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ABSTRACT

Brucella abortus is capable of resisting the microbicidal mechanisms of phagocytic cells

and growing within phagocytic cells, usually macrophages.  B. abortus, like several other

intracellular bacteria responds to the hostile environment in macrophages by producing heat

shock proteins (HSPs) which are induced by environmental stresses. Bacterial HSPs are very

immunogenic, eliciting both cellular and humoral immune responses in the infected host.  The

significance of host cellular and protective immune responses directed against these proteins is

currently unresolved.  Baculovirus recombinants were generated in Sf9 insect cells for B. abortus

HSPs and the protein expression was optimized. Humoral (Western blot), cell mediated (CMI,

IFN-γ- release by splenocytes, and CD3+CD4+, CD3+CD8+ T cell/ total splenocytes ratios) and

protective immune responses of BALB/c mice (challenge with virulent B. abortus  2308) against
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these recombinants, against B. abortus superoxide dismutase (SOD) and ribosomal L7/L12

proteins, inoculated alone or in various combinations with complete Freund’s, Ribi and

recombinant IL-12 as adjuvants, were analyzed. Vaccinia virus-GroEL recombinant as priming

immunogen, followed by baculovirus-GroEL-Ribi booster, was explored. Androstenediol, an

immune up-regulator, was tested for its ability to induce resistance against challenge.

None of the mice inoculated with individual, divalent or trivalent HSP-expressing Sf9 cells

combined with Freund's were protected against challenge and the Sf9 cell-induced response

masked the recombinant protein-specific CMI responses. Recombinant HSPs were purified and

combined with Ribi.  Although significant IFN-γ release was induced by immunization with the

HtrA-Ribi combination, no mice were protected against challenge. Priming with vaccinia virus-

GroEl recombinant and boosting with purified baculovirus-GroEL protein-Ribi combination did

not induce protection. Androstenediol did not enhance in vivo resistance to challenge. IL-12 alone

did not activate splenocytes but induced significant IFN-γ release in mice when combined with

killed B. abortus RB51 vaccine, purified recombinant HtrA or purified SOD proteins, or L7/L12

expressing Escherichia coli cells. Significant protection was induced by SOD combined with IL-

12. No correlation was seen between IFN-γ release by splenocytes and protection against

challenge in the SOD/IL-12-immunized mice.

The results suggest that B. abortus HSPs are not highly immunogenic in mice and though

various immune responses may be induced by one or another HSPs, protective immune response,

unfortunately, is not among them. The results of this study reflect the difficulties in

experimenting with immune responses against single or a limited number of recombinant B.
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abortus proteins. This is particularly true when the task includes induction of a protective

immune response and finding significant correlation between different types of immune response

assays.
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CHAPTER 1.

LITERATURE REVIEW

I.  Historical Aspects of Brucellosis.

According to Hughes (1897), Brucellosis was first described by Hippocrates (BC

460).  An accurate description of the disease was made in 1861 by Marston, who was an

assistant surgeon in the British Army stationed in Malta, and named it Malta fever.  In

1897, Bernard Laurits Fredrick Bang, a Danish veterinarian from Copenhagen, identified

an intracellular microorganism described as ‘Bacillus abortus’ as the cause of abortion in

cattle.  The disease was named for him, ‘Bang’s Disease’ (Bang, 1897).  Bang’s discovery

was of interest only to veterinarians, dairy farmers and meat producers.  It did not impact

physicians at that time and no correlation was made between Bang’s Disease and Malta

Fever.  As the organism in Malta Fever was described as ‘Micrococcus’ and in Bang’s

Disease it was described as ‘Bacillus’, the two diseases were not thought to be related.

Twenty-one years later, an American microbiologist, Alice Evans, reported in 1918 the

close relationship of Bacillus abortus to Micrococcus melitensis.  Micrococcus melitensis

was confirmed to be a bacillus and not, as originally described a micrococcus (Evans, A.

C., 1918).  She suggested a new name for Malta Fever and called it ‘Brucellosis’ for the

discovery of the causative agent of the disease, David Bruce (Bruce, D., 1889).  Two

years later Meyer and Shaw (1920) suggested the genus Brucella rather than Bacteraceae.
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In 1914, J. R. Mohler from the USA cultured an organism from the liver, kidneys

and stomach of a premature pig.  He identified the organism as similar to that of B.

abortus with the exception that it grew readily on atmospheric air.  The disease caused

abortion in pigs.   In 1927, Alice Evans identified one cause of brucellosis diagnosed

initially as due to B. abortus but later confirmed to be B. suis.  Other authors reported

similar cases of B. suis  (Blake and Oard, 1928, 1929).  Other Brucella species were not

discovered until 1953 when Buddle and Boyes reported B. ovis, an organism causing

sterility in rams. Another,  new Brucella organism was made by Stoenner and Lackman in

1957.  They isolated B. neotomae from wood rats (Neotoma lepida).  In 1966 Carmichael,

an American veterinarian from Cornell University, was the first to report on abortions in

beagles.  The first report on B. canis in humans was in 1968 by the National

Communicable Disease Center of the United States Public Health Service, in a laboratory

technician who handled viable organisms (Madkour, 1989).

