Bam HI

 

Fig. 1.  Strategy for construction of recombinant plasmids pPR1 
and pPB10 by insertion of a portion of the toxA gene (toxA 3/4) 
into the DNA vaccine vectors VR1020 or  VR1028. 
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Restriction enzyme analysis was used to confirm the presence of a DNA insert.  

Construction of second-generation PMT DNA vaccines was based on recently reported 
information regarding amino acid residues in the toxin that are critical for activity.  Two 
groups have now reported that activity of PMT can be completely abolished by changing 
the cysteine at position 1165 to a serine (Fig. 2A).  Structure studies demonstrated the 
protein is otherwise unaltered, suggesting that full immunogenicity should be 
maintained.  Accordingly, we used PCR to generate the entire toxA coding region.  
Introduction of a G to C point mutation at base position 3494 was accomplished by site-
directed mutagenesis.  The mutated amplicon was cloned into either VR1020 or 
VR1028 and designated pMM4 or pMM5, respectively. 
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The B. bronchiseptica pertactin gene codes for a protein of approximately 93Kd, 
which is rapidly processed to a 68Kd form.  We have used PCR to produce the segment 
of the gene coding for the 68Kd processed protein and cloned this fragment into 
VR1020 and VR1028.  Restriction enzyme analysis of the recombinant plasmids 
confirmed the presence of inserts of the appropriate size. 
    
Objective 2):  Prior to use in mice, pPR1 and pPB10 were sequenced at the cloning 
site junction (Fig. 3) to ensure the native reading frame of the insert was maintained, 
which is crucial for proper expression of the cloned DNA.  The remaining sequence of 
the entire insert was also confirmed to rule out the possibility of misincorporation errors 
resulting during PCR amplification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 

When administered to mice, a low-level PMT-specific antibody response was 
evident 3 weeks after the primary injection with both pPR1 and pPB10 (Fig. 4).  Titers in 
both groups were between 102 and 103.  Unexpectedly, this response disappeared in 
mice boosted with additional antigen.  A cell-mediated response was also evident, but 
only in the group given pPR1 and, again, only following the first injection (Fig. 5).  
Production of PMT antigen in muscle tissue from the injection site was not detected 
following immunohistochemical analysis. However, tissues were only collected for 
evaluation at the termination of the experiment. 
 

Fig. 2.  A) Strategy for second generation PMT DNA vaccine.  The top 2 lines show the native amino 
acid and DNA sequence of the toxA gene covering amino acids 1160 through 1169.  By incorporating 
a G to C mutation at the location indicated, the cysteine at position 1165 is modified to a serine.  B)  
DNA sequence trace data derived from pMM4 demonstrating incorporation of the G to C mutation at 
base pair 3497 (arrow).  Similar results were obtained with pMM5. 

Fig. 3.  DNA sequence trace data derived from pPR1 demonstrating insertion of the 
toxA sequence in the native reading frame.  Similar results were obtained with pPB10. 
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Amino acid translation: 

GTT TCG CCC AGC GGT ACC GGA TCC  CAT GAT TAT GGT CCA GAA TAT... 
                                                   
                       TPA signal peptide sequence                  start of toxA sequence 
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         One possible explanation for the failure of pPR1 and pPB10 to boost and maintain 
an immune response is that the PMT DNA sequence contains rare codons or results in 
poor codon usage when expressed in the mouse. To compare codon usage in the PMT 
gene with codon distribution in the mouse, the codon adaptation index (CAI) was 
determined.  An index of 0.64 was obtained. A CAI of  ≥0.5 is indicative of acceptable 
codon distribution between the gene of interest and the host species.  Therefore, use of 
the native PMT gene sequence in the mouse is predicted to result in a satisfactory level 
of expression.  Based on the information described above demonstrating a means to 
genetically inactivate PMT with a point mutation, pMM4 and pMM5 were constructed. 
The sequence of both the insert and the cloning junction was verified prior to use in 
mice (Fig. 2B).   
    A single injection of pMM4, but not pMM5, elicited a detectable antibody 
response in mice (Fig. 4).  Antibody responses increased significantly after additional 
booster injections with pMM4, but not with pMM5.  Endpoint titers are all >103.   

    IFN-γ secretion from stimulated spleen cells was two-fold higher in mice given 3 
injections of pMM4 as compared to control mice.  IFN-γ secretion from mice given 3 
injections of pMM5 was also elevated, although it is not currently clear whether this 
difference is statistically significant.  Additional analysis of these data is ongoing, but at 
present it can be concluded that pMM4 induces a small, but significant, cell-mediated 
immune response in mice. 
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    Recombinant plasmids confirmed by restriction enzyme analysis to contain 
appropriately sized pertactin gene inserts are currently being sequenced.  Since there is 
a growing body of literature documenting the immunogenicity of this protein in both 
rodents and swine, and since extra mice were required for the PMT portion of this work, 
we intend to proceed directly to pigs for in vivo testing of pertactin DNA vaccines. 
    
