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ABSTRACT

Pneumonic pasteurellosis is an acute respiratory disorder that results from
infection of the bovine lung by Pasteurella haemolytica Al. The primary virulence
determinant is a secreted, ruminant-specific leukotoxin (LktA). The leukotoxin is a pore
forming toxin that promotes inflammation and bacterial proliferation in the airways of .
infected animals. Studies continue to show that leukotoxin-neutralizing antibodies are
required for significant levels of protective immunity.. This laboratory has focused on
characterizing this toxin in an attempt to define important immunogenic epitopes which
could be incorporated into an effective vaccine. These studies were undertaken to
explore the ability of a novel vaccination approach to elicit protective leukotoxin-specific
antibodies in immunized mice. A plasmid encoding the immunogenic LktA fragment
corresponding to amino acids 715-953 was used in a DNA-based vaccine and was
examined for its efficacy in generating a leukotoxin-specific immune response in mice.
In addition, the potential immunostimulatory peptides, human IL-1 163-171 and human
acidic isoferritin 172-185, were incorporated into DNA-based vaccines and into GST-
fusion-protein vaccines, and monitored for the ability to augment the developing antibody
response. Results from these studies indicated 1) the leukotoxin-encoding plasmid used
in DNA-based vaccination is capable of generating protein-specific antibodies, however,
these antibodies are not neutralizing; 2) the adjuvant peptides are capable of augmenting

the immune response when incorporated in a DNA-based vaccine, although they do not
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contribute to the development of neutralizing antibodies; and 3) the adjuvant peptides do
not display immunostimulatory effects when incorporated between the GST moiety and

the LktA fragment in recombinant protein vaccines.
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CHAPTER 1

INTRODUCTION

The Disease

Bovine respiratory diseases continue to be a challenging problem to the beef and
dairy industry. Of particular concern is bovine pneumonic pasteurellosis, a fibrinous
pleuropneumonia caused by Pasteurella species and often associated with cattle
stockyards and shipping facilities (147). Also known as shipping fever, this pneumnonia is
one of the most prevalent causes of morbidity and mortality in cattle (208). The onset of
the disease is influenced by a variety of factors and is characterized by fever, weakness,
an influx of neutrophils and macrophages into the airways, accumulation of fibrinous
edema fluid in lung tissue, vascular thrombosis, and parenchymal necrosis of the lung
(227,266). Economic losses result from a delay in marketing animals, expénsive
treatments, and loss of animals. It is estimated that the loss to the North American beef

cattle industry alone is approximately one billion dollars (101).

Etiology

The cause of shipping fever is multifactorial. Stresses involved in transportation
and opportunistic viral and bacterial infections are key factors in the development of the
disease (80,280). During transportation, cattle are exposed to dusts, overcrowding,
extreme temperature changes, and irregular feeding schedules which when combined with
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stresses resulting from the weaning transition may lower natural defense mechanisms

(147,280). Viral infections also play a role in lowering the resistance of calves. Viruses
such as bovine herpesvirus-1 (BHV-1), parainfluenza-3 virus (PI-3), infectious bovine
rhinotracheitis virus (IBR), bovine viral diarrhea virus (BVDV), and bovine respiratory
syncytial virus (BRSV) are able to damage the respiratory tract and reduce bacterial
clearance mechanisms (9,25,75,117,204,280). Parainfluenza-3 virus, the most consistent
viral isolate from respiratory diseased cattle, infects ciliated epithelium of the upper and
lower respiratory tract as well as alveolar epithelium, interfering with normal clearance
mechanisms (22,25,117,122). BHV-1 inhibits the antimicrobial actions of bovine
leukocytes, also affecting the ability. of the host to clear microbes (75). Infections with
BVDYV affect the gastrointestinal tract and lymphoid tissue and, in addition, may produce
mild respiratory disease (203,204). BVDYV is also thought to cause immunosuppression
in cattle, impairing peripheral immunity and pulmonary resistance (203,204). BRSV and
IBR infections also damage the ciliated epithelium of the respiratory tract and contribute
to an overall suppression of the immune system. Viral infections in conjunction wnh
physical stresses from shipping, alter the normal immune functions causing the animals to
become more susceptible to infectious agents.

Many bacteria have also been associated with this type of bacterial pneumonia. P.
haemolytica, P. multocida, Haemophilus somnus, Corynebacterium species, and
Moycoplasma species have been isolated from lungs of diseased animals (39,106,279,280).
The most common isolate from pneumonic calves, however, is P. haemolytica Al (39,79)
This bacterium is normally found in the nasopharynx and tonsils of healthy animals with
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no adverse effects (80). Physical stresses and viral infections create an opportunity that
allows for the proliferation in the upper respiratory tract followed by inhalation into the
lower respiratory tract. The cause of death in animals diagnosed with pneumonic
pasteurellosis is most often attributed to infection by P. haemolytica Al (39). For this
reason, current research has focused on this organism in an attempt to eliminate or reduce

its consequences.

Pasteurella haemolytica-The Organism

Pasteurella haemolytica is a gram negative, facultative anaerobe, non-motile
coccobacillus which displays slight haemolysis when grown on 5% sheep blood agar
(2,229) The species is divided into seventeen serotypes based on indirect
hemagglutination techniques (2,283) and further divided into two biotypes based on
carbohydrate fermentation, colony morphology, growfh curves, and antibiotic sensitivity
(224). Biotype A consists of serotypes 1, 2, 5, 6, 7,8,9,11,12,13, 14, 16, and 17 which
are arabinose-fermenting and appear as small grayish éolonies (2,56). P. haemolytica Al
is the best characterized member of this group because of its role in the development of
shipping fever. Biotype T consists of serotypes 3, 4, 10, and 15. These isolates are
trehalose-fermenting and appear as larger brown colonies (2,229).

P. haemolytica A1l possesses many virulence factors. Lipopolysaccharide (LPS)
(36,120,209), fimbriae (185), a polysaccharide capsule (3), a neuraminidase (81,243), a
protease (197), and an exotoxin (leukotoxin) (10,120,121,221,222) are all potential

virulence determinants.



In both gram-negative and gram-positive bacteria, the presence of a capsule
correlates with virulence (46,82,161). ‘Organisms that produce capsules are better
protected from phagocytosis, antibody mediated opsonization, and complement-mediated
bactericidal activity (27,49,256). The capsule of P. haemolytica is a corﬁplex
polysaccharide that is primarily produced during log phase (2). The exact role of the
capsule in infection is under investigation, but it is likely that the capsule is important in
adhesion to alveolar and bronchiolar surfaces and in resistance to phagocytosis by
neutrophils (23). Antibodies to capsular material are important in host resistance, and,
therefore, the capsule may constitute an important vaccine component (39).

The LPS of P. haemolytica Al is similar to the LPS of other gram-negative
organisms. The LPS molecule is composed of the lipid A portion, a core oligosaccharide
region, and the antigenic polysaccharide chain referred to as the O antigen. 'fhis :
molecule comprises up to 25% of the dry weight of the cell (124). Following
colonization of the lung by P. haemolytica, LPS is responsible for initiating and
enhancing a strong inflammatory response (36,265). This endotoxin has a wide array of
biological activities including rﬁodiﬁcation of metabolic activities, enhancement of
phagocytic functions, alteration of migration of neutophils and macrophages, and
mitogenesis of lymphocytes (36,40,66). LPS also binds to neutrophils, macrophages,
endothelial cells, and the alveolar lining (40). Antibodies to the O antigen portion of LPS
have been used to identify cross-reactivity among P. haemolytica serotypes; however, it

is questionable whether antibodies to LPS enhance resistance (66).



Fimbriae are filamentous structures on the outer surface of some bacterial cells

and are thought to be important virulence factors in many gram negative infections
(98,126,174). These structures provide a mechanism of attachment to epithelial cells and
interfere with the flushing and cleansing mechanisms of the host (15,40,174). Their role
1in the development of disease is speculative, but they may initiate colonization of the
upper respiratory tract by acting as primary attachment factors to epithelial cells of the
nasopharyngeal mucosa and tonsils (185). Another factor that enhances virulence
through its role in mucosal adherence is a neuraminidase. It is postulated that this
enzyme cleaves fibronectin which may enhance bacterial adherence to respiratory
epithelium (81,265). Enzymatic activity has been monitored in culture fluid of bovine
lungs and may serve as a marker for determining virulent P. haemolytica isolates (81). A
neutral sialoglycoprotease is another enzyme believed to pléy a role in the pathogenesis
of many bacterial diseases. Bacteria such as Legionella pneumophilia and Pseudomonas
aeruginosa produce proteases and are associated with bacterial pneumonias which
exhibit cytotoxic activity for alveolar macrophages (80,145). A recent study suggests that
this protease may interact directly with bovine platelets to increase platelet activation and
adhesion to induce platelet clumping. This platelet activation may be an important
mediator of platelet and fibrin deposits which are observed in diseased cattle (195). The
exact roles of fimbriae, neuraminidase, and the protease in the pathogenesis of shipping
fever are unknown, but all are thought to contribute to the overall virulence of P.

haemolytica.



The most important virulence factor produced by P. haemolytica is a potent

cytotoxin. This toxin is specific for ruminant leukocytes and is referred to as a
leukotoxin (10,121,221). It is believed that the leukotoxin contributes to the pathogenesis
of shipping fever by impairing the primary lung defenses of the host (121,222,241). The
leukotoxin is a calcium-dependent cytotoxin that damages target cells by its pore forming
mechanism. The toxin must first bind calcium which enables it to then associate with the
target cell (17,18). Transmembrane pores (0.9-3.0 nm in diameter) are quickly formed in
the target cell. These pores act as channels for the rapid cytoplasmic efflux of potassium
ions and the influx of calcium ions. The pores, however, are small enough to prevent
leakage of cytoplasmic proteins (34). The cells are killed as they swell and round with
loss of cytoplasmic organization and loss of nuclear integrity until they eventually rupture
(10,13). The pathogenic effect of cell lysis instigated by the leukotoxin contribute to the
pulmopary lesions characteristic of this disease (33,163).

The effects of the leukotoxin are multiple. The leukotoxin can kill mononuclear
leukocytes as well as pulmonary alveolar macrophages and neutrophils, which function as
the primary defense mechanism against bacteria that reach the lung (13). These damaged
cells release proteolytic enzymes and reactive oxygen intermediates and may activate the
alternate complement pathway causing damage to epithelial tissue contributing to the
pathogenesis of pneumonic pasteurellosis (30,120,121,170,221,227). Increasing evidence
shows that neutrophils are the primary effector cells of lung injury associated with this
disease (184,227). Recent studies have indicated that IL-8 is a chemotatic factor that may
be responsible for the influx of neutrophils into the alveolar milieu during the initial
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stages of infection (142). IL-8 is known to be an important chemoattractant in human
pneumonia (22,235) and may be a key player in neutrophil-mediated tissue injury in
cattle (26). Interestingly, studies show that there is a reduction of lung damage in calves
that have been depleted of neutrophils by hydroxyurea (227). The effects of the
leukotoxin on leukocytes, macrophages, and neutrophils results in more than tissue
damage. Impaired phagocytic function might permit bacterial colonization, and
depressed lymphocyte activation could alter the induction of an antigen-specific immune
response (163). Studies show that the production of leukotoxin-neutralizing antibodies
.correlate with resistance to experimental challenge with P. haemolytica and are,
therefore, believed to be essential in effective vaccination approaches (91,184).

The leukotoxin is secreted into the supernatant fluid during logarithmic growth of
P. haemolytica with the highest concentration at 6 hours post inoculation (10,29,222).
The leukotoxin is encoded by chromosomal determinants with its expression modulated
transcriptionally by temperature, pH, and iron concentration (241). Studies show that the
leukotoxin is protein; however, amylase treatment of supernatant fluid indicates that
carbohydrate moieties may be associated with the toxin (29). The leukotoxin is oxygen
stable but heat labile, therefore, purification is difficult (10,29,109). Reports on
sensitivity to pH extremes vary (10,29,89)

There are discrepancies concerning the molecular weight of the leukotoxin which
are due to inadequate purification techniques and a strong tendency of the protein to

aggregate. A number of molecular weight values have been reported ranging from 150



kDa to >700 kDa (10,109,124,188). However, the leukotoxin has been cloned and
sequenced, with results indicating the molecule is a protein of 101.9 kDa (149,150).

Analysis of the leukotoxin sequence has revealed an extensive homology to toxins
in the RTX, for Repeat in Structural ToXin, family (107,149), in particular the .-
hemolysin of E. coli (149). RTX toxins are related through the presence of Gly/Asp-rich
nine amino acid tandem repeats which, depending on the toxin, number from six to forty
one (97). Similarities in these toxins are also due to similar genetic organization. RTX
genes are arranged in polycistronic operons in the order C, A, B, D where A is the
structural gene (107,149). The way in which the toxins are activated and the manner in
which they are secreted are also similar (264). Other members of the RTX family include
the leukotoxins of Actinobacillis pleuropneumoniae (28) and 4. actinomycetimcomitans
(133,143,144,148), the hemolysins of Morganella morganii (67,130), Proteus mirabilis
(130,263), and P. vulgaris (240), and the adenylate cyclase toxin of Bordetella pertussis
(96).

The RTX prototype and the most characterized member is the E. coli a-hemolysin
(HLY) (240). There are differences between E. coli HlyA and P. haemolytica leukotoxin
(LktA) such as target range and specificity; however, the toxin mechanisms appear to be
similar (149). The Hly operon is composed of four genes designated AlyC, hly4, hlyB,
and AlyD. Similarly the LKT operon genes are designated lktC, lktA, IktB, and lktD to

conform to the nomenclature.



LktC and HlyC are proteins that exhibit 50.3% homology and are 19.8 and 20
kD;. respectively (149). HlyC posttranslationally modifies HlyA by fatty acid acylation
of lysine residues at positions 564 and 690 (111,114,236). This modification is thought
to cause a conformational change of the toxin. The exact mechanism of LktC
modification of LktA is not presently known, but it is possible that the mechanisms are
similar (77).

HlyB (46 kDa) and HlyD (53 kDa) are proteins involved in transporting active
hemolysin through the membrane and into the medium (67,100,105,131,158). This
secretion pathway, designated type I, is not well understood. Unlike proteins secreted by
type II mechanisms, the RTX toxins lack a cleavable signal sequence at the N-terminus
(72,105). LktB (79.7 kDa) and LktD (54.7 kDa) share 80% and 60% homologies to their
hemolysin counterparts respectively (107). A similar mechanism for both proteins is also
assumed for these toxins. The export of the hemolysin across the cytoplasmic and the
outer membranes requires the C-terminus of HlyA, the two specific translocator proteins
HlyB and HlyD, and the outer membrane protein TolC (251). It is postulated that TolC
and HlyD forms a pore in the outer membrane through which the hemolysin is released
and that the C-terminal sequence of HlyD interacts with HlyB to form a closed channel
spanning the periplasm (219). LktB and LktD are presumed to function in the same
manner.

LKktA is a protein of 953 amino acids with a molecular weight of 101.9 kDa
(107,149). This protein is 36.4% homologous to HlyA, which is 1023 amino acids and
has a molecular weight of 107 kDa (149,159,160). This homology is low compared to
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that of the other proteins, however, LktA and HlyA are highly homologous over distinct
regions of the two molecules (240). The first related regions are located in the N-terminal
one third of each protein. These regions contain clusters of hydrophobic domains thought
to be involved in the association of the toxin with the target cell membranes (148).
Studies indicated that this region of HlyA acts by forming a single hydrophilic
transmembrane pore about 3 nm in diameter in target cell membranes
(14,52,148,155,156). It is also believed that the hydrophobic domains of LktA function
to form pores in target membranes, however, these pores are much smaller,
approximately 0.9 nm in diameter (34).

The carboxyl one-third of each protein makes up another functional domain. This
region contains the tandemly repeating glycine-aspartate sequenceé (156,240) The
sequence Leu-X-Gly-Gly-X-Gly-Asn-Asp-X is repeated eleven times in HlyA and six
times in LktA (240). These repeats bind calcium strongly in such a way that changes the
conformation of the toxin to allow for target cell binding (71,156). Studies with o.-
hemolysin show that deletion of a single repeat sequence causes an increase in calcium
dependence (18,156) and multiple deletions eliminate hemolytic activity altogether
(18,71,155,156,240). Recent studies also indicate a region within LktA between amino
acids 768-939, in which at least two repeat sequences are located, contains an epitope
recognized by a leukotoxin-neutralizing mAb. This mAb is believed to neutralize the

leukotoxin by preventing association with target cell membranes (92,93).
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Another functional domain of the leukotoxin and a-hemolysin is the terminal 70
amino acids. This region contains the secretion signal which is not cleaved during
hemolysin export (130). This region shows little homology between the two proteins
although circular dichroism analyses show that both molecules exhibit common
biophysical properties (286). The precise function in secretion has not been clearly
defined (108,193,286). The final domain is located in the central region of the proteins,
just proximal to the glycine/aspartate repeats. In HIyA, this region contains the HlyC
acylation site (236) It is presumed that LktA contains a similar LktC acylation site

(181,214).