The urge to control and eradicate brucellosis in different parts of the world was

not as intense as that experienced by the British Army in Malta.  The motive behind the

eradication programs was purely economical rather than prevention of human morbidity.

In Sweden, Bjorkman and Bengtson (1962) noted: ‘The bovine brucellosis in Sweden was

serious in the early 1930s.  Economic losses were heavy.  At that time the annual losses

due to the disease were estimated at 30-40 million Crowns’.  It took Sweden 13 years

(1944-1957) to achieve the eradication at a cost of 22 million Crowns, far less than the

losses in one year in the 1930s.  Eradication was first accomplished in 1952 by Norway

(Madkour, 1989).
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II.  Pathogenesis of Brucellosis.

The term brucellosis is applied to a group of closely related infectious diseases, all caused

by Gram-negative bacterial pathogens in the genus Brucella.  Manifestation of the disease

may range from abortion in the cow and to orchitis or epididymitis in the bull.

Characteristically, all Brucella species establish persistent infection in the

reticuloendothelial system of the natural host species. The most frequent symptoms of

human brucellosis are fever, chills or shaking rigors, malaise, generalized aches and pains

all over the body, joint and low back pain, headaches, anorexia, easy tiredness and general

weakness (Marston, J. A., 1861; Bruce, D., 1889; Madkour, M. M., 1989).  Man almost

always receives the infection from infected animals, transmission from man to man rarely

occurs (Thimm, 1982).  Therefore, the research is focused at the control and eradication of

the disease in the animal host.  Brucella abortus causes bovine brucellosis, which is

characterized principally by abortion and chronic infection within lymph nodes and in the

mammary gland (Montaraz and Winter, 1977).  In addition to cattle, B. abortus also

causes infections in swine, goats, elk and bison populations (Nicoletti, P., 1990).

The Brucellae are facultative intracellular parasites.  They usually enter the body

through cuts and abrasions in the oral mucosa, nasopharynx, conjunctivae, or genitalia and

even unbroken skin.  After gaining entry to the body, the organisms have been found to

survive within the cells of the reticuloendothelial system, particularly within

macrophages/monocytes of the immune system.  They can survive within cells derived

from either ectodermal or mesodermal origin, but do not invade tissue of endodermal
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origin.  They can evade the bactericidal activity of phagocytic cells and replicate within

them (Pomales-Leborn and Stinebring, 1957).  They are transported to the lymph nodes,

where macrophages and polymorphonuclear phagocytic cells (PMNs) die, releasing more

bacteria.  In animals where the acute infection is not controlled, the bacteria become

disseminated and eventually localize in the spleen and liver (Cheers, C., 1984).  The

disease manifests itself differently for different hosts.  For example, in ungulates, the

organisms show a marked tropism for the placenta of pregnant animals probably due to

the presence of the compound erythritol (Smith et al., 1961; Pearce et al., 1962; Keppie et

al., 1965).  Erythritol enhances the growth of the bacteria and in many cases, fetuses will

abort because of endotoxic shock and/or fetal death caused by increased numbers of

bacteria and increased concentrations of endotoxin.  In humans, the disease is primarily

one of the reticuloendothelial system, and very few cases of spontaneous abortions from

infection with Brucella have been described.  Reports of abortion after infection with B.

melitensis, are not well documented (Sarram et al., 1974).

The acute disease, when properly diagnosed, can be cured by treatment with

tetracycline and/or streptomycin.  If untreated, it can cause serious sequelae such as

arthritis and neurological disorders.  Like many other intracellular organisms, the Brucellae

are more sensitive to cell-mediated immunity rather than humoral immunity (Mackness,

M. B., 1964; Splitter and Everlith, 1986), although Limet et al (1987) noted that some

transient resistance to the disease can be transferred passively in serum to mice.

To date, little is known about how the organisms survive intracellularly.  Even

though the organisms have been found within phagocytic cells, they survive both in
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phagocytic cells and nonphagocytic cells, such as epithelial cells.  Survival within

phagocytic, cells involves inhibition of phagosome fusion with primary and secondary

granules (Kreutzer et al., 1979; Riley and Robertson, 1984) while survival within cells

lacking phagocytic capability require a  bacterial invasion mechanism.