Objective 3:  Although the pigs used for this experiment were obtained from a high-
health herd, routine swabbing upon arrival at the NADC revealed several to be infected 
with B. bronchiseptica (confirmed by both standard biochemical testing and PCR).  At 
no time prior to challenge was P. multocida identified from swabs and all animals 
appeared healthy and vigorous with no clinical signs of disease.  While we expected 
that prior colonization with an uncharacterized strain of B. bronchiseptica might 
complicate interpretation of the challenge phase of the experiment, a determination as 
to the immunogenicity of the DNA vaccine would still be valid.  On that basis, and 
because it was not possible to obtain a different set of animals, a decision was made to 
proceed with the experiment as planned.   
    Following a single injection of the recombinant plasmid pMM4, 2 of 20 swine 
seroconverted as determined by an anti-PMT-specific ELISA.  After a second series of 
booster injections 15 of 20 pigs were seropositive.  None of the animals immunized with 
the vector control plasmid seroconverted.  When ELISA values for sera from all positive 
pigs are compared with those from the control group (Fig. 6) the differences are 
statistically significant (p≤ 0.02).  Some individual variation in antibody levels was 
observed within the group of seropositive animals.  Antibody levels were highest 
following the second injection and appeared to have fallen slightly at the time the 
experiment was terminated (6 weeks after the booster injections).  However, these 
differences are not statistically significant. 
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Fig. 6.  Mean ELISA values from pigs injected with vector only (control 
group, n=20) or responders injected with PMT recombinant plasmid 
(immunized group (n=15).  The first bleed was at 3 weeks after the first 
injections, the second bleed at 2 weeks after the booster injections, 
and the third bleed at the termination of the experiment (4 weeks after 
bacterial challenge and 6 weeks after the booster injections.) 
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Although by this time B. bronchiseptica had spread to nearly all pigs, it was felt 
that the best course of action was to infect animals as planned with our virulent 
challenge strain since it was unclear whether the pre-existing strain would predispose to 
P. multocida colonization, a necessary condition for the challenge results to be valid.  
Following the B. bronchiseptica/P. multocida challenge no clinical signs of disease were 
observed in any of the animals.  Tonsil and turbinate colonization with B. bronchiseptica 
was sporadic (Table 1) and the cfu/g detected in positive pigs was generally far below 
that seen in a typical challenge experiment.  Although most tonsils of challenged pigs 
had detectable numbers of P. multocida, the cfu/g present were similarly low.  No 
turbinate atrophy was noted in snout cross-sections of any of the pigs in the study.  The 
average cfu/g of P. multocida in tonsil was higher in the vector-immunized control group 
than in the pMM4, PMT-seropositive group (173.0 x 103 versus 96.2 x 103), but the 
difference is just short of statistical significance (p=0.11).   Similar results were obtained 
after analysis of the turbinate colonization data (19.9 x 103 cfu/g of P. multocida in 
vector-immunized controls versus 0.2 x 103 cfu/g in PMT-seropositive pigs; p=0.16).  No 
evidence for a cell-mediated immune response was found, as there was no detectable 
difference in the level of IFN-γ mRNA expression from peripheral blood monocytes of 
PMT-seropositive pigs as compared to controls. 
 
 
Table 1.  Colonization data from tonsil and turbinate 
 
                                                                                                 # pos for Bb                   # pos for Pm 
               Treatment                                                     n         tonsil     turbinate          tonsil     turbinate 

 
VR1020 (control) / Bb + Pm challenge          15           1              3                   12             6 
 
pMM4, PMT-seropositive / Bb + Pm challenge       15           1              6                   10             3 
 
VR1020 (control) / Bb challenge             5            0              2                    --             -- 
 
pMM4 nonresponders / Bb challenge            5            0              0                    --             -- 
 