Control of Pneumonic Pasteurellosis

The ideal way to prevent cattle from contracting shipping fever is to protect them
from the infectious agents that cause it. However, the economics of the industry do not
allow for the measures necessary to control the overcrowding and intermingling of calves
that occurs at feedlots. Therefore, the most effective control of this disease is a
prophylactic vaccine (187). There have been numerous strategies examined with varying
degrees of success.

The effectiveness of viral vaccines have been examined. Theoretically,
prevention of viral infections should reduce or eliminate secondary bacterial pneumonias
that result from increased susceptibility to bacterial colonization (147). Several viral

agents have been tested such as PI-3, BHV-1, and IBR (117,171,172,173,187,238,239).
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Studies have shown that a correlation between high PI-3 titers aﬁd protection from
shipping fever does not exist. In fact, vaccines for PI-3 may enhance susceptibility to the
disease (187). Vaccination with BHV-1 or IBR did provide some protection against
experimental challenge, but protection varied widely among cattle (116,238,239).
Multiple virus vaccines have provided some protection against experimental challenge,
but these vaccine have not been effective in field vaccine trials (171,172,173).

The most common bacterial isolate from lungs of diseased cattle is P.haemolytica
A1 (39,79). Because of the prevalence of this organism in shipping fever cases, research
has focused on the most effective way to eliminate or neutralize this factor. Emphasis has
been placed on determining the type of immune responses required to provide resistance
as well as determining the potential antigens involved in stimulating immunity. Vaccines
have been developed that combine P. haemolytica with various. virus vaccines. These
vaccines provided protection in experimental studies but were not consistently protective
in field vaccine trials (39,171,172,173). This discrepancies may be attributed to the
involvement of stress factors in the field that are not present in an experimental setting.

Vaccinations with bacterins have produced results that are variable and somewhat
confusing (187). The type of adjuvant that is incorporated in the vaccine islimporta.nt in
generating a protective response (39,187). In one study, bacterins with aluminum
hydroxide gel as an adjuvant did produce antibodies to P. haemolytica, however,
protection was not induced after challenge with the bacterium (37). Other studies
indicated increased susceptibility of animals to P. haemolytica infections after

vaccination with formalin killed bacteria (83,184). These results could be attributed to
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the generation of opsonizing antibodies to surface antigens of P. haemolytica enhancing

phagocytosis by leukocytes. This would result in cell lysis and the production of lung
lesions as phagocytosed organisms continue to produce leukotoxin (223,224). Studies
also indicate that bacterins with Freund’s Complete Adjuvant (FCA) and Freund’s
Incomplete Adjuvant (IFA), but not aluminum hydroxide gel or trehalose dimycolate,
enhanced resistance to P. haemolytica challenge (41). Overall, vaccines containing
bacterins failed to stimulate immunity and were ineffective in disease prevention (106).

Live P. haemolytica cells have also been tested in vaccination trials. This method
attempts to expose animals to all antigens associated with the disease, however,
conflicting data have resulted. The age of the bacterial culture is extremely important
with log phase cultures more effective than stationary phase cultures (42). This can be
attributed to the presence of virulence factors such as capsules and leukotoxin that are
produced during log phase growth (10,46). Some studies have indicated increased
resistance after challenge with BHV-1/P. haemolytica when immunized with live P.
haemolytica (24,136,228). This increased protection may be due to stimulation of cell-
mediated immunity as well as stimulation of antibodies to antigens produced by live
organisms (200). However, conflicting results by one study showed no protection against
similar challenge when animals were immunized with live organisms (116). This may
reflect improper handling and storage of the live product or be due to the administration
of antibiotics throughout the trial (223).

Perhaps the vaccination strategy with the greatest potential is to immunize
animals with bacterial components or with bacterial culture supernatant fluid. Individual
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studies evaluating several of the virulence components as vaccines have shown
significant correlation between high antibody levels and protection against challenge with
live P. haemolytica. These include leukotoxin and capsular polysaccharides
(27,38,40,91,180). Outer membrane proteins (OMPs) have also been used in vaccine
approaches and are capable of eliciting a potentially protective immune response to
experimental challenge even though their role as a virulence; factor is not well
characterized (113,186). OMPs have been used as immunogens for other gram-negative
bacteria, so it is likely that OMP-neutralizing antibodies play a role in protection against
P. haemolytica infection (162,165,226,245).

Despite the increased number and usage of various vaccination approaches,
respiratory disease in cattle remains astonishingly high. Financial losses continue to rise
indicating the need to develop more effective ways to stimulate immunity. There is also
a need to further evaluate the immunogens used in vaccination preparations as well as a
need to develop more sensitive and reproducible assays to measure the level of antibodies
induced by vaccines (232). The importance of the leukotoxin as a protective antigen has
been well established and even though other components appear to be necessary to
generate protective immunity,‘ leukotoxin inclusion in future vaccines seerﬁs inevitable
(231,233).

This laboratory has generated several murine leukotoxin-neutralizing monoclonal
antibodies, Ltx -2, -4, -35 (92,93). All of these mAbs recognized potential protective
epitopes within the leukotoxin of P. haemolytica. Ltx-2 has proven to be a potent
neutralizer. Neutralization assays show that only 30 ng/ml of Ltx-2 is necessary to
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neutralize one unit (U) of leukotoxin, where one unit is the amount of leukotoxin required

to kill 50% of the target cells. Flow cytometry has revealed that when leukotoxin is
preincubated with Ltx-2 and then added to bovine leukocytes, no leukotoxin is detected
on the target cell surface. Lix -4 and -35 are also capable of neutralizing the leukotoxin
but to a lesser extent than Ltx-2. Various methods of epitope mapping have been
performed to localize the epitope of each mAb. These defined regions have proven to be

important as potential candidates for vaccine incorporation.

DNA-based Vaccination Approach

Vaccination is the most effective means to control and prevent infectious diseases.
To date, the majority of vaccines are based on either attenuated or inactivated pathogens
(74,249). However, not all infectious agents can be safely attenuated, and inactivated
vaccines often fail to induce a cytotoxic T lymphocyte (CTL) response as well as long
term protection (262). Furthermore, live-attenuated vaccines may be immunosuppressive
(8), cause disease if not attenuated properly (178), or provide limited immunity if
severely attenuated (146). Killed vaccines are often unable to generate protective levels
of immunity for reasons of antigen load and loss of important epitopes during inactivation
(50). Vaccines consisting of synthetic peptides present an approach that could tailor the
immune response based on the incorporation of the appropriate components. However,
peptide vaccines often lack acceptable immunogenicity (78). A radical new approach to
vaccinology has emerged within the past decade due to the advances in DNA-based
technology. Vaccines composed of naked DNA, termed DNA-based vaccines or genetic
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immunization, have been used to provide long lasting cellular and humoral immune

responses to numerous antigens in a variety of animal models. The exact mechanism of
immune induction is under investigation; however, this approach may address many of

the shortcomings of present day vaccines.

History

The observation that purified DNA injected into mice could be expressed was
made as early as 1962 (6). However, this observation remained relatively unnoticed until
1990 when Wolff et al. (270) demonstrated that prolonged expression could be achieved
when RNA and DNA expression vectors encoding chloramphenicol acetyltransferase and
B-galactosidase were separately injected into skeletal muscle of mice. Later in 1992,
Tang et al. (248) also showed the ability to produce antibodies directed against a DNA
encoded antigen, this time by the particle bombardment method using a gene gunto - |
introduce the DNA into the skin of mice. In 1993, two studies involving plasmid DNA
encoding proteins from influenza virus demonstrated for the first time the potential
prophylatic use of DNA vaccines (183,211). These vaccines were able to elicit both
humoral and cell-mediated immune responses as well as protect from subsequent lethal
challenge. Since these initial reports, numerous studies have 1‘been reported to induce
immunity to a growing number of infectious agents.

A major issue of recent studies has been to evaluate the different parameters of in

vivo gene transfer and expression (201). The early stages of DNA vaccine development
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focused mainly on testing the immunogenicity of the plasmid encoded antigen. However,
the induced immune responses, both humoral and cellular, may vary greatly dependent
upon the antigen. Modulation has now become the focus as researchers try to redirect or
enhance the developing immune response. Various methods have been examined such as
modifying the promoter, changing the route of injecﬁon, delivering DNA via vehicles,

and co-administering cytokines (201).

Advantages-Risks

The use of plasmid DNA to induce protective immunity by genetic immunization
has many advantages over traditional methods as well as accompanying risks. One
advantage is the technical ease of generating expression vectors by the application of
simple recombinant DNA methods (70). Many antigen epitopes can be cloned into
available vectors in a reasonable amount of time compared to other approaches such as
cloning into a vaccinia recombinant virus which could take months (70). Another benefit
is the ability to produce DNA in large scale with a high level of purity and stability (201).
Once purified, DNA can be lyophilized and stored at room temperature for an extended
period of time which makes transport easy and inexpensive (168). In addition, there
appears to be long-term antigen expression following DNA vaccination which may lead
to the establishment of immunological memory as well as an enduring effector T cell
response (168). Finally, the potential to encode multiple antigens in a particular vaccine
is beneficial (168). Some infectious agents, such as P. haemolytica A1, may require
several antigenic epitopes to achieve protective immunity.
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Although DNA-based vaccines do not carry the risks associated with inactivated
or attenuated pathogens, other safety considerations have arisen. One of the main
concerns is the potential for the integration of plasmid DNA into the genome of the host
cell. This integration could have potential mutagenic effects if there is a disruption of
cellular genes or potential oncogenic effects if there is a disruption of genes that are
involved in regulation of cell growth (64,70). Integration méy occur randomly or by
homologous recombination. However, this event does not appear to be likely because of
the low sequence homology between the plasmids and the potentially transfected cells.
Further, most plasmids do not contain an origin of replication that is functional in
eukaryotic cells (194). Experiments at this point indicate that injected DNA remains
episomal (54) and that integration into the host genome does not occur (70,194). In
addition, some data has shown that mammalian cells can compartmentalize foreign DNA
that penetrates the nucleus which may be a way a cell is able to prevent random
integration of unwanted genetic material (176).

Another potential risk is the possibility that the injected DNA could elicit
antibodies to itself and could therefore induce autoimmunity. However, this may prove
to be a minor issue because studies have shown that bacterial DNA used in vaccinations
actually suppresses autoimmune responses in lupus-prone mice (94). Further, double
stranded DNA does not readily induce anti-DNA antibodies (95). Circulating
nonpathogenic anti-bacterial DNA antibodies have been found in normal humans and
animals, however, their specificity of reactivity is not cross reactive with mammalian
DNA (210), Finally, studies involving animals immunized with plasmid DNA showed
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little to no anti-DNA antibodies when measured by ELISA, immunoblot, or

radioimmunoassay (118,123,273).

Vector

The level of antigen expression significantly affects the magnitude of the immune
response. Therefore, the design and purification of the vector used for vaccination is
critical. The basic structure of DNA vaccine plasmids consists of (1) an origin of
replication suitable for high yield production in bacteria, (2) an antibiotic resistance gene
suitable for selective growth in bacteria, (3) a strong eukaryotic promoter with broad
tissue specificity, such as the promoter of cytomegalovirus (CMV), and (4) a mRNA
transcript termination/polyadenylation sequence at the 3’ end of the insert to ensure
expression in mammalian cells, such as the poly A gene from bovine growth hormone
(31,104).

Plasmid purification is also a critical step in vaccine preparation. Various
purification methods exist. The first method is cesium chloride purification which results
in a pure product, however, the procedure is time ;:6nsuming and cesium chloride residue
can be toxic to the animal. Another method is phenol-chloroform extraction which
produces a less pure product, but is low-cost. Fmally, plasmid DNA can be purified
using silicon or anion exchange columns. These columns are available commercially and
are much more time efficient that the other methods. Many researchers insist that the
purity of the plasmid DNA effects the efficacy of gene expression. However, a recent
study indicates no difference in transfection efficacy or in Ab responses to DNA-based
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immunizations using plasmid DNA purified by the cesium chloride method or by anion-

exchange chromatography (57).

The DNA backbone of the plasmid itself plays an important role in vaccine
immunogenicity. Studies show that immunostimulatory sequences center on
unmethylated CpG motifs which are more common in bacterial DNA (1/16 bases) than in
mammalian DNA (1/50 bases) (16). These sequence motifs, which consist of an
unmethylated CpG dinucleotide flanked by two 5’ purines and two 3’ pyrimidines (135),
have been shown to not only activate B cells (135), but also to stimulate cytokine
production (103,127) and to induce specific antibodies (95). It is postulated that the host
is able to discriminate between bacterial DNA and mammalian DNA based on
methylation patterns and is stimulated to initiate an innate, antigen-nonspecific immune
response at the site of vaccination (213,217).

Upon stimulation with the CpG motif in bacterial DNA, macrophages produce IL-
12 and TNF-o (103). These cytokines regulate the production of IFN-y, contributing to
the activation of NK cells and T cells (19,285). In vitro experiments showed that CpG
motifs in synthetic oligodeoxyribonucleotides (ODNs) and in plasmid used in DNA-
based vaccines, induced the same cytokine profile as bacterial DNA (127). Furthermore,
in vivo experiments demonstrated that the immunogenicity of a DNA-based vaccine was
significantly reduced by methylating its CpG motifs and was significantly increased by
coadministration of exogenous CpG containing DNA (128). CpG sequences also activate

B cells and stimulate the production of IL-6 in vitro and in vivo, which contributes to the

20



further activation of B and T cells. (190,255). Although the molecular mechanism
involved in the stimulatory effects of CpG motifs has not been clarified, they are

appearing to be promising immune enhancers for vaccine applications.

Plasmid DNA Delivery

The observation that naked plasmid DNA could produce prolonged protein
expression was made following intramuscular immunizations (270). Protein expression
was readily detected in muscle for at least two months which led to further examination
of this phenomena by the same infection route. Most early studies of DNA-based
vaccines used intramuscular injections (i.m.).

Early in the development of DNA vaccines, various parameters of immunization
were evaluated for their effect on the level of gene expression. Needle type, speed of
injection, volume of injection fluid, type of muscle, and type of solute were examined
(268). Results indicated that simple saline increased efficiency of expression
(55,201,268), however, distilled water (274) and hypertonic solutions based on sucrose
(58) were also effective. Drugs causing muscle damage such as buvocain (261) and
cardiotoxin (55) were also shown by some investigators to improve the efficacy of
genetic vaccination. Further, injection into smaller muscle groups such as the anterior
tibial muscle tended to have better effects than larger muscle groups (281).

The fate of plasmid DNA after intramuscular immunizations in unclear. It is
postulated based on in vitro studies that plasmid DNA may enter the nuclei through a
nuclear pore by a process similar to other large karyophilic macromolecules (268). In
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vivo studies show that intramuscular injections with plasmid DNA result in long term

persistence of the plasmid and gene expression (267). It is thought that bacterial DNA
does not replicate in muscle cells based on maintenanée of its methylation pattern and
that it remains extrachromosomal as indicated by electroporation of total cellular DNA
from injected muscles into bacteria (267). Other cells besides muscle cells are believed |
to be involved in the immune induction following i.m. injections. Excision of an injected
muscle bundle 10 minutes after injection does not affect the magnitude or the longevity
of the antibody response (250). Infiltrating cells may play a critical role by taking up the
DNA and traveling to the lymph nodes where antigen processing and presentation could
initiate an immune response (70).