Young et al. (1985) examined effects of phagocytosis by human PMN leukocytes

on B. abortus  and B. melitensis.  They had earlier demonstrated that B. abortus  induced

the formation of granulomas and that B. melitensis induced formation of microabscesses

(Young, E. J., 1979; Young et al., 1979).  In studies using virulent and attenuated strains

of B. abortus and B. melitensis, they demonstrated several things.  First, both virulent and

attenuated strains were rapidly phagocytosed only if they were opsonized with normal

human serum.  Second, they showed that normal human serum without anti-Brucella

antibodies was bactericidal for B. abortus and not for B. melitensis, indicating that

differences in membrane structure between the two types may be one reason why B.

melitensis is a more virulent human pathogen.  Apparently, this effect was not due to

complement, since heating the serum inactivated this activity and addition of guinea pig

complement did not restore it.  Lastly, intracellular killing by human PMNs was

demonstrated for virulent B. abortus , but not for B. melitensis.  Attenuated strains of B.

abortus and B. melitensis were killed to the same extent.  This last fact may, in part,

explain why B. melitensis is more virulent for humans than B. abortus (Spink, W. W.,

1956).  
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III.  Characteristics of Brucella.

The Brucellae are a family of small, nonmotile, Gram-negative coccobacilli, and

facultatively intracellular bacteria that cause disease in a broad range of animal hosts.  The

genus Brucella consists of a small coherent group of very closely related bacteria.  The

organisms are coccobacilli 0.5-0.7 µm wide by 0.5-1.5 µm in length.  They can occur as

single cells, in pairs or in short chains.  In vivo they often occur within the cytoplasm of

cells in close-packed clusters.  They do not form spores or true capsules and are

invariably non-motile and aflagellate (Corbel and Brinley-Morgan, 1984).  They are

aerobic and do not grow under strictly anaerobic conditions but many strains, especially

of the species B. abortus and B. ovis, are carboxyphilic and require supplementary CO2

for growth.  Metabolism is oxidative and energy is produced by utilization of various

amino acids and carbohydrate substrates.  For many strains i-erythritol is a preferred

energy source.  Most strains require complex media containing multiple amino acids,

thiamine, biotin, nicotinamide and pantothenic acid for growth, especially on primary

isolation (Corbel and Brinley-Morgan, 1984).  The production of H2S from sulfur-

containing amino acids varies between species and biovars and is of value in differentiating

these.  Proteolytic activity is slight; urease activity is consistently high in B. suis  and B.

canis but variable in other species, being weak or absent in the case of B. ovis.  Citrate

cannot serve as the sole carbon source.  Acid is not produced from glucose and o-

nitrophenol-β-D-galactoside is not usually hydrolyzed.  Litmus milk either remains

unchanged or is rendered alkaline.  Growth occurs in the range 20-40o C, but the optimum
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temperature is 37oC.  The optimum pH for growth is between pH 6.6 and 7.4; growth

usually results in alkalization of the medium (Swann et al., 1981).  Brucella strains are

fairly resistant to drying and can survive in biological material for long periods, especially

at low temperature.  They are sensitive to a wide variety of disinfectants including

formaldehyde, hypochlorite, iodophors and phenols provided that excess organic matter

is not present.  The organisms are killed by heat under pasteurization conditions.

Sensitivity to antibiotics is variable but most strains are sensitive to chloramphenicol,

gentamycin, tetracyclines and ansamycins in vitro.  Differences between the protein

components of the species and even individual strains can be shown by high performance

liquid chromatography of extracts of live cells.  The antigenic composition of the various

species and biovars is very similar (Shibata et al., 1962).

All strains show a very similar DNA composition, with ranges between 55 and 59

mole % guanine plus cytosine, very similar to that observed for Escherichia coli (50 %)

(Hoyer and McCullough, 1968 (a)), and share >94% homology between species (Hoyer

and McCullough, 1968 (a), (b)).  The size of the Brucella genome is about 2.5 X 106 base

pairs, which is less than that of E. coli (4 X 106), based on the results of pulsed field

electrophoresis (Allardet-Servent, 1988).  Although DNA-DNA hybridization has failed

to differentiate between the species of Brucella, electrophoretic analysis of restriction

enzyme digests has disclosed species differences (Verger et al., 1985).

Unlike certain organisms of these genera, for example, Agrobacterium spp., the

pathogenicity of Brucella is not regulated by plasmids.  Indeed repeated attempts in

many laboratories have failed to detect extrachromosomal DNA in Brucella. B. abortus,
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has however, been infected under experimental conditions with a plasmid derived from E.

coli and resistance to antibiotics has been transferred by this means.  Nevertheless, this

process has not been observed under natural conditions (Corbel and Thomas, 1983).

Lytic Brucella-phages have been described in detail, and are used mostly for

identification and taxonomy (Smith and Ficht, 1990).  All of the Brucella-phages appear

to belong to the same phage family.  Presently six phage