 
Discussion:  The results obtained with pPB1 and pPR10 are surprising.  We are 
unaware of any obvious explanation for their inability to sustain an anti-PMT response.  
Mapping of functional domains and antigenic epitopes predicts the truncated protein 
encoded should be enzymatically inactive while retaining immunogenicity.  However, 
missing amino-terminal sequence may result in poor immunogenicity in vivo.  PMT is 
known to have pleiotropic effects on many organs, including tissues involved in immune 
responses.  Although no toxic effects or other evidence of enzymatic activity were 
apparent using these PMT constructs, the resulting partial protein may retain some 
activities that could down-regulate immune response. 
    In contrast, the detoxified PMT encoded by pMM4 appears to be highly 
immunogenic.  We have so far been unable to demonstrate with immunohistochemistry 
the presence of PMT antigen in tissue retrieved from injection sites.  Since tissues are 
only recovered 3 to 4 weeks after the previous injection it may be that antigen 
production is no longer occurring or has been reduced to a level undetectable by this 
methodology.  We hope to detect the presence of toxA DNA in the tissues by PCR, 
since it does not rely on continued expression of the recombinant protein.  However, 
protein expression from pMM4 clearly occurred for at least some period of time after 
each injection, given the vigorous antibody responses observed.  Although the 
recombinant PMT did not appear to elicit any toxic effects, reliance on a single point 
mutation for elimination of toxic activity is insufficient for nonexperimental use.  One 
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additional point mutation that inactivates PMT has now been identified by others.  
Incorporation of this mutation, and perhaps others, into future constructs will provide a 
safer vaccine that should retain immunogenicity.   
    As predicted, constructs using the vector VR1020 resulted in increased antibody 
responses as compared to those using VR1028.  This result has also been obtained by 
a number of other groups using these vectors with genes from other infectious agents.  
However, based on information available to date, VR1028-based vaccines also failed to 
induce PMT-specific cell-mediated responses in either mice or pigs.  Review of the 
literature shows that results with these vectors, and with many other vector systems for 
DNA vaccines, are highly variable and depend upon a number of additional factors 
including the specific gene used, route of administration, dosage, etc.  This makes it 
difficult to directly compare our results with those of other investigators.  It may be that 
immune responses to our constructs can be enhanced by alteration of one or more of 
the factors mentioned above. 
    Results presented here demonstrate, for the first time, a serum antibody 
response to a PMT DNA vaccine in swine.  Since PMT-specific serum antibody has 
clearly been shown to protect against disease in swine, we are optimistic that this 
approach can be used to significantly increase the efficacy of standard whole-cell 
vaccines for atrophic rhinitis or, perhaps, be used as a replacement.  Roughly half the 
seropositive pigs in our study produced high levels of antibody, while the remainder had 
moderate to low levels.  Optimization of the immunization protocol will likely lead to 
enhanced responses and will perhaps increase the seroconversion rate.  Substitution of 
“gene-gun” immunization for injections may also enhance the response and avoids 
many of the problems associated with use of needles.  Although no evidence for a cell-
mediated immune response was found in pigs, there is currently no indication that such 
a response plays a role in protection against disease. 
    It was disappointing that we were unable to test the protective efficacy of the 
immune responses, as it will be helpful to know the minimal level of antibody required 
for complete protection.  The absence of turbinate atrophy in the positive control group 
(seronegative pigs challenged with B. bronchiseptica/P. multocida) is most likely due to 
poor colonization with B. bronchiseptica, which results in no/poor colonization with P. 
multocida.  We believe that immune clearance of the pre-existing B. bronchiseptica 
infection interfered with colonization by the experimental strain in our model system.  
Although most pigs in the control group did have at least low numbers of  P. multocida 
in the upper respiratory tract, it was apparently insufficient to cause disease.  The 
relatively advanced age of the pigs at the time of challenge also probably contributed to 
this failure.  Having now demonstrated good immunigenicity in swine, future 
experimental protocols can be modified to avoid this situation. 
    Some investigators have recently reported success with mucosal administration 
of DNA vaccines.  Once protective efficacy with pMM4 has been established, it would 
be useful to assess efficacy following mucosal application.  This route may provide 
enhanced protection since it more closely mimics the conditions of the disease and 
would also have the advantage of needle-less administration. 
 
Lay Interpretation:  The bacteria  P. multocida and B. bronchiseptica are widespread 
and costly swine pathogens.  They have multiple roles in respiratory disease and both 
contribute to complicated respiratory infections that also involve other bacteria and 
viruses.  A toxic protein produced by P. multocida (PMT) is primarily responsible for the 
disease this agent causes.  It is well-known that antibodies to PMT are very effective at 
preventing disease development.  Although the situation is not as clear-cut for B. 
bronchiseptica, the protein pertactin is clearly of major importance in protecting against 
disease.  Currently available vaccines induce only weak responses against these 
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proteins. Large-scale purification of PMT and pertactin, which would permit their use as 
stand-alone vaccines or as additives to traditional ones, is not feasible due to technical 
difficulties and expense. PMT used as a vaccine must also be inactivated in some way, 
to eliminate the toxic effects that it has under natural conditions.  DNA vaccine 
technology may overcome these limitations and provide a practical solution for 
improving vaccine efficacy. 
    We have constructed several potential DNA vaccines designed to induce immune 
responses against PMT and pertactin.  The PMT vaccines have been manipulated such 
that the usual toxicity of the protein should be eliminated.  Several slightly different 
versions were tested for their ability to induce immune responses in mice and one 
vaccine in particular has been found superior.  This vaccine was tested in pigs and 
shown to be immunogenic and completely nontoxic.  Seventy-five percent of pigs 
injected with the DNA vaccine produced PMT-specific antibodies after 2 sets of 
injections.  These responses are expected to be protective based on past research.  
Future studies will specifically address protection against bacterial challenge.  A 
pertactin vaccine with characteristics of the successful PMT vaccine has also been 
constructed and will also be tested in piglets in the near future.   
 
 
 
 
 