Particle bombardment is another method of introducing DNA into a host. This
route involves the injection of DNA coated gold beads into the cytoplasm of a cell by a
gene gun, a hand-held device (277). This method has several advantages over
intramuscular immunizations. The first advantage is the amount of DNA required. For
1.m. injections in mice, 50-100 pg are commonly used. Using the gene gun, this amount
is reduced down to the nanogram range (69,248). This may be due to the direct
involvement of dendritic cells which are efficient antigen presenters (250). Another
advantage is the type of immune response that is induced. Intramuscular injections
induce a predominantly Thl response where as particle bombardment induces a
predominantly Th2 response (73) which may be important in immunity to certain

antigens. The nature of antigenic stimulation leads to the differentiation of naive CD4+
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helper T cells into the Th1 and Th2 subsets, which have relatively restricted cytokine
production profiles and effector functions. Thl cells secrete IL-2 and TFN-y, which
activates macrophages, and are the principal effectors of cell-mediated immunity and
delayed type hypersensitivity reactions. The antibody isotypes stimulated by Thl cells
are effective at activating complement and opsonizing antigens for phagocytosis. Th2
cells produce IL-4, IL-5, IL-10, and IL-13 which suppress cell-mediated immunity. The
Th2 subset is mainly responsible for phagocyte-independent host defense. On the basis
of potential use in man and the economy of the DNA dose, the gene gun approach is
favored by some researchers (87).

More recently, investigators have begun to examine the possibility of mucosal
DNA delivery. Although this method of delivery is not as efficient at eliciting a systemic
immune response, the possibility of inducing a mucosal immune response is promising
(164). This could prove to be critical in providing protection against pathogens whiéh
invade mucosal surfaces such as HIV, herpes simplex virus, and influenza virus
(87,137,260). Secretory IgA, a hallmark of mucosal immune responses, has been induced
in response to a number of antigens with the involvement of specialized inductive sites of
the mucosal immune system such as the organized lymphoid tissue associated with the
gut, rectum, bronchus, and nasopharyngeal/palatine tonsils (139,177).

The type of response elicited upon intranasal imﬁunization has been shown by
several groups to be predominantly a Th2 response as opposed to the predominance of

Thl responses following intramuscular immunizations (137,234). The Th2 type
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responses generated in these studies may be a reflection of the action of cholera toxin B
subunit (CTB) that was used as an adjuvant. Nasal or oral vaccination studies targeting
mucosal immunity commonly employ CTB as a mucosal adjuvant, which is reported to
induce a Th2-biased immune response (276). For this reason, CTB is not considered
suitable for inducing systemic Thl-derived cell-mediated immunity. However, other
adjuvants are being investigated that stimulate a Thi type response. QS-21 saponin and
plasmids expressing IL-2 and IL-12 have demonstrated the ability to enhance cell-

mediated immunity (196,216,275).

Immune Response Generated by Plasmid DNA

Genetic immunization results in a full spectn}m of immune responses to the
expressed protein including antibodies, T helper cells, and cytolytic T célls.
Administration of plasmid DNA has proven to be an effective means of generating a
humoral immune response that is specific for a diverse array of proteins. The first
account of an antibody response was demonstrated in mice following gene gun
inoculation with DNA encoding human growth hormone and human a.-1 antitrypsin
(248). Antibodies against viral proteins were first generated after i.m. injections of
plasmid DNA encoding influenza NP and HA (252). Other reports soon followed
confirming the ability of DNA vaccination to generate humoral immune responses to a

number of pathogens including viral, bacterial, parasitic, tumor, and eukaryotic proteins.
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In some cases, the antibodies produced following immunization have been able to
contribqte to protection against challenge. This indicates that antigen expression in vivo
is capable of assuming a native structure with intact epitopes able to induce neutralizing
antibodies. DNA encoding a HIV envelope protein, herpes simplex glycoproteins, and
influenza HA (21,119,154,166,254,258) have been able to generate neutralizing
antibodies. Nonviral antigens have also protected against challenge. Plasmid DNA
encoding circumsporozoite has generated protection against malaria (220) and a plasmid
encoding an outer membrane protein elicited a protective response against Borrelia
burgdorferi infection (157). In other instances, however, DNA plasmids carrying
sequences from antigens of different pathogens failed to induce a measurable immune
response and/or protection against a challenge (86,140,199,218).

The longevity of antibody responses induced by genetic immunization has been
shown to be long-lived in nﬁce, as exemplified by influenza NP (278), HA (119), and
hepatitis B surfac;e antigen (182). However, antibodies were more short-lived in some
nonhuman primates (62,154). This is also true for protein subunit and inactivated whole-
cell vaccines which may likely be a characteristic of the species in general (62). The
antibody isotypes induced are generally IgG; however, serum IgM and IgA have also
been detected and may be dependent on the route of immunization (59,119).

In many cases, DNA vaccines consisting of multiple discrete plasmids encoding
several different antigens or one plasmid encoding several different antigens/epitopes
may be desired to induce a broader spectrum of immune responses. This may be
beneficial for viruses that undergo antigenic variation or to induce CTL responses against
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some antigens and antibodies against others (62,283). Attempts to enhance the immune
response have also included coinjection of plasmids encoding cytokines and co-
stimulatory molecules. Plasmids encoding IL-2, IL-4, and granulocyte-macrophage
colony stimulating factor (GM-CSF) have been used to enhance the humoral as well as
cellular immune responses to various antigens that might otherwise be weakly
immunogenic (32,88,125). These results suggest that this approach may be a way of
modulating the magnitude and/or type of immune response induced by DNA vaccination.

An important finding following immunization is that DNA-based vaccines are
capable of stimulating a cytotoxic T cell response. In early studies, MHC class-I
restricted CD8+ T lymphocytes (CTL) could be detected when lymph node or spleen
cells from mice injected i.m. with plasmid DNA encoding viral antigens were
restimulated in vitro with antigen. CTL that were capable of recognizing and killing
virus-infected target cells were first demonstrated by Ulmer ef al. (252) against influenza
virus and subsequently against targets infected with vaccinia-HIV gp160 (259),
adenovirus-rabies virus glycoprotein recombinants (274), lymphocyte choriomeningitis
virus (282), and herpes simples virus (167).

CTL responses were also induced following gene gun immunizations. Hui ef al.

(112) first demonstrated this after injection with DNA encoding the MHC antigen H-2Kk.
However, gene gun immunizations may induce a Th2 type response that may suppress the
CTL response to a given antigen. This was initially shown by Fuller e? al. (85). Mice
immunized three times by gene gun injections with plasmids encoding gp120 and Rev
had detectable CTL responses after two immunizations but not after the third. However,
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antibody responses appeared only after the third dose. The authors suggest that the
suppression of the CTL response was related to a switch from Thl to Th2, with the
administration of antibodies to IL-4 blocking the loss of CTL responsiveness (85). These
observations differ from studies using i.m. immunizations where cell-mediated immune
responses to influenza NP (199) and HIV env (218,258) were increased following
repeated immunizations with the developing response of a Th1 phenotype.

Finally, the type of T helper cell response elicited by DNA vaccines is critical to
the efficacy. These T cells provide “help” to other immune cells such as macrophages, B
cells, and other T cells which aid in differentiation and development of effector and
memory cells. Helper T cells are grouped into functional subsets characterized by the
particular cytokines they produce (85). In mice, Thl cells produce cytokines such as IL-2
and IFN-y and support the development of cellular immune responses and the IgG2a
immunoglobulin isotype; Th2 cells secrete IL-4, IL-5, IL-6, and IL-10 and promote
'immunoglobulin class switching with a predominance of IgG1 immunoglobulin isotype

(64). Similar types of T cells have been characterized in humans (212).

Mechanisms of Immunity

The precise mechanism of initiation of an immune response upon genetic
immunization remains to be elucidated. Questions such as how the DNA is taken up by
somatic cells, where the DNA is expressed, and how antigens are processed and presented

to the immune system are all under investigation.
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The mechanisms of DNA uptake are not yet clear, but several studies have
investigated this event following intramuscular immunizations. Hgstrom et al. (102)
examined nonnuclear membrane-associated DNA binding proteins from skeletal muscle
revealing several sacroplasmic reticulum-restricted DNA binding species. This may
indicate their possible role in the transport of DNA into the sacroplasm. Further ir vitro
experiments involving the injection of plasmid DNA into primary muscle cells or cell
lines have shown that DNA can enter thg: nuclei through the nuclear pore (65).

Several early studies demonstrated expression of B-galactosidase (270) and
hepatitis B virus surface antigen (55) in myoblasts and myotubules leadiné to the
suggestion that muscle cells process and present the antigen and stimulate a primary
immune response. Furthermore, Wolff et al. (268) showed that among several tissue cell
types, myocytes are the most efficient at expressing foreign antigens encoded in plasmids.
It is interesting to note, however, that the proportion of tissue cells expressing the antigen
is relatively small, in some cases, less than 100 fibers or 1% per injection site (1,55).

Cooperative mechanisms of antigen processing and presentation may be of
particular importance in immune responses induced by DNA immunizations. In the case
of i.m. immunizations, muscle cells only express low levels of MHC class I antigens and
lack MHC class II expression as well as costimulatory molecules (110). It is also unclear
if myocytes act as the only source of antigen for the immune response, particularly for

antigen presentation to achieve CTL induction (168). It therefore seems likely that
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resident professional antigen presenting cells, such as macrophages and dendritic cells,
act as the critical factor in the induction of an immune response (138,168,201).

The ability of secreted proteins or proteins released upon cell death to be
endocytosed and to enter the pathway of presentation on MHC class-II molecules is well
understood. In the case of DNA vaccination, it is postulated that infiltrating APCs
capture antigens released by myocytes and carry them back to the lymph nodes where
they ean be presented to both B and T cells (138,201). The mechanisms by which viral
antigens and DNA encoded antigens are presented by MHC class-I molecules appear to
be more complex. Several researchers have postulated some means by which MHC
class-I restricted CTL might by induced following genetic vaccination: (1) antigen
presentation mediated directly by transfected myocytes, (2$ professional antigen
presenting cells becqming transfected and serving as the APC, and (3) transfer of antigen
from transfected myocytes to professional APC (63,201).

Studies have shown that following DNA immunization, muscle cells can produce
antigen that can be presented by professional APC in an MHC class-I restricted manner.
Evidence for this mechanism includes the fact that muscle cells can be directly
transfected with influenza NP DNA vaccines (253) and the intramuscular route of
administration yielded the best CMI-mediated protection (64). Furthermore, antigen
production by muscle cells is sufficient to induce CTL re:;ponses. This was demonstrated
when C2C12 myoblasts were stably transfected with DNA encoding influenza NP and
then transplanted into histocompatible C3H mice (253). An H-2KX restricted CTL
response was induced even though synthesis of the antigen was limited to the myocytes
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(253). In addition, IFN-y was shown in vitro to upregulate MHC class I expression and
to induce MHC class II expression on a number of cells including muscle cell lines which
supports the possibility of antigen presentation by muscle cells (110).

It has also been postulated that the bone marrow derived APC become transfected
with plasmid DNA. This would result in endogenous production of antigen within
professional APCs and presentation in association with MHC class I molecules (35).

This was demonstrated when parent into F1 bone marrow reconstituted mice were
immunized with DNA encoding influenza NP by i.m. injection or injected with myoblasts
stably transfected with a gene encoding NP. Detectable CTL responses were seen only to
the peptide presented by the MHC class I molecules ‘found on the donor bone marrow
(84). In addition, it has been shown that gene gun immunizations result in the presence
of bombarded projectiles in the cytoplasm of dendritic cells in the draining lymph nodes
and that the introduced gene can be expressed as proteins by these particle-containing
dendritic cells (35).

The mechanism of antigen transfer between somatic cells and professional APCs
remains to be defined. It has been hypothesized that somatic cells such as muscle cells
act primarily as factories for the production of antigen which then is transferred to a bone-
marrow derived professional APC to be processed and presented in the context of MHC
class I molecules (63). Support for this theory comes from evidence where exogenous
proteins accessed presentation pathways necessary for CD8+ T cell induction. Rock et

al. (131) demonstrated the existence of a pathway in cells to shunt proteins from
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phagosomes to the cytosol where they can enter MHC class I associated pathways. In

addition, peptides may be transported out of cells by chaperones such as HSP (5), and it
has been suggested that certain APCs may express receptors for HSP-complexed peptides

(246).

Potential Adjuvants

Successful vaccination against any potential pathogen is dependent on the
induction of an appropriate immune response. Adjuvants have been used for the purpose
of augmenting the immune response for the past 70 years (205). ‘The term adjuvant
defines a substance used in combination with a specific antigen that produces niore
immunity than the antigen alone (205). The number of molecules used for
immunostimulatory purposes is enormous, and the substances are widely varied. Despite
the number of available adjuvants, there is still a need for more effective
immunomodulators due in part to the development of subunit vaccines which, although
safer than inactivated or attenuated pathogens, are less immunogenic (68).

Cytokines are proving to play a critical role in augmenting the immune response
to a given vaccine (151,247). Of particular interest is interleukin-1 (IL-1), a family of
proteins involved in the development and maintenance of immunologic and inflammatory
responses (61). IL-1 is a key player in regulating the immune response. It is involved in
antigen-induced T cell activation and clonal expansion (230), as well as B cell
differentiation and proliferation (202). In vivo administration of IL-1 enhances the
immune response to various antigens (152,207,237) and also protects the host from lethal
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challenge with microorganisms (54,198). However, IL-1 is also involved in the
regulation of inflammatory effects such as pwoéenicity and acute phase responses
(60,247). IL-1 is able to induce neutrophils and the release of prostaglandins and
proteases (60) and is involved in the development of chronic inflammatory conditions
such as rheumatoid arthritis (271). Although IL-1 possess immunostimulatory activities,
these numerous side effects associated with proinflammatory actions makes IL-1 an
unsafe adjuvant candidate.

After the cloning of IL-1, the possibility of exploiting IL-1’s adjuvant effects was
re-evaluated using recombinant material (7,152). Hydrophilicity and acrophilicity
profiles of human IL-1B indicated two portions of the molecule likely to be found in well-
exposed areas of the molecule (4). Corresponding synthetic peptides were examined for
their ability to activate T lymphocytes in classic murine thymocyte proliferation assays.
A nine amino acid peptide VQGEESNDK at positions 163-171 was identified as a
potential immunostimulatory molecule. Furthermore, this peptide was shown to be
devoid of the strong inflammatory activity associated with IL-1 due to its inability to
stimulate prostaglandin E2 production (4). Additional experiments have demonstrated
the stimulatory effect of this 9mer on antibody responses to both T helper-dependent and
T helper-independent antigens, again with no pyrogenic and inflammatory effects (192).

Although hIL-1B 163-171 demonstrated effective immunomodulatory activity
with no adverse side effects, the excessive amounts of the peptide required to elicit a

significant enhancement in antibody response limits its applicability as an adjuvant. Rao

32



et al. (206) addressed this problem by direct coupling the adjuvant peptide and the —
antigenic peptide utilizing two- glycine spacers to maintain the integrity of the two
peptides. When presented as a composite peptide, the amount of IL-1 163-171 was 50
times lower than that of free peptide used by Necioni et al (192,206). Furthermore,
Beckers et al. (12) employed the strategy of constructing a hybrid synthetic antigen in
which immunogenic epitopes are convalently linked to the 9mer adjuvant. They inserted
complementary oligonucleotides encoding IL-1 163-171 into antigen expressing plasmids
and purified hybrid proteins. These approaches open the possibility of designing
recombinant vaccines with “built in “ adjuvanicity. .

The molecular mechanisms underlying the activity of the IL-1 peptide are poorly
understood. Circular dichroism studies indicate that the peptide possesses a -turn
secondary structure which is probably involved in T cell stimulation and antigenicity
(225). In vitro experiments show that the 163-171 fragment is not an IL-1 receptor (IL-
1R) domain and that it probably enters the cell through a receptor-independent
mechanism, possibly by passive diffusion though the cell membrane (20). Once inside
the cell, the peptide is localized in the cytosol where it can bind cytoplasmic proteins and
initiate an intracellular pathway of cell activation which is independent of IL-1R
triggering (20).

Another peptide sequence also has been described to have immunopotentiati(ng

properties. The 14mer peptide, ETVIMKAKPRANFP, inhibits the acquisition of M-CSF

competence by bone marrow progenitors stimulated in vitro with bacterial LPS or TNF-o
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(134). Similar observations have been made in vivo with peptide treatment of mice with
no observable inflammatory side effects (Moore, unpublished data). Further experiments
using rat lever ferritin (RLF) and ovalbumin (OVA) as antigens examined the potential
use of this peptide for adjuvant purposes. Results indicate that the 14mer peptide
significantly augmented IgG production in response to RLF as well as OVA, a less
immunogenic protein, when injected with the antigen as free peptide. In addition, prior
exposure to the peptide did not influence the primary response to the antigen with the
peptide suggesting that the peptide does not act directly as a specific helper cell epitope
(Moore, unpublished data).

The 14mer peptide sequence was taken from the H chain of human acidic
isoferritin which was first cloned and sequenced by Constanzo ef al. (47) in 1984 with the
peptide corresponding to amino acids 172-185. In 1986, a reinvestigation of the original
published sequence revealed mistakes at three positions which investigators conclude as
artifacts (48). Ferritin itself is the major iron storage protein of eukaryotes and is found
in most tissue (11). The protein consists of two subunit types, H and L, which share
extensive homology but are derived from different gene families (115). This adjuvant
peptide contains a four amino acid sequence Ala-Lys-Pro-Arg which is similar to the
tufsin sequence Thr-Lys-Pro-Arg. Tufsin is a naturally occurring molecule with
regulatory properties (191) and has been shown to stimulate phagocytes and their many
functions. It is possible that this four amino acid sequence plays a role in the observed
immunomodulatory effects of the entire peptide; however, in vivo experiments have
shown that the intact 14mer peptide is necessary for augmentation of the immune
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response and that the four amino acid peptide cannot substitute for the whole peptide

(Moore, unpublished data).

Statement of Purpose

The purpose of this study has been twofold. The first goal of this study was to
investigate the potential of generating humoral responses in mice following DNA-based
vaccination with a leukotoxin fragment-encoding plasmid. This leukotoxin fragment
contains the epitope believed to be recognized by the potent neutralizing- monoclonal
antibody, Ltx-2. Furthermore, this fragment is capable of inducing neutralizing
antibodies in rabbits when injected as a fusion protein with glutathione-S-transferase
(GST) (179).

The second goal of this study was to examine the potential immunostimulatory
effects of human IL-1B 163-171 and human acidic isoferritin 172-185. These adjuvant
sequences were incorporated into DNA-based vaccines as well as recombinant protein
vaccines and were monitored for their ability to augment the antibody response in

immunized mice.
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CHAPTER 2
MATERIALS AND METHODS

Bacterium

Pasteurella haemolytica biotype A serotype 1 (isolate 853788), provided by Dr.
Robert D. Walker (Michigan State University, East Lansing MI), was originally isolated
from the lung of a pneumonic calf. The organism was passed twice in calves by
intrapulmonic inoculation, re-isolated, and stored in skim milk at -80°C. The organism
was grown on brain heart infusion agar (BHI, Grand Island' Biological Company,
GIBCO, Gaithersburg, MD) and 5% defibrinated sheep blood at 37°C (257).

Escherichia coli strains DH5a (GIBCO) and JM109 (Promega, St. Louis, MO)
were used for transformations and plasmid propagation. Cell stoqks were prepared from
cultures grown in Luria-Bertani (LB) broth (Fisher Scientific, Pittsburgh, PA) to an
ODsqs of 0.5 by centrifugation (Beckman J-21 centrifuge, Beckman Instruments Inc.,
Palo Alto, CA) at 5,000 x g for 10 min. The cell pellet was resuspended in glycerol-
based media (50 ml glycerol, 2 g tryptone, 1 g yeast extract, 1 g sodium chloride, 150 ml

deionized water), aliquoted, and stored at -80°C.
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Cell Culture

A bovine leukemia-derived B lymphocyte cell line BL-3 (American Type Culture
Collection #CRL 8037) was used in this study. The cells were maintained in Roswell
Park Memorial Institute-1640 medium (RPMI-1640, Sigma Chemical Co., St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, Atlanta,
GA), 2000 U penicillin/2.0 mg streptomycin per liter of medium, 40 mM L-glutamine
(psg, Sigma), and 0.2% sodium bicarbonate (Mallinckrodt, Paris, KY). The cells were
grown at 37°C in humid air of 5% CO, and were splitata 1:10 diluﬁon e'very 3t04 daysL

The hybridoma clones 1tx-2, 1tx-4, and 1tx-35 were produced by Mark Cameron
. and Donald Gerbig of this laboratory (92,93). The cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma) supplemented with 10% FBS, 2000 U
penicillin/2.0 mg streptomycin per liter of medium, and 40 mM L-glutamine. The cells
were grown at 37°C with 5% CO, and were split at a 1:10 dilution every 3 to 4 days.

Clone 929 Strain L (L929) of mouse connective tissue (American Type Culture
Collection CCL1) was used in transfection studies. This adherent fibroblast cell line was
maintained in DMEM (Sigma) supplemented with 10% FBS, 2% psg, and 0.2% sodium
bicarbonate as before. The cells were grown at 37°C in 5% CO, and were split when
cells were confluent, every 4 to 5 days. Briefly, cells were washed with Hanks Balanced
Salt Solution (HBSS, GIBCO) and treated with trypsin-EDTA (0.05% trypsin, 0.53mM
EDTA- 4Na, GIBCO) to dislodge the cells. Subcultures were prepared by shaking and

added to fresh media at a dilution of 1:6.
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Leukotoxin Production

Leukotoxin contained in the supernatant of log phase cultures was prepared using
a modification of the protocol described by Shewen et al. (222). Briefly, 500 ml BHI
broth (DIFCO Laboratories, Detroit, MI) was inoculated with several colonies from an
overnight culture of P.haemolytica A1 grown on a blood agar plate and incubated for
approximately 4.5 h at 37°C in a shaking water bath (Orbit Environ-Shaker, Lab-Line
Instruments Inc., Melrose Park, IL). The culture was then centrifuged at 10,000 x g for
20 min at 4°C. The supernatant was discarded and the remaining pellet was resuspended
in sterile phosphate buffered saline, pH 7.0 (PBS, 137 mM sodium chloride, 2.7 mM
potassium vchloride, 1.3 mM sodium phosphate, and 1.8 mM potassium phosphate
mohobasic). The bacteria were centrifuged again for 20 min at 10,000 x g at 4°C, and the
supernatant was discarded. The remaining bacterial pellet was resuspended in RPMI-
1640 (Sigma) at a concentration of 4x10® CFU/mI according to a spectrophotometric
determination. This concentration was determined based on a linear regression line
produced by Donald Gerbig in which an ODss of 1.2 is equivalent to 4x10° CFU/mL.
This suspension was incubated in a 37°C shaking water bath for an additional 1.5 h and
then centrifuged as before. The supernatant fluid was filtered through a 0.2 pum filter
(Nalge Company, Rochester, NY) and stored at -80°C. Cultured filtrates were then
concentrated 100-fold using a Pellicon concentrator equipped with four 30 kDa exclusion

membranes (Millipore, Bedford MA), aliquoted, and stored at -80°C.
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Monoclonal Antibody Prodﬁction

Leukotoxin monoclonal antibodies (mAbs) were generated by the production of
ascitic fluid in mice. Four to six week old female BALB/c mice (Harlan Sprague
Dawley, Indianapolis, IN) were injected with 0.2 ml of 2,6,10,14-tetramethydecanoic acid
(Pristane, Sigma) intraperitoneal (i.p.) on day 0 and day 14. On day 28, mice were
injected i.p. with hybridoma cells at a concentration of 5x10° cells/ml in 0.5 ml PBS, pH
7.4. Within 7-10 days, ascitic fluid developed and was collected by Reritoneal puncture
using a 18 gauge needle while animals were anesthetized with methoxyflurane (Metafane,
Pitman-Moore, Inc., Mundelein, IL). The obtained ascitic fluid was then mixed at a ratio
of 1.5 to 1.0 with Seroclear® Reagant (Calbiochem Corp., La Jolla, CA). The mixture.
was centrifuged for 10 min at 3,000 x g (International Instruments Co., Boston, MA).

The top layer of lipid free ascitic fluid was then removed, and the pH was adjusted to 6.0-
7.5 with wash buffer, pH 7.0 (0.01 M sodjum phosphate, 0.15 M sodium chloride).

For purification of IgG, the collected ascitic fluid was passed through a Gamma
Bind® PLUS Prepack column (Genex Corp., Gaithersburg, MD). The column was
washed with wash buffer until the OD,g, fell below 0.075. The bound IgG was eluted
from the column matrix with 0.05M ammonium acetate pH 3.0 (Mallinckrodt) and
adjusted to pH 6.5-7.5 with 1M Tris base (Sigma). The collected IgG was dialyzed

against three changes of PBS, and the protein concentration was determined by a
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colormetric method using bicinchoninc acid (BCA, Pierce, Rockford, IL) method.

Purified antibodies were aliquoted and stored at -80°C.

Enzymes

Restriction endonucleases, DNA Tagq polymerase, and DNA modifying enzymes

were purchased from GIBCO.

Synthetic Oligonucleotides

Synthetic oligonucleotides used as primers were purchased from Genosys
Biotechnologies (The Woodlands, TX). Primer sequences are listed in Table 1.
Synthetic oligonucleotides encoding the adjuvant sequences to be incorporated into
plasmid constructs were also purchased from Genosys Biotechnologies and were purified

by reverse phase cartridge. Oligonucleotide sequences are listed in Table 2.

Polymerase Chain Reaction

A portion of the leukotoxin A gene (It A) of P. haemolytica A1 was amplified by
the polymerase chain reaction (pcr). The reaction mixture contained 1 pl genomic DNA
(1 pg/pl), 5 pl 5’ primer (5 ng/ul), 5 pl 3’ primer (5 ng/pl), 5 pl 10X per buffer (GIBCO),
1.5 pl magnesium chloride (50 mM, GIBCO), 4 ul deoxynucleoside-triphosphate mixture
(dNTPs, 10 mM each, GIBCO), 0.5 pl Tag DNA polymerase (GIBCO), and 28 pul

deionized water. The above were mixed in a 0.5 ml eppendorf tube (Fisher Scientific)
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Table 1. Primers used to amplify gene fragments from P. haemolytica leukotoxin.

Primer Direction Location Sequence
pcDNA3.1  HindIIl Forward 2120-2155 CCTTGAAAGCTTTTGAA
construct 707-719 GCAACTATGGGTACATC
(pclkt) AC
Xhol Reverse 2857-Inter- GAAACAATCICGAGTTG
InterAB genic region CCAATCATTCAAAATTA
AGC
pGEX EcoRI Forward pcDNA mcs- GCGTTTAAACTTAAGCT
constructs  Pinsert ‘IktA 2155 GTTGAAGAATTCATGGG
(pGlkt.9, TAC
pGlkt.14,
pGlkt.14scr) Xhol Reverse ktA 2875- GGCAACTCGAGTCTACA
Pinsert pcDNA mes GGG

Underlined sequences denote restriction sites.
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Table 2. Oligonucleotides encoding adjuvant peptide sequences.

Direction

Adjuvant Sequence
9mer peptide Forward atcGGGGGAGTACAAGGAGAAGAAA
GTAATGACAAAGGAGGG
Reverse CCCTCCTTTGTCATTACTTITCTTCTCC
TTGTACTCCCCCgat
14mer peptide Forward atcGGGGGAGAGACAGTGATAATGAA
AGCTAAGCCTCGGGCTAATTTCCCA
GGAGGG
Reverse CCCTCCTGGGAAATTAGCCCGAGGCT
TAGCTTTCATTATCACTGTCTCICCCC
Cgat
14mer peptide Forward atcGGGGGAAAGTTCGAGCGGACAGCT
scrambled CCAATAGCTATGGTGCCTAATAAAGG
(control) AGGG
Reverse CCCTCCTTTATTAGGCACCATAGCTAT

TGGAGCTGTCCGCTCGAACTTTICCCC
Cgat

Lower case sequences denote oligos that recreate the EcoRV restriction site.
Underlined sequences denote oligos that encode for glycine residues used as spacers.
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and overlaid with sterile mineral oil (Sigma). The reaction was carried out in a DNA
Thermocyler (Perkin Elmer Cetus, Norwalk, CT) under the following conditions: one
cycle of 94°C for 5 min, 30 cycles 0f 94°C for 1 min, 47°C for 1 min, and 72°C for 1
min, followed by one cycle of 72°C for 10 min. Following ampliﬁcation, the resulting
products were electrophoresed on a 1% agarose gel containing ethidium bromide
(Mallinckrodt). The visualized band was excised from the gel and purified using the

Geneclean II kit (Bio 101, Inc., Vista, CA) and stored at -20°C.

Plasmids

The mammalian expression plasmid pcDNA3.1(+) (Invitrogen, San Diego, CA)
was used in the DNA-based vaccine studies with the gene of interest under the control of
the cytomegalvirus (CMV) promoter. Figure 1.

The vector pGEX 4T-1 (Pharmacia Biotech) was used to generate recombinant
proteins by expression in a bacterial system. The multiple cloning site immediately
follows the glutathione-S-transferase gene of Schistosoma japonicium with the resulting

product being expressed as a fusion with GST. Figure 2.

Plasmid Manipulation

The pcr amplified 7kt A fragment and the plasmid pcDNA3.1 were digested with
the restriction enzymes HindIII and Xhol at 37°C for 2 h. To ensure complete cleavage,

enzymes were added a second time and digested for an additional 2 h. An aliquot of each

43



- _ER-ITrrs_———=—
+ 0 =R R EXEEXT o R e
.:E\.\ Sy e
( Lﬁ ScITISEEERES8L 8L,

c¢DNA3.1 (+/-)

p

Figure 1. Diagram of pcDNA3.1 vector used in DNA-based vaccination.
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Figure 2. Diagram of pGEX-4T-1 vector used to generate GST fusion proteins.
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reaction was run on a 1% agarose gel to confirm cleavage. Enzymes and salts were
removed from the remaining mixtures by ethanol precipitation. Briefly, 0.1 volume of
3M sodium acetate (Fisher) and 2 volumes ice cold ethanol were added to the mixtures
and incubated on dry ice for 30 min. Following centrifugation at 14,000 x g for 30 min at
4°C, the DNA was washed with 70% ice cold ethanol and recentrifuged. The DNA pellet
was vacuum dried (Savant Instruments, Inc., Farmingdale, NY) and resuspended in sterile
deionized water. The digested pcDNA3.1 and the digested pcr product were ligated in a
mixture containing T4 DNA ligase and 5X ligase buffer (GIBCO) at 16°C overnight.

The ligated product was used to transform competent E. coli DH5a cells.

Competent cells were prepared by the CaCl, method (215). Cultures were grown
to an OD;g; of 0.6, chilled for 10 min, and centrifuged at 5,000 x g at 4°C for 10 min.

The pellet was resuspended in ice-cold 10mM magnesium sulfate (Mallinkrodt) and
incubated on ice for 10 min. Cells were centrifuged as before and resuspended in 50mM
galcium chloride (Fisher) and 10mM Tris, pH 8.0. After a 15 min incubation on ice, the
cells were centrifuged, and the final pellet was gently resuspended in 50mM calcium
chloride and 10mM Tris, pH 8.0.

The heat shock method was used to transform competent cells (215). The ligation
mixture was added to the competent cells, placed on ice for 30 min, and then heat
shocked at 42°C for 2 min. 2X yeast extract tryptone media (2X-YT, 16 g tryptone, 10 g
yeast extract, 5 g sodium chloride per liter, pH 7.0) was added to the mixture and

incubated at 37°C for 1 h shaking. Cells were then plated on 2X-YT agar with 100pg/ml
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ampicillin (Sigma) and incubated overnight at 37°C. Individual colonies were
subcultured and screened for the presence of pcDNA3.1 cc;ntaining the inserte& Ikt A
fragment.

Screening of the colonies was done by performing DNA mini-preps (Wizard™
Minipreps DNA Purification System, Promega). The isolated DNA was digested with
HindIII and Xhol and electrophoresed on a 1% agarose gel. An excised DNA fragment of
the appropriate size was assumed to be positive and was submitted for DNA sequencing.

The constructs containing the adjuvant sequences were generated in the
pcDNA3.1 vector containing the /it 4 fragment (pclkt). The unique EcoRV restriction
site, which is cleaved between nucleotides 2163 and 2164 of the /kt A fragment, was used
for an in-frame insertion of the adjuvant encoding oligonucleotides. The pclkt plasmid
was digested with EcoRV for 2 h and then ethanol precipitated as previously described.
Synthetic oligonucleotides were annealed in a mixture containing 2 ul 5’ oligo (500 mM),
2 pl 3’ oligo (500 mM), 5 ul dH20, and 1 pl sodium chloride (5 M). The mixture was
incubated at 90°C for 2 min, 37°C for 5 min, and room temperature for 10 min. The
annealed oligonucleotides were ligated into the linearized plasmid by T4 DNA ligase at
14°C overnight. The ligated product was used to transform competent DH5a cells as
described previously.

Positive colonies were verified by per screening. Individual colonies were picked
with sterile toothpicks and placed in a 25 pl reaction mixture containing 2 ul dNTP mix

(10 mM each), 2.5 pl 5’primer (5 ng/ul), 2.5 pl 3’ primer (5 ng/ul), 2.5 pl 10X per buffer,
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0.75 pl MgCl (50 mM), 0.25 pul DNA Tagq polymerase, and 14.5 pl dH,O. The 5°
oligonucleotides encoding the adjuvapt sequence were used as the 5° primer in this
reaction and the internal primer Xhol 936-943 was used as the 3’ primer. The per cycles
were the same as before and the resulting producfs were run on a 1% agarose gel and
visualized with ethidium bromide. Samples with a band of the appropriate size were
assumed to be positive and were submitted for DNA sequencing.

Constructs containing the /& 4 fragment with and without the adjuvant sequences
were also generated in the pGEX-4T-1 vector for the purpose of recombinant protein
generation. Inserts could not be cleaved from the corresponding pcDNA 3.1 constructs
utilizing the designed restriction sites HindIIl and Xhol and inserted into the pGEX vector
because a HindIl] site is not contained in the multiple cloning site of pGEX. Therefore, a
new 5’ EcoRI site was designed by pcr pﬁmers in the same region as the Hind!II site.
The Ikt A fragments were amplified from the respective pcDNA3.1 construct with the
new 5’ primer and a new 3’ Xho! primer that extended from the leukotoxin fragment
through the beginning of the muitiple cloning site under pcr conditions as previously
described.

Following amplification, the insert and pGEX plasmid were digested with the
restriction enzymes EcoRI and Xhol and ethanol precipitated as described before. The
digested insert and plasmid were ligated at 16°C overnight. The ligated product was
transformed into E.coli JM169 and colonies were screened for the presence of the correct

construct by Wizard™ Minipreps (Promega) followed by restriction enzyme digestion.
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Samples with a fragment of the appropriate size when visualized on an ethidium bromide

stained agarose gel were submitted for DNA sequencing.

DNA Sequencing

The University of Tennessee-Knoxville Molecular Biology Resource Facility
performed the DNA sequencing using an ABI (PE Applied Biosystems, Inc., Foster City,
CA) model 373 A automated DNA sequencer and the ABI prism dye terminator cycle

sequencing kit (PE Applied Biosystems, Inc.).

Plasmid Purification

Large scale DNA preparation was performed by using Wizard™ Plus Maxipreps
DNA Purification System followed by phenol-chloroform (Sigma) extraction and ethanol
precipitation. The DNA concentration was determined using a GeneQuant
spectrophotometer (Pharmacia). The purity of the samples was determined by a

OD,4¢/ODy4, ratio of 1.8 and by visualization on a 1% agarose gel.

Protein Purification

Recombinant proteins were expressed in E.coli JM109 cells containing the pGEX-
4T-1 plasmid constructs. An overnight culture was grown in Luria-Bertani (LB) broth
supplemented with 50 pg/ml ampicillin (Sigma). 500 ml of prewarmed media was

inoculated with 5 ml of the overnight culture and incubated at 37°C in a shaking water
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bath. At mid-log phase (ODsqs approximately 0.6) the culture was induced for protein
expression with isopropyl-B-D-thiogalactoside (IPTG, Gold Biotechnology, Inc., St.
Louis, MO) adjusted to 0.1 mM. The culture was incubated for an additional 75 min
under the same conditions. The culture was centrifuged at 5,000 x g for 10 min at 4°C,
and the supernatant medium was discarded. The cell pellet was resuspended in ice-cold
PBS, and cell lysis was obtained by sonication (Fisher Model 60 Sonic Dismembrator,
Fisher Scientific). Following sonication, the suspension was centrifuged at 14,000 x g for
30 min at 4°C, and the supernatant fluid was filtered through an Acrodisc PF 0.8/0.2 um
Supor filter (Gelman Sciences, Ann Arbor, MI).

Glutathione Sepharose 4B (Pharmacia Biotech) was added to the filtered
suspension and incubated overnight at 4°C. Suspensions were then added to a Poly-Prep
chromatography column (BioRad Laboratories, Hercules, CA). After extensive washings
with PBS, fusion proteins were eluted from the matrix with 10 mM reduced glutathione |
(Sigma). The eluate was dialyzed overnight in 4 L PBS at 4°C. The protein
concentration was determined by BCA and the purity was determined by a Coomassie
Blue stain (0.5% Coomassie Brilliant Blue R-250, BioRad, 5% methanol, and 7.5%
acetic acid, Mallindrodt) of a SDS/PAGE gel. Fusion proteins were stored at 4°C for up

to two weeks.
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Western Immunoblot

SDS-PAGE (sodium dodecy] sulfate polyacrylamide gel electrophoresis) using a
Mini Protean II gel apparatus (BioRad) was performed according to the method described
by Laemmli (141). Stacking gels of 4% and separating gels of 10% (acrylamine/
bisacrylamide 30:0.8, National Diagnostics, Atlanta, GA) were used. Protein samples
were diluted in PBS and 2X sample buffer (2.5 ml 4X Tris-HC1 pH 6.8, 2.0 ml
glycerol,0.4 g SDS, 1 mg bromophenol blue, 5.5 ml dH,0) and electrophoresed at a
. constant amperage of 14 mA for approximately 2.5 h.

Proteins were transferred to Immobilon-P polyvinylidene difluoride (PVDF)
membrane (Millipore) using a semi-dry protein transfer apparatus (Gelman) set at 175
mA for 90 min. Unbound sites on the membrane were blocked with 3% Nonfat Dry Milk
(Carnation Co., Los Angeles, CA) in PBS with gentle agitation at 37°C for 30 min. The
primary antibody (leukotoxin mAbs) used to detect the protein of interest was adjusted to
20 pg/ml in PBS-0.05% Tween-20 (Sigma) and incubated overnight at room temperature.
After three washings with PBS-Tween, HRP recombinant Protein G (Zymed) at a dilution
of 1:2000 was added to the membrane and incubated at 37°C for 90 min. The membrane
was then washed three times with PBS-Tween and developed with HRP Color

Development Reagent (BioRad).
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Transfections

L929 cells (ATCC) were transiently transfected with pcDNA3.1 or pclkt using
LIPOFECTAMINE™ Reagent (GIBCO) according to the manufacturer’s protocol to
ensure the expression of the leukotoxin fragment. To optimize transfections conditions,
L929 cells were first transfected with the plasmid pCMVB (Clontech, Palo Alto, CA) and
stained for B-galactosidase activity. pCMVp is a mammalian reporter vector designed to
express B-galactosidase from the cytomegalovirus gene promoter. A six-well plate
(Fisher) was seeded with the adherent fibroblast cell line and grown to 50-80%
confluency. Plasmid DNA (1-2 pg) was diluted in 100 pl of serum-free DMEM and
mixed with 2-25 pl of LIPOFECTAMINE™ Reagent also diluted in 100 ul of serum free
media. The solution was incubated at room temperature for 30 min to allow the DNA-
liposome complexes to form. Additional media (0.8 ml) was added to the mixture and
then overlaid onto the cells. The cells with the complexes were incubated for 2-24 h at
37°C in 5% CO, and then assayed for gene activity at 24 h, 48 h, and 72 h post-
transfection. Briefly, cells were washed twice with PBS, and fixed with 0.25%
glutaraldehyde (Sigma). Following a 15 min incubation, the cells were washed three
times with PBS. X-Gal sqlution (0.2% X-Gal, 2mM MgCl,, 5mM K Fe(CN), * 3H,0,
SmM K;Fe(CN)4 Fisher) was then added to the washed cells and incubated at 37°C
between 1-16 h until the cells were visibly stained. Once the transfection conditions were
optimized, L929 cells were transfected with pcDNA3.1 or pclkf. Briefly, 1-2 pg of

plasmid DNA and 12 pl of LIPOFECTAMINE™ were used as previously described. The
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cells with the complexes were incubated for 5 h at 37°C in 5% CO,, and then assayed for
leukotoxin expression at 24 h, 48 h, and 72 h.

To verify gene activity, the cells were assayed for the expressed intracytoplasmic
leukotoxin fragment. The tissue cultures were washed twice with PBS and overlaid with
100 pl of NTE buffer (20 mM Tris, pH 7.4, 1 mM EDTA, pH 7.5, 0.05% Aprotonin
(Sigma), 0.2 mM phenylmethylsulfonylfluoride (PMSF, Sigma), 150 mM NaCl, and
0.1% SDS). Following a 5 min incubation on ice, 100 ul of 2% Triton X-100 (in NTE
buffer) was added to the cells and incubated as‘before. The plate surface was scraped
using a cell scraper (Fisher) to collect the cell lysates which were transferred to a
microcentrifuge tube. The extracts were then centrifuged at 12,000 rpm for 5 min at 4°C
and the supernatant was stored at -80°C.

An immunoblot was performed to detected the expressed leukotoxin fragment.
The cell lysates were blotted onto a PVDF (Millipore) membrane and nonspecific protein
binding sites were blocked with 3% Nonfat Dry Milk (Carnation). The membrane was
then probed with mAb Itx-2, -4, and -35 followed by the addition of HRP recombinant
Protein G. Color development was performed using HRP Color Development Reagent

(BioRad).
Immunizations
For protein-based immunizations, female BALB/c mice were immunized i.p. with

100 pg of the indicated fusion proteins in 200 ul of PBS. LktA and JM-2 were
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emulsified in CFA and served as positive controls. Mice were immunized on day 0 and
boosted on day 21 and day 42. Serum samples were collected on days 12, 28, and 49, and
assayed for leukotoxin-neutralizing antibodies and for anti-leukotoxin titers.

For DNA-based immunizations, pcDNA3.1 contructs were injected by the
intramuscular (i.m.) or intranasal (i.n.) route. For i.m. immunizations, mice were
anesthetized with metafane (Pitman-Moore, Inc.) and 100 pg of plasmid DNA in 50 pl
sterile saline was injected into the quadriceps and tibialis muscles with a 28 gauge insulin
syringe (Becton Dickinson & Company, Franklin Lakes, NJ) at day 0 and boosted with
the same dose at day 28 when indicated. For i.n. immunizations, mice were anesthetized
as before and 100 ug of plasmid DNA, with and without 2 pug of cholera toxin subunit B,

was dropped into the nares at 20 ul per nare.

Blood Collection

Blood was collected from mice at the indicated time points using several
techniques. Non-terminal bleeds were performed on anesthetized mice by introducing a
microhematocrit tube (Fisher) into the medial canthus of the orbital sinus until blood
entered the tube. Mice injected i.m. with plasmid DNA and with recombinant proteins
were terminally bled by decapitation under metafane anesthesia. Intranasally immunized
mice were terminally bled by eye removal under anesthesia and then sacrificed by
cervical dislocation. Tracheal lavages were also performed on mice immunized in with

plasmid DNA. Briefly, a midline incision was made and, with the skin retracted, the
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trachea was exposed. Using a 1cc syringe with a 25 gauge needle (Fisher), 500 pl of
sterile saline was washed through the trachea and the lavage fluid collected. Blood and
tracheal lavage samples were incubated at 4°C overnight and centrifuged for 15 min at

10,000 g. Serum and tracheal fluids were collected and stored at -20°C.

Ammonium Sulfate Precipitation of Rabbit Antisera

The use of rabbit anti-leukotoxin polyclonal sera in enzyme linked
immunosorbent assays (ELISA) required partial purification of IgG antibodies. The
generation of the rabbit polyclonal sera was performed by Jack McPherson (179) of this
laboratory. Large protein aggregates were preprecipitated by mixing 0.5 volume of
saturated ammonium sulfate (Sigma) with the antisera. The mixture was incubated
overnight at 4°C while stirring and then was centrifuged at 3,000 x g for 30 min. The
remaining supernatant was again mixed with 0.5 volume of saturated ammonium sulfate
and incubated as before. The suspension was centrifuged at 3,000 x g for 30 min and the
pellet was resuspended in 0.3-0.5 the original antisera volume PBS. The antibody

solution was dialyzed against three changes of PBS, aliquoted, and stored at -20°C.

Antibody Detection

Enzyme linked immunosorbant assays (ELISAs) were performed to determine the
presence of leukotoxin-specific IgG antibodies in mouse sera. Direct ELISAs were used

to detect protein-specific antibodies in sera obtained from mice immunized with plasmid
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DNA. The leukotoxin A fragment-GST fusion protein was adjusted to 20 pug/ml, and 50
ul was added to each well of 96-well polyvinyl chloride plates (PVC plate, Dynatech
Laboratories, Chantilly, VA) and incubated overnight at room temperature in a humid
chamber. The plates were then washed three times with PBS-0.05% Tween-20 and the
remaining protein sites were blocked with 100 pl 3% Nonfat Dry Milk (Carnation) for 2 h
at 37°C. The plates were washed as before, and the desired serum dilutions were then
added to the appropriate wells and serially diluted. After an incubation of 2 h at 37°C, a
1:3000 dilution of HRP raiabit anti-mouse IgG (gamma) (Zymed) was added. The plates
were incubated at 37°C for 2 h and then developed by the addition of 2,2’-azino-di (3-
ethyl-benzthiazoline-6-sulfonic acid) (ABTS, Zymed). Following an incubation of 30
min in the dark, the absorbance at 405 nm was determined by a microtiter plate reader.
All dilutions were performed in PBS and all washings were performed with PBS-0.05%
Tween-20. |

A trap ELISA was performed to assay for protein-specific IgG antibodies in mice
immunized with recombinant proteins. These animals were injected with GST-fusion
proteins, and, therefore, the direct ELISA protocol using the leukotoxin A fragment-GST
fusion protein as the antigen could not be used. Rabbit anti-leukotoxin antibodies
génerated by Jack McPherson (179) of this laboratory and further purified by ammonium
sulfate precipitation were used as the trapping antibody. Briefly, rabbit anti-leukotoxin
antibodies at a dilution of 1:3000 in PBS were added to PVC plates and incubated

overnight at room temperature. Plates were washed and blocked with 3% Nonfat Dry
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Milk. Following a 2 h incubation at 37°C, leukotoxin at a dilution of 1/100 was added to
the plates which were incubated for 2 h at 37°C. Serum dilutions were then added, and
the remaining assay was carried out as described above. All dilutions and washing were
performed in PBS-0.05% Tween-20.

A trap ELISA was also performed to determine the presence of leukotoxin
speciﬁc-IIgA in tracheal lavages. Briefly, PVC plates were coated with mAb 35 at a
concentration of 20 pg/ml and incubated overnight at room temperature. Plates were
washed and blocked with 3% Nonfat Dry Milk. Following a 2 h incubation at 37°C,
leukotoxin at a dilution of 1/100 was added to the plates and incubated for 2 h at 37°C.
Tracheal lavage dilutions were added and incubated for an additional 2 h as before.
Finally, goat anti-mouse IgA-HRP (Fisher) at a dilution of 1/6000 was added and plates
were incubated at 37°C for 2 h. Plates were developed as previously described. All
dilutions were performed in PBS, and all washings were performed in PBS-0.05%

Tween.

Ltx-2 Standard Titration Curve

To determine the concentration of leukotoxin-specific antibodies generated by
DNA-based immunizations, a standard ltx-2 titration curve was used. This curve was
generated by direct ELISA as previously described. Briefly, 50 pul of IM-2 at 20 pg/ul
was added to each well of a 96-well PVC plate and incubated overnight at room

temperature. After plates were washed, 3% Nonfat Dry Milk was added and incubated
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for 2 h at 37°C. Plates were washed as before, and 1tx-2 at 10 pg/ml was added to the

appropriate wells and serially diluted. After a 2 h incubation, plates were washed and
HRP rabbit anti-mouse IgG (gamma) at 1:3000 was added. Following a 2 h incubation,

plates were developed with ABTS as before.

Cytotoxicity Assay

A modification of the MTT cytotoxicity assay (189) was used to determine the
activity of the leukotoxin. Briefly, the leukotoxin was adjusted to the desired
concentration and serially diluted two-fold in RPMI-1640. BL-3 cells were centrifuged,
resuspended to 1.6 x 10° cells/ml in RPMI-1640 and added to each well in volumes of 25
pl. The plate was incubated at 37°C with 5% CO, for 1 h. Following this incubation, 50
ul of complete RPMI-1640 (media + 10% FBS + 2% psg) and 10 pl 3-(4,g-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) were added to
each well, and the plate was incubated as before for 4 h. Cells were then lysed and the
tetrazolium dye solubilized by the addition of 100ul acid alcohol (0.04 N HCl in
isopropanol, Mallinckrodt). The absorbance was read at 565 nm on a microtiter plate
reader.

For leukotoxin neutralization assays, mouse sera were adjusted to the desired
starting dilution and serially diluted two-fold in RPMI-1640. One unit of leukotoxin was
then added to each well and incubated on ice for 45 min. BL-3 cells were then added to

the plate and the remainder of the assay was performed as previously described.
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Statistical Analysis
One way ANOVA analysis was used where applicable. Results were considered

significant if P<0.05.
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CHAPTER 3

RESULTS

Monoclonal Antibody Characterization

A panel of six monoclonal antibodies reactive with the 101.9 kDa leukotoxin of
Pasteurella haemolytica was generated by Donald Gerbig and Mark Cameron of this
laboratory (92,93). Three of these monoclonal antibodies, 1tx-2, 1tx-4, and Itx-35, have
leukotoxin-neutralizing capabilities with ltx-2 as the most potent neutralizer (76). Flow
cytometry results indicated that 1tx-2 prevents the binding of leukotoxin to susceptible
BL-3 cells (92). Initial epitope mapping with CNBr cleavage fragments, mutant deletion
proteins, and alkaline phosphatase/leukotoxin fusion proteins indicated the region
between LktA amino acids 768 and 939 to be important in 1tx-2 binding to target cells
(92). Additional studies further defined the ltx-2 epitope as the region between amino
acids 876-939 in the carboxyl end of the leukotoxin which is not involved in LktC
mediated activation of LktA (76,179). It is also known from previous work that the
presence of “Itx-2-like” antibodies correlates with a reduction of disease severity in cattle

(R. Moore, personal communication).

Generation of pcDNA3.1 Constructs

To examine the efficacy of DNA-based vaccination, constructs encoding a lkz4
gene fragment were generated in pcDNA3.1. Based on antibody absorption assays, Jack
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McPherson of this laboratory defined a leukotoxin fragment between amino acids 713-
939 as potentially capable of inducing “ltx-2-like” antibodies when immunized with
fusion partner GST. This protein construct (JM-2) produced high rabbit anti-leukotoxin
serum titers as well as high rabbit serum leukotoxin neutralizing titers compared to other
fragments examined (179). Based on these findings, this portion of the leukotoxin A
gene was incorporated into a plasmid suitable for DNA vaccine applications.

A fragment encoding amino acids 710-953 was amplified from genomic DNA of
P. haemolytica Al and cloned into the HindIII and Xhol sites of pcDNA3.1. This
plasmid is a nonfusion vector therefore a Kozak sequence was engineered upstream of the
transcriptional start site based on changes made by pcr primers in the toxin insert.
Studies by Marilyn Kozak show that these consensus sequences enhance mRNA and
protein expression (132). A schematic representation of the resulting construct, pclkt, is
shown in Figure 3.

To examine the potential adjuvant effectiveness of human IL-1f 163-171 (9mer)
and human acidic isoferritin 172-185 (14mer), corresponding synthetic oligonucleotides
were cloned into pclkt at a unique EcoRV site at amino acids 721 and 722. In addition to
the adjuvant encoding oligonucleotides, oligonucleotides encoding two glycine residues
were added at the 5° and 3’ ends of the adjuvant insert. This was done in an attempt to
separate the immunogenic and immunostimulatory functional regions. Glycine is a
strong disrupter of a-helix secondary structure formation and indifferent toward -sheet
secondary structure formation, therefore, a two-glycine residue spacer wopld effectively
prevent any secondary structural overlap between the adjuvant sequence and the LktA
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12127 lktA fragment 2880,

promoter

Figure 3. Diagram of pclkt construct. Numbers shown are nucleotides. Expression of
the gene is under the control of the CMV promoter.
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fragment. In addition, the Gly residues should have minimal influence on the
hydrophilicity profile of the immunogen given its zero hyrophilicity value and should not
add any novel antigenic feature since they lack a side chain (206). Oligos encoding
isoleucine were also added at the 5’ end of the adjuvant inserts to recreate the EcoRV site.
The resulting pclkt construct encoding hIL-1f3 163-171, pclkt.9, is depicted in Figure 4.
The construct encoding acidic isoferritin 172-185, pclkt.14 is shown in Figure 5. An
additional construct was made in pclkt as a control plasmid for pclkt.9 and pclkt.14. The
amino acid sequence of the ferritin 14mer, 172-185,was scrambled, and the encoding
oligonucleotides with flanking glycine spacers were cloned into pclkt. The resulting

construct, pclkt.14scr is shown in Figure 6.

Generation of pGEX4T-1 Constructs

To examine the effectiveness of the adjuvant sequences in recombinant protein
vaccines; constructs were generated in the bacterial expression vector pPGEX-4T-1.
Because the multiple cloning site did not contain a HindIII site, inserts from the
corresponding pclkt constructs could not be cleaved and ligated directly into pGEX.
Rather, the inserts were amplified from the appropriate pclkt construct using per primers
that engineered a new EcoRI site at the 5’ end of the insert. The amplified fragments
were then cloned into the EcoRI and Xhol site of pGEX. The resulting constructs in the

PGEX expression vector are pGlkt.9, pGlkt.14, and pGlkt.14scr. The pGEX construct
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121 lktA fragment 2880,
2163/2164
coRV

HindIII

\%
promoter

Figure 4. Diagram of pclkt.9 construct. The sequence in the box represents the amino
acids encoded by the synthetic oligonucleotides which includes an isoleucine to recreate
the restriction site, glycine linkers, and hIL-1f 163-171. Numbers shown are leukotoxin
bases. Expression of the gene is under the control of the CMV promoter.
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[IGGETVIMKAKPRANFPGG |

M fragment 2880,
31632164

coRV

HindIII
\"
promoter

pelkt.14

Figure 5. Diagram of pclkt.14 construct. The sequence in the box represents the amino
acids encoded by the synthetic oligonucleotides which includes an isoleucine to recreate
the restriction site, glycine linkers, and apoferritin 172-185. Numbers shown are
leukotoxin bases. Expression of the gene is under the control of the CMV promoter.
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[IGGKFERTAPIAMVPNKGG |

Mm fragment 2880,
1635164

coRV

promoter

pelkt.14scr

Figure 6. Diagram of pclkt.14scr construct. The sequence in the box represents the
amino acids encoded by the synthetic oligonucleotides which includes an isoleucine to
recreate the restriction site, glycine linkers, and scrambled apoferritin 172-185. Numbers
shown are leukotoxin bases. Expression of the gene is under the control of the CMV
promoter. ‘ '
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that contains the leukotoxin A fragment without any adjuvant sequence (JM-2) was

generated by Jack McPherson and was used in this study.

DNA Sequencing

The DNA sequence of the leukotoxin fragment in the constructs was compared to
the sequence published by Lo et al. (149). The DNA sequences of the adjuvant
fragments were compared to their respective published sequences (7,47,48,169). All

constructs were identical to these sequences.

Generétion and Reactivity of Fusion Proteins

Constructs generated in pGEX-4T-1 were used to transform JM109 cells for
protein expression. This E. coli strain was used because the lacI? repressor contained on
the F’ episome produces 10-fold more repressor than is found in most host strains. This
ensures a more stringent control of fusion protein expression. The resulting proteins were
expressed as C-terminal fusions to glutathione-S-transferase of S. japonicium which were
purified by affinity chromatography. Schematic representation of the fusion proteins are
shown in Figure 7. |

The ability of mAbs Itx-2, Itx-4, and Itx-35 to recognize each fusion protein was
tested by western immunoblots (Figures 8-10). In each case, all three mAbs recognized
the 101.9 kDa intact leukotoxin and failed to recoénize the 29 kDa GST protein. In
addition, all fusion proteins were recognized by the panel of mAbs indicating that the
insertion of the adjuvant peptides did not significantly effect the conformation of the
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713 939 JM-2

953 KL.9
953 KL.14
953 KL.14scr

Figure 7. Schematic representation of LktA fragments with incorporated adjuvant
peptides. Numbers shown are leukotoxin amino acids. Shaded areas indicate adjuvant
sequences which are inserted between amino acids 721 and 722. KL.9 contains the 9mer
peptide, KL.14 the contains 14mer peptide, and KL.14scr contains the scrambled 14mer.
Proteins are fused at their amino end with GST.
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97.4 kDa

66 kDa CGliwks St wanliP e e p

46 kDa

30kDa

Lad LKT GST JM-2 KL9 KL.14 KL.14scr

Figure 8. Western blot of fusion proteins reacted with Ltx-2.
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97.4 kDa

66 kDa

46kDa 7 . :_._'..

30 kDa

Lad LKT GST JM-2 KL9 KL.14 KL.14scr

Figure 9. Western blot of fusion proteins reacted with Ltx-4.

70



- ﬁ - )
.

Lad LKT GST JM-2 KL9 KL.14 KL.14scr

Figure 10. Western blot of fusion proteins reacted with Ltx-35.
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leukotoxin fragment. JM-2 produced a band at 53.8 kDa, K1..9 produced a band at 56.3

kDa, and KL.14 and KIL.14scr produced bands at 56.8 kDa.

In vitro expression of pclkt

To verify expression of the leukotoxin fragment encoded by pclkt, L.929 cells
were transiently transfected, and intracytoplasmic extracts were assayed by immunoblot
procedures. Optimal conditions were first defined by transfecting cells with pPCMVf and
staining with an X-Gal solution to detect beta-galactosidase activity. L.929 cells were
transfected with pcDNA3.1 or pclkt. Cell lysates were then immobilized on PVDF
membranes and then probed with mAbs 1tx-2, 1tx-4, and Itx-35. Leukotoxin fragment
expression by pclkt was detected by 1tx-35 (Figure 11). However, Itx-2 and Itx-4 did not
detect protein expression which may reflect the low levels of leukotoxin expression by
transfected cells or a conformational change in the leukotoxin fragment that may affect

binding of the mAbs.

Humoral Responses Induced by Recombinant Protein Immunizations

BALB/c mice were used to determine the immunogenicity of the generated fusion
proteins. Mice were immunized i.p. with 100 pg/100 pl of fusion proteins JM-2, KL.9,
KL.14, K1..14scr. In addition, mice were immunized with PBS alone, GST, whole LktA
in complete Freund’s adjuvant, and JM-2 in complete Freund’s adjuvant. Primary

immunizations were given on day 0 with subsequent boosts on day 21 and day 42. All
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second and third immunizations were given in PBS. Terminal bleeds were performed on
six mice per group throughout the duration of the experiment on days 12, 28 (7 days after
the second immunization), and 49 (7 days after the third immunization).

Total antibody response was determined by trap ELISA. Ammonium sulfate
precipitated rabbit anti-leukotoxin antibodies were used to trap intact LktA. Serum
dilutions were then added and diluted two-fold. Results are shown in Tables 3 and 4 .
Animals immunized with LktA and JM-2 in CFA exhibited inc;easing protein-specific
antibody titers in the three bleeds with the highest titers on day 49. The PBS and GST
immunized animals produced no detectable levels of such antibodies throughout the
experiment. The fusion proteins in PBS, JM-2, K1..9, K1..14, and KL.14scr, produced
detectable levels of antibodies in all serum samples with the exception of one KL.14
injected animal on day 12, one KL.9 injected animal on day 28, and one KL.14scr
injected animal on day 28. However, all groups irnmmzed with fusion proteins in PBS
showed comparable antibody titers with no observed immunomodulatory effects by the
adjuvant peptides. Lkt/CFA and JM-2/CFA immunized animals were significantly
different than the fusion proteins in PBS (p<0.05).

MTT leukotoxin neutralization assays were performed to detect the presence of
neutralizing antibodies in the collected sera of recombinant protein-immunized mice.
Values reported are log, of the serum dilution that allow 75% of cells to survive
challenge by 1U of LKT (Tables 5 and 6). Results from this set of experiments indicate

that the fusion proteins with the incorporated adjuvant sequences were not able to
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Table 3. Serum anti-leukotoxin titers of control mice as determined by trap ELISA.

Immunogen Mouse # Day 12 Day 28 Day 49
PBS 1-6 <4.3 <4.3 <4.3
GST 1-6 <4.3 <4.3 <4.3
LktA/CFA 1 <4.3 15.8 17.9

2 11.3 16.3 18.5

3 11.3 17.8 17.9

4 10.4 17.8 16.3

5 10.7 174 17.5

6 11.3 13.5 17.0

Mean 11.0£0.2 16.4+0.7 17.5+£0.3
JM-2/CFA 1 7.2 12.8 154

2 7.9 11.8 15.8

3 6.8 10.8 16.3

4 8.7 12.6 154

5 7.5 13.1 155

6 7.8 10.2 16.0

Mean. 7.740.3 11.940.5 15.7£0.2

* Titers are expressed as reciprocal log, of serum dilutions that gives OD,o5 0f 0.3.
Means are expressed as average titers of responding mice + SEM.
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Table 4. Serum anti-leukotoxin titers of fusion protein immunized mice as determined
by trap ELISA.

Immunogen Mouse # Day 12 Day 28 Day 49
IM-2 1 6.7 7.7 7.4

2 6.8 8.0 7.4

3 6.7 7.1 8.9

4 5.4 7.2 8.9

5 7.3 7.3 9.9

6 7.1 7.6 9.9

Mean 6.7+0.3 7.5+0.2 8.710.5
KL.9 1 6.9 7.6 8.2

2 7.3 7.5 8.2

3 7.8 7.2 9.2

4 7.2 <4.3 9.2

5 6.6 7.9 8.4

6 5.7 6.8 8.2

Mean 6.9+0.3 7.410.2 8.6+0.2
KIL.14 1 5.9 6.2 8.0

2 5.6 6.7 8.6

3 6.6 6.5 8.9

4 6.3 7.5 8.9

5 <43 8.1 9.4

6 6.7 8.1 7.9

Mean 6.2+0.2 7.2+0.3 8.610.2
KI.14scr 1 5.7 8.6 7.3

2 6.0 <4.3 9.1

3 53 7.8 9.1

4 7.1 7.1 9.7

5 6.5 7.3 9.2

6 5.0 7.4 9.2

Mean 5.940.3 7.610.3 8.9+0.3

Titers are expressed as reciprocal log, of serum dilutions that gives OD,,; of 0.3.
Means are expressed as average titers of responding mice + SEM.
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Table 5. Mouse serum leukotoxin neutralizing titers induced by protein immunizations
in control groups.

Second Immunization® Third Immunization®

Immunogen Mouse Neutralizing Immunogen Mouse Neutralizing

Number Titer® Number Titer
PBS - 1-6 <4.3 PBS 1-6 <4.3
GST 1-6 <43 GST 1-6 <43
LKtA/CFA 1 8.2 LktA/CFA 1 11.2

2 9.0 2 10.7

3 10.2 3 114

4 9.6 4 9.2

5 12.6 5 10.6

6 6.3 6 10.3

Mean® 9.3+0.9 Mean 10.3£0.3
JM-2/CFA 1 6.3 JM-2/CFA 1 12

2 9.4 2 12.8

3 10.0 3 11.9

4 7.4 4 11.0

5 7.7 5 10.2

6 7.0 6 10.3

Mean 7.9+0.6 Mean 11.3+0.4

®Sera taken 7 days post secondary immunization at Day 28.
®Sera taken 7 days post third immunization at Day 49.

“Titers are expressed as reciprocal log, of serum dilution that protects 50% of target cells.

eans are expressed as average titers of responding mice + SEM.
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Table 6. Mouse serum leukotoxin neutralizing titers induced by recombinant fusion
protein immunizations.

Second Immunization® Third Immunization®

Immunogen Mouse Neutralizing Immunogen Mouse Neutralizing

Number Titer® Number . Titer
IM-2 1 59 IM-2 1 <43

2 52 2 5.0

3 4.5 3 6.6

4 <4.3 4 5.1

5 45 5 8.4

6 <43 6 9.1

Mean 5.0£0.3 Mean 6.9+0.8
KL.9 1 <43 KL.9 1 <4.3

2 <4.3 2 <4.3

3 <4.3 3 . 4.5

4 <4.3 4 5.1

5 <4.3 5 7.7

6 <43 6 6.9

Mean <4.3 Mean 6.1£0.8
KL.14 1 <43 KL.14 1 <4.3

2 <4.3 2 <4.3

3 <43 3 4.6

4 <4.3 4 5.8

5 <4.3 5 4.5

6 <43 6 <4.3

Mean <4.3 Mean 4.910.4
KL.14scr 1 <4.3 1 6.4

2 <4.3 2 <4.3

3 <4.3 3 5.1

4 <4.3 4 5.5

5 <4.3 5 6.4

6 <4.3 6 4.7

Mean <4.3 Mean 5.620.3

? Sera taken 7 days post secondary immunization at Day 28.
bSera taken 7 days post third immunization at Day 49.
“Titers are expressed as reciprocal log, of serum dilution that protects 50% of target cells.
eans are expressed as average titers £ SEM.
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augment the production of neutralizing antibodies upon immunization. Following the
second immunization, JM-2 began to induce detectable levels of neutralizing antibodies
which increased following the third immunization. However, KL.9, KL.14, and KL.14scr
did not induce detectable levels of neutralizing antibodies until after the third
immunization. All fusion proteins elicited comparable levels of neutralizing antibodies
by day 49. As expected, PBS and GST were unable to induce detectable levels of
neutralizing antibodies. Furthermore, JM-2 and LKT in CFA elicited significantly higher

neutralizing titers compared to immunizations of the fusion proteins in PBS alone.

Humoral Responses Induced by Intramuscular DNA Immunizations

To examine the possibility of inducing a leukotoxin specific-immune response
following genetic immunization, BALB/c mice were injected with various plasmid DNA
constructs in the quadriceps and tibialis muscles and the serum was assayed for protein
specific antibodies at the indicated time points. Initial experiments involved immunizing
mice with 100 pg of plasmid DNA and assaying the serum by ELISA at weeks 2, 3, and
4. Results from these experiments showed no detectable antibodies. Therefore, the
length of the experiment was extended because of the possibility of a delayed immune
response.

Based on the results from the previous experiment, the length of the next set of
experiments was extended to eight weeks (day 56). Mice were immunized i.m. on day 0

with 100 pg of plasmid DNA. At day 28 (week four), half the mice in each group were
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boosted with 100 pg of the appropriate plasmid DNA construct. Terminal bleeds were
performed at Day 56 (week eight) on all mice. Total leukotoxin specific IgG was
analyzed by direct ELISA using the fusion protein JM-2 as antigen. Serum dilutions
were added to JM-2 coated plates and bound IgG was detected by rabbit anti-mouse IgG
(gamma). To verify the sensitivity of this assay, ELISA were performed using GST as
the antigen to ensure that nonspecific binding to this mc;iety would not occur. Results
from these assays indicate that background levels were negligible.

Data obtained from direct ELISA are shown in Table 7. Antigen-specific IgG are
expressed as microgram/milliliter based on values obtained from a standard curve of 1tx-
2. The standard ltx-2 curve is shown in Figure 12. This method was employed because
the sera titered at low dilutions. In addition, a comparison can be made between the
levels of antibodies induced by DNA immunizations and the known concentration of Itx-
2. The leukotoxin fragment inserted into the pcDNA3.1 vector, pclkt, was able to elicit a
protein specific immune response when injected intramuscularly with a mean antigen
specific antibody concentration of 19.6 pg/ml. In addition, the 9mer and the 14mer
adjuvant sequences were able to significantly enhance this immune response generating
100.1 pg/ml and 129.8 pg/ml of leukotoxin specific antibodies, respectively, which is
significantly different (p<0.05) than the response generated by pclkt. However, mice that
received booster immunizations, did not produce detectable levels of protein specific
antibodies indicating that not only are additional immunizations not necessary, they may

have a negative effect on the outcome of the immune response (data not shown).
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Table 7. IgG serum response in mice following intramuscular DNA immunization
(Group A).

Immunogen Mouse Number Antigen Specific Antibodies

(ng/ml)*

Preimmune Serum ——— ND°
pcDNA3.1 1-6 ND

pelkt 8.4

12.5
16.2
15.3
11.5

53.7
ean’ 19.6+6.9

ZO‘\U\-F-UJN'—‘

pelkt.9 90.8
76.8
134.5
124.2
102.6
71.8

ean 100.1+10.3

ZO‘\U\-PUJN'—‘

pelkt.14 152.5
163.1
188.1
119.4
49.3

106.1

Mean 129.8+20.2

O\ DN B W N e

* Leukotoxin specific IgG is represented as pg/ml based on values obtained from the Ltx-2 standard curve.
®IgG levels not detected.

C .
Means are expressed as average concentrations = SEM.
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Figure 12. Ltx-2 standard titration curve.
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To verify the results of the previous set of experiments, mice were once again

immunized with the pcDNA3.1 constructs with the addition of pclkt.14scr as a control for
the adjuvant encoding plasmids. Mice were injected with DNA on day 0 and terminal
bleeds were performed on day 56 (week 8). Direct ELISA were performed as before.
Results are displayed in Table 8. All plasmids encoding the leukotoxin A fragment were
able to elicit a protein specific immune response. The construct pclkt elicited 18.6 pg/ml
of protein specific antibodies whereas such antibodies were undectected in animals
immunized with plasmid alc;ne. Furthermore, the plasmids bclkt.9 and pcll;t. 14 with the
incorporated adjuvant sequences were able to enhance the immune response over two-
and three-fold higher, respectively, compared to pclkt, which is a significant difference
(p<0.05). The construct pclkt.14scr was able to generate an immune response in the
immunized mice which was comparable to the response generated by pclkt. Furthermore,
this response differed significantly than that generated by pclkt.9 and pclkt.14 (p<0.05)
indicating that enhanced response generated by the latter constructs were due to the
activity of the adjuvant sequences.

A final set of DNA immunized mice was examined in which the time course
following injection was extended. BALB/c mice were once again immunized i.m. with
100 pg of plasmid DNA. Retroorbital bleeds were performed on day 56 and terminal
bleeds on these mice were performed on day 84. Serum was assayed for leukotoxin
specific antibodies as previously described. Results are displayed in Table 9. At day 56,

the construct pclkt was able to elicit an average immune response of 35.5 ug/ml of
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Table 8. IgG serum response in mice following intramuscular DNA immunization
(Group B).

Immunogen Mouse Number

Antigen Specific Antibodies (ug/ml)®

Preimmune Serum -—--
pcDNA3.1 1-6

pelkt

AW A W=

Mean

pclkt.9

ZO\UIJ;UJN;—I

can

pelkt.14

ZO\U’!-PWN'—'

€an

pclkt.14scr

AWt bW =

Mean

ND®
ND

11.5
214
26.3
19.9
24.6

8.1
18.613.0

34.7
69.5
37.2
45.9
56.4
43.4
47.9+5.3

85.6
112.9
39.9

69.5

49.1

52.7
68.3+11.1

22.9
15.1
263
324
15.1
30.3
23.743.0

* Leukotoxin specific IgG is represented as pg/ml based on values obtained from the Ltx-2 standard curve.

b 1gG levels not detected.
“Means are expressed as average concentrations = SEM.
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Table 9. IgG serum response in mice following intramuscular DNA immunization

(Group C).
Immunogen Mouse Number Antigen Specific Antibodies (ug/ml)®
Day 56 Day 84

Preimmune Serum ---- ND® ND
pcDNA3.1 1-6 ND ND
pelkt 1 52.7 15.1

2 39.9 9.3

3 45.9 114

4 6.6 7.6

5 28.2 ND

6 39.9 18.6

Mean 35.5+6.7 12.4+2.0
pelkt.9 1 105.3 28.2

2 744 39.9

3 79.8 24.6

4 85.6 45.9

5 69.5 28.2

6 52.7 15.1

Mean 77.9+7.2 30.3+4.5
pelkt.14 1 120.9 52.7

2 74.5 39.9

3 91.7 324

4 79.8 26.3

5 74.5 18.6

6 69.5 21.4

Mean 85.2+7.8 31.9+5.2
pelkt.14scr 1 34.7 ND

2 385 16.2

3 52.7 15.3

4 42.8 214

5 42.3 14.1

6 74.5 17.4

Mean 47.6+5.9 16.9+1.3

# Leukotoxin specific IgG is represented as pg/m] based on values obtained from the Ltx-2 standard curve.

b IgG levels not detected.
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antigen specific antibodies whereas no detectable levels‘ of leukotoxin specific antibodies
were produced by animals immunized with plasmid alone. The constructs, pclkt.9 and
pelkt.14, generated an increased immune response of 77.9 pg/ml and 85.2 pg/ml,
respectively, which is not only significantly different (p<0.05) than the pclkt response but
also different (p<0.05) from the response generated by pclkt.scr. This latter response,
although producing a higher response than pclkt at 47.6 pg/ml,‘is still comparable to the
leukotoxin fragment without an adjuvant sequence. |

Antigen specific antibodies were still detected on day 84, however, to a lesser .
extent. The construct pclkt produced 12.4 ng/ml of leukotoxin specific antibodies which
is almost three times less than what was detected on day 56. Constructs pclkt.9 and
pelkt.14 also shéwed a decreased immune response from day 56 at 30.3 pg/ml and 31.9
pg/ml, respectively. However, this response was still significantly different than that of
pelkt (p<0.05). The control construct, pclkt.14scr, also elicited almost three times fewer
antibodies than day 56. In addition, the pclkt.14scr response was comparable to the
responses produced by other three constructs.

To determine the presence of leukotoxin neutralizing antibodies in DNA
immunized mice, cytotoxic assays were performed. Serum dilutions were incubated with
1U of LktA to allow for antibody binding and then BL-3 target cells were added.
Cytoxicity was measured as previously described. ‘In all three experiments, no detectable
levels of neutralizing antibodies were produced. This held true for all groups immunized

with the various leukotoxin constructs, even those augmented with the adjuvant
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sequences. Therefore, although an immune response is generated and detected by

ELISA, this does not guarantee that these antibodies will be neutralizing.

Humoral Responses Induced by Intranasal DNA Immunizations

BALB/c mice were immunized i.n. with plasmid DNA to examine the
effectiveness of the pcDNA3.1 construct vaccines via a differenf route of immunization.
Mice were immunized vx;ith 100 ul of plasmid DNA in 40 pl by applying 20 pl per nare
on day 0. Two sets of mice were used. One set received plasmid DNA alone whereas the
second set received plasmid DNA with 2 pg of cholera toxin subunit B. Terminal bleeds
and tracheal lavages were performed on day 21, day 35, and day 56.

Tracheal lavage samples were assayed for leukotoxin specific IgA and IgG to
examine the potential mucosal immune response. Not much is known about the mucosal
response following DNA immunizations as such research has met yvith varying degrees of
success. Trap ELISAs were performed to detect IgA in tracheal washings. mAb 35 was
~ used to trap intact leukotoxin and tracheal lavage dilutions were then added and serially
diluted two-fold. Goat anti-mouse IgA-HRP was used to detect leukotoxin bound IgA.

In all cases, no leukotoxin specific IgA was detected (data not shown).

Direct ELISAs were performed to assay for protein specific IgG in tracheal

lavages. JM-2, the leukotoxin A fragment-GST fusion protein, was used as antigen.

Tracheal lavage samples were added, diluted two-fold, and bound IgG was detected with

rabbit anti-mouse IgG (gamma). In all cases, no leukotoxin specific IgG was detected
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(data not shown). Once again, ELISAs were performed with GST as antigen to control

for any nonspecific binding of proteins to this fusion partner. In all cases, background
was negligible.

Mucosal immune responses were not detected following intranasal
immunizations, however, systemic responses were observed. Direct ELISA were
performed with the antigen JM-2 as before. Resglts from these experiments are shown in
Table 10. Values are expressed as microgram/milliliter of leukotoxin spe;:iﬁc IgG based
on values obtained from a standard Ltx-2 curve. As expected, mice injected with
pcDNA3.1 had no detectable levels of antibodies at any time point. Mice injected with
pelkt, pelkt.9, pelkt.14, and pclkt.14scr demonstrated a delayed systemic immune
response with consistent level of IgG expression achieved by day 56. Mice immunized
with pclkt generated a mean response of 23.2 ug/ml which was comparable to the
responses produced by pelkt.14, 23.6 pg/ml, and pelkt.14scr, 29.9 ng/ml. However, mice
injected with pclkt.9 displayed elevated levels of inducible antibodies at 62.3 ug/ml,
which is significantly different from the other groups (p<0.1), indicating the potential
adjuvant effect of IL-1p 163-171. pclkt.14 did not augment the immune response in this
study.

A systemic response was also detected in mice immunized with plasmid DNA and
CTB. Comparable levels of leukotoxin-specific antibodies were detected in responding
mice in all groups with the exception of pcDNA3.1 mice in which no antibodies were

detected. However, antibody levels were very low and not all the mice were responding
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Table 10. IgG serum response in mice following intranasal DNA immunization®.

Immunogen Mouse # Day 21 Day 35 Day 56
pcDNA3.1 1-6 ND® ND ND
pelkt 1 30.9 ‘ND 334

2 ND ND 18.4

3 ND ND 17.5

4 ND ND 17.8

5 ND ND 29.9

6 - 8.7 222

Mean* 23.242.8
pclkt.9 1 11.5 ND 31.8

2 ND ND 57.7

3 ND ND 138.8

4 ND ND 43.7

5 ND ND 48.9

6 -—-- ND 52.7

Mean 62.3£15.7
pclkt.14 1 ND ND 8.1

2 ND ND ND

3 ND ND 45.9

4 ND ND 15.0

5 ND ND 27.8

6 -—- ND 20.9

Mean 23.5%6.5
pclkt.14scr 1 ND ND 8.7

2 ND ND 12.2

3 ND ND 15.0

4 ND 234 83.0

5 ND ND 40.6

6 ND ND 20.6

Mean 29.9+11.5
? Leukotoxin specific IgG is represented as pg/ml based on values obtained from the Ltx-2 standard curve.
l;No detectable levels of IgG.

On Day 21, 5 mice per group were sacrificed.
Means are expressed as average concentrations + SEM.

[=7
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by day 56 (data not shown). These results may be a reflection of the cholera toxin -
subunit B that was used in the immunizations. The wrong CTB vial was used which may
have expired, affecting the outcome of this set of experiments. Therefore, this data will
not be used.

MTT neutralization assays were also performed with intranasal immunized mice

to screen for the presence of leukotoxin-neutralizing antibodies in the collected serum.

These cytotoxicity assays were performed as previously described. In all cases, no

detectable levels of neutralizing antibodies were observed.

Isotyping of Humoral Responses Generated by DNA Immunizations

Direct ELISA were performed on selected sera to examine the IgG isotyope
profile which is indicative of the type immune response (Thlvs Th2). ELISA were
conducted as previously described. Leukotoxin specific antibodies were detected using
rabbit anti-mouse IgG1 and IgG2a. Serum samples from mice immunized
intramuscularly (Group B) and intranasally were éxamined. Results are shown in Tables
11 and 12. Assays were performed in PBS-0.05% Tween 20 to minimize background
levels. However, this buffer may have been too stringent, decreasing the level of serum
antibody binding to the JM-2 coated plates. These experiments were not repeated using
PBS alone due to the availability of the selected serum samples. An accurate
concentration of the bound antibody could not be obtained because the serum did not
titer, therefore, the data is presented as the OD,; at a reciprocal log, serum dilution of
4.9.
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Table 11. IgG isotype examination of antibody response in mice following intramuscular
DNA immunization (Group B)®.

Immunogen Mouse # IgGl IgG2a
pcDNA3.1 1-6 ND" ND
pelkt 1 0.061 0.211
2 0.034 0.413
3 0.045 0.131
4 0.052 0.233
5 0.031 0.182
6 0.039 0.194
pclkt.9 1 0.072 0.213
2 0.117 0.342
3 0.017 0.453
4 0.025 0.264
5 0.037 0.302
6 0.035 0.260
pclkt.14 1 0.038 0.245
2 0.044 0.274
3 0.047 0.316
4 0.101 0.202
5 0.085 0.303
6 0.072 0.296
pelkt.14scr 1 0.050 0.232
2 0.026 0.286
3 0.103 0.199
4 0.082 0.192
5 0.077 0.123
6 0.071 0.189

®Values are expressed as OD,; at a reciprocal log, serum dilution of 4.9.
bNot done.
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Table 12. IgG isotype examination of antibody response in mice following intranasal

DNA immunization®.
Immunogen Mouse # IgG1 IgG2a
pcDNA3.1 1-6 ND" ND
pelkt 1 0.044 0.150
2 0.043 0.253
3 0.039 0.183
4 0.041 0.201
5 0.059 0.210
6 0.035 0.171
pelkt.9 1 0.046 0.111
2 0.020 0.271
3 0.041 0.201
4 0.021 0.264
5 0.031 0.272
6 0.035 0.311
pelkt.14 1 0.010 0.025
2 0.033 0.071
3 0.027 0.059
4 0.033 0.081
5 0.025 0.067
6 0.025 0.057
pelkt.14scr 1 0.053 0.098
2 0.032 0.081
3 0.033 0.078
4 0.035 0.176
5 0.041 0.223
6 0.040 0.125

%Values are expressed as OD,g; at a reciprocal log, serum dilution of 4.9.

l:’Not done.
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Following intramuscular DNA immunizations, ELISA revealed a predominance
of IgG2a antibodies indicating a Th1 type response. - These results were consistent in all
samples including tﬁose mice immunized with the adjuvant encoding constructs. The
same results were observed in mice following i.n. DﬁA immunization. When tﬁe two
isotypes IgG1 and IgG2a were measured, only the latter isotype could be detected

predominately in all tested groups.
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CHAPTER 4 -

DISCUSSION -

In spite of new and advanced vaccines, bovine respiratory disease is still the most
important disease affecting feedlot cattle in North America, and its economic impact is
underestimated. This disease syndrome is influenced by a variety of factors including
stress and viral and bacterial infections which are often difficult to reproduce under
laboratory conditions. One bacteﬁum, Pasteurella haemolytica, has emerged as a key
agent in “shipping fever” as it is the most frequent isolate from the lungs of cattle that die
from acute respiratory disease. Many believe that if this single factor was eliminated,
losses from bovine respiratory disease would be reduced drastically.

With the recognition of the primary involvement of P. haemolytica Al in the
disease process, attempts have been made to prevent the disease by vaccinating against P.
haemolytica. Many laboratories have studied the efficacy of a variety of vaccine
preparations including live bacteria (37,42), bacterins (41), capsular polysaccharides (44),
outer-membrane proteins (38,51), culture supernatant of P. haemolytica (45,223), and
recombinant leukotoxin (45). All of these attempts have met with varying degrees of
success.

Understanding the mechanisms of the pathogenesis of P. haemolytica Al
continues to increase. As understanding continues, more effective vaccines will develop.
Mounting evidence indicates that not only is the leukotoxin considered the most
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important virulence factor, it is also the most important immunogen (39,43). High levels
of LktA antibodies are consistently correlated with resistance to disease (91). Because of
this, the incorporation of LktA into an effective vaccine seems inevitable.

Due to the importance of the leukotoxin in the pathogenesis of pneumonic
pasteurellosis, this laboratory has focused on defining important immunogenic epitopes
of the leukotoxin. A panel of monoclonal antibodies, Itx -2, -4, -35, was generated which
recognize potential protective epitopes within the leukotoxin molecule (92,93). All three
monoclonal antibodies have leukotoxin-neutralizing capabilities with Itx-2 as the most
potent neutralizer. Initial epitope mapping with CNBr cleavage fragments, mutant
deletion proteins, and alkaline phosphatase/leukotoxin fusion proteins indicate that the
region between amino acids 768 and 939 is important in Ltx-2 binding to target cells
(92). It was further determined that the epitope recognized by Ltx-2 is in the region
between amino acids 876 and 939 (179). Since the presence of “Ltx-2-like” polyclonal
antibodies correlates with a reduction of disease severity in cattle (R. Moore, personal
communication), inclusion of the Ltx-2 epitope appears to be essential for an effective
vaccine.

Vaccination against P. haemolytica Al has met with varying degrees of success.
A novel method of vaccination was examined in this study for its potential ability to
generate protective antibodies against the leukotoxin. Within the past decade, DNA-
based vaccines have emerged with demonstrated ability to provide long lasting cellular
and humoral immune responses to numerous antigens, including bacterial antigens. In
this study, plasmid DNA encoding an immunogenic fragment of P. haemolytica
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leukotoxin was used to immunize mice and the resulting immune response was examined.
In addition, the immunomodulatory activity of two adjuvant peptides, IL-1p 163-171 and
acidic isoferritin 172-185, was examined for the ability to augment this developing
immune response.

A recombina;at protein vaccination approach was applied to examine the ability of
the adjuvant sequences to augment an immune response in immunized mice. Constructs
were generated in the pGEX 4T-1 plasmid and protein expression was achieved by
induction using IPTG. The resulting proteins were all recognized by mAbs Itx -2, -4, -35
in western immunoblot procedures. The 101.9 kDa leukotoxin was recognized by all
three mAbs whereas the 29 kDa GST molecule was not recognized. The fusion proteins
JM-2 at 53.8 kDa, K1..9 at 56.3 kDa, and KL.14 and KL.14scr at 56.8 kDa were all
detected by the panel of mAbs. These results indicated that the incorporatioﬁ of the
adjuvant peptides just inside the 5’ end of the leukotoxin fragment did not significantly
effect the monoclonal antibody binding epitopes in the leukotoxin molecule. Therefore,
these proteins were used to immunized BALB/c mice.

Sera from recombinant protein immunized mice were analyzed for leukotoxin
reactive antibodies by ELISA and toxin-neutralization assays. Native leukotoxin and JM-
2 with CFA served as positive controls; PBS and GST ééwed as negative controls. Anti-
leukotoxin antibody titers on day 12, day 28 and day 49 were determined by trap ELISA.
The negative controls, PBS and GST, did not elicit detectable anti-leukotoxin titers

throughout the duration of the experiment. The positive controls, Lkt A and JM-2 with
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CFA, elicited increasing antibody titers in the three bleeds with the highest titers on day
49. Mice receiving ﬁJSiOﬁ proteins in PBS were compared to examine the potential
ability of the adjuvant sequences to augment the immune response and to possibly replace
CFA. Antibody titers were detected on day 12, déy 28, and day 49. However, the fusion
proteins with the incorporated adjuvant sequences produced titers that were comparable
with JM-2, the GST-leukotoxin fusion protein alone. This may indicate the possibility
that the adjuvant sequences were masked between the 29 kDa GST molecule and the 25.9
kDa leukotoxin fragment. These hjdcien sequences would then not be exposed as the
immune response develops and would, therefore, not be able to elicit immunopotentiating
effects.

MTT neutralization assays displayed similar results. After the second and third
immunizations, the positive control groups LKT and JM-2 with CFA were producing
neutralizing titers with the highest titers on day 49. However, the only fusion protein
which elicited a neutralizing antibody response after the second immunization was JM-2.
This response was weak and not all mice were responding at this point. By day 49, all
fusion proteins were able to generate neutralizing antibodies, however, not all mice in
these groups were responding. In addition, the responses in these groups were
comparable as determined by statistical analysis. Again, these results would suggest that
the short adjuvant sequences are unavailable due to the conformation of the GST-
leukotoxin fragment molecule which may mask these areas. The negative controls, PBS

and GST, did not elicit detectable anti-leukotoxin titers.
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Data from the DNA-based vaccine studies produced some important findings.

However, these results are somewhat limited by the nature of the immune response that
was generated. Three groups of intramuscular immunized mice were examined which
produced confirming results. Group A contained mi;:e that were immunized with plasmid
alone, pclkt, pclkt.9, and pclkt.14. The leukotoxin specific antibody response was
determined at week 8. The construct with the leukotoxin fragment elicited low levels of
protein specific antibodies with.a mean value of 19.6 pg/ul. The incorporation of the
adjuvant sequences significantly enhanced this immune response, producing an antibody
level over five times higher than the leukotoxin fragment alone. Human IL-1p 163-171
(9mer) and human acidic isoferritin 172-185 (14mer) produced comparable levels of |
antigen specific antibodies. The difference between the response generated by the DNA-
based vaccines and the protein-based vaccines may be due to the location of the adjuvant
sequences in the expressed molecules. In the recombinant protein, the
immunomodulatory sequences are located between the GST moiety and the leukotoxin
fragment. However, in the DNA construct which does not contain a fusion partner, the
sequences are located just inside the 5’ end of the leukotoxin molecule. This latter
configuration increases the probability that the adjuvant sequences will be exposed once
the protein is expressed, and not hidden within the molecule.

Groups B and C were immunized with the same test immunogens in Group A,
§vith the addition of the control construct, pclkt.14scr. In Group B, pclkt was able to

generate an average antigen specific antibody concentration of 18.6 ug/ul which was
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comparable to the response generated by the control group, pclkt.14 scr at 23.7 pg/pl.
The immunogens pclkt.9 and pclkt.14 were able to further augment this immune response
greater than two- and three-fold, respectively, from the pclkt and pclkt.14scr mice.
Results are shown in Table 8. Similar results weretalso observed in mice from Group C
at week 8. By week 12, an antibody response was sttill detectable in Group C mice,
however, this response had significantly decreased from the response observed at week 8.
Results are shown in Table 9. This may indicate that the immune response elicited in
immunized animals peaks earlier, around week 8, and decreases while maintaining a low
level of long lasting antibody expression characteristic of DNA-based vaccination.

One set of i.m. immunized mice received a booster injection at Week 4. These
mice produced no detectable levels of leukotoxin specific antibodies in any of the
indicated groups. Several possible explanations may account for this phenomenon. The
amount of DNA that these animals received may have been at levels high enough to
produce a state of tolerance to the immunogen. It is also possible that following the
booster immunization, the expressed proteins in the host were bound by low levels of
antibodies generated by the first injection. These exogenous proteins would then not be
in a form that APCs could take up, process, and present on MHC class II molecules.
Therefore, a subsequent immune response would not develop. Due to these results,
booster immunization were not performed in latter experiments.

The systemic antibody response in i.n. DNA-immunized mice was also examined.

Sera from each group was examined on day 21, day 35, and day 56. A consistent
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response was not observed until day 56 (week 8). The mean-leukotoxin specific IgG
level in pclkt immunized mice was 23.2 pg/ul which was comparable with the responses
of mice immunized with pclkt.14scr at 29.9 pg/ul é.nd pelkt.14 at 23.5 pg/pl. The pclkt.9
construct produced antibody levels 2-2.5 times higher than the response produced by the
former three’ constructs. This difference is most likely due to the activity of the 9mer
adjuvant sequence. Surprisingly, the 14mer sequence in pclkt.14 was not able to augment
the immune response in i.n. immunized mice which is in contrast to the results this
construct produced in i.m. immunized mice. This may be due to the mechanism of
adjuvanicity by this 14ﬁ1er peptide which has yet to be defined. It is possible that the
musocal environment is not optimal for the 14mer adjuvant activity, however, this issue
needs further study. Another explanation is that there was a problem with the pclkt.14
plasmid itself. This issue could be addressed by repeating the experiment.

Tracheal lavage samples from i.n. immunized mice were also examined for the
presence of IgG and IgA antibodies. No such antibodies were detected in mice
immunized without the CTB adjuvant. A set of mice was also immunized with CTB,
however, the wrong vial was used, producing inconsistent results. CTB is a well known
mucosal adjuvant that is able to alter the regulatory environment within the mucosal
~ immune system to favor responsiveness (137,272). Therefore, it is likely that if these
experiments were repeated with a new vial of CTB, levels of IgG and IgA may be

detected.
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A systemic response was observed in mice immunized i.m. and i.n. with the
various DNA constructs, with the exception of mice immunized with pcDNA3.1 alone.
Unfortunately, no neutralizing antibodies were detected in any of the immunized mice
including those with elevated antibody levels. It is possible that the bacterial leukotoxin
antigen, which is expressed by the injected animal host and not P. haemolytica, may
undergo different types of posttranslational modification resulting in non-native
conformation. Therefore, epitopes necessary to produce neutralizing antibodies may not
be maintained. It is also possible that due to the low levels of inducible antibodies,
potential neutralizing antibodies may be at a level that cannot be detected by MTT
neutralization assays. Finally, the 1tx-2 epitope within the encoded leukotoxin fragment
has recently been shown to be unstable (179). After DNA vaccination, it is possible that
the minimal sequences required to stabilized this epitope are not present and, therefore,
the 1tx-2 epitope is not maintained.

Finally, the IgG isotype of the immune responses in DNA immunized mice was
examined. It was hoped that these results would help define the type of imm1lme response
that was elicited by the two routes of immunization, and in addition, indicate the type of
response generated by the adjuvant sequences. Direct ELISA were performed in PBS-
0.05% Tween to increase the stringency of antibody binding of the leukotoxin moiety of
JM-2. However, these conditions may have been too stringent as OD,,s readings were
exceptionally low. Due to the low amount of remaining serum, these experiments were
not repeated and conclusions were drawn from the resulting data. In both sets of mice,
i.m. and i.n., the data indicate a predominance of IgG2a antibodies as opposed to IgG1
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antibodies. These results indicate a predominant Th1-type response. This is
characteristic of DNA vaccines applied by the i.m. route (73,199,218,258). Responses to
i.n. immunizations have not been adequately characterized, but studies using CTB elicit a
higher IgG1 response indicating that a Th2-type response may predominate
(137,234,276). It was surprising, however, that the constructs with the incorporated
adjuvant sequences elicited a similar type response in both routes of immunization.
Initial thoughts were that the two adjuvants might elicit different types of immune
response, Thl vs. Th2, which might account for the inability of the 14mer in pclkt.14 to
augment the immune response when applied intranasally. This did not hold true
indicating that further study is needed to characterize that mechanism of action of the two
adjuvant sequences.

Although information pertaining to the 14mer adjuvant is limiting, knowledge of
the activity of the 9mer is accumulating. Recent studies suggest that the IL-1p fragment
enters cells through a receptor-independent mechanism, possibly by passive diffusion
through the cell membrane, similar to that seen for steroid hormones and for cyclosporin
A (20). After internalization, this peptide is localized in the cytosol where it can bind to
cytoplasmic proteins and initiate an intracellular pathway of cell activation that is IL-1R
independent (20). The identification of this immunostimulatory cytokine domain has
many potential applications; however, further study is needed to define its mechanism of

action.
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In this study, every effort has been made to maintain the proper controls.

However, two issues need to be addressed. First is the presence of the GST moiety in the
fusion protein constructs. This molecule may have an effect on the conformation and
presentation of the leukotoxin fragment and, as shown by the data, an effect on the
exposure of the adjuvant sequences to the surface of the molecule. This problem could be
addressed by cleaving the fusion protein and removing the GST portion. This has been
attempted previously in this laboratory with limited success. The resulting protein
epitopes cleaved of GST were unstable suggesting that the GST may aid in stabilizing the
native fragment conformation. The second issue that needs to be addressed is the
development of a consistent, standardized ELISA to detect the presence of protein
specific antibodies in DNA immunized mice. A trap ELISA, as was used with sera
samples from protein immunized mice, was attempted but proved unsuccessful. This
assay has an additional step which may decrease its sensitivity. Some groups of DNA
immunized mice elicited low levels of antibodies that were undetected by this approach.
Because intact leukotoxin does not adhere well to ELIS‘A plates, the fusion protein JM-2
was used. This approach was more successful, however, it was necessary to repeat some
ELISA several times until background levels were acceptable. This is not ideal because
serum samples are often {imited. Results from all ELISA were not utilized until
background levels, which may result from nonspecific binding to GST, were acceptable.
Current strategies to prevent pneumonic pasteurellosis have met with varying
degrees of success. Many approaches produce promising results, however, often times
these results are not repeatable. This may be due to the many factors that play a role in
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the development of this disease. Therefore, it is necessary to continue to study and

characterize the organisms and events that contribute to the seveﬁty of the disease. Many
researchers believe that the best vaccine strategy would include the incorporation of
antigenic regions of the leukotoxin which is believed to be one of the primary virulence
factors of P. haemolytica. This study has investigated several approaches to the
development of potentially efficacious toxin vaccine component. Although these
approaches in thexﬁselves were not effective in eliciting protective neutralizing
antibodies, the information learned from these studies has potential applications. First,
based on data obtained from DNA-based vaccination, the adjuvant sequences from IL-1p
163-171 and apoferritin 172-185 are able to augment the immune response in immunized
mice. Second, DNA vaccination with an immunogenic fragment of the leukotoxin of P.
haemolytica is able to generate protein specific antibodies, however, these antibodies are
not neutralizing. Therefore, an approach that might prove successful would be a protein
based vaccine in which the adjuvant sequences are located at the 5° end or 3° end of the
molecule so that they would not be masked by large flanking moieties. In addition, the
i.n. route of immunization could be further characterized following protein immunization
with the more accessible immunomodulatory sequences. It may prove important to elicit
both a systemic as well as a mucosal response to achieve high levels of protection. This
type of approach may also have potential applications as a multifactorial subunit vaccine
with the incorporation of imxhunogenic epitopes from other virulence factors associated

with the disease.
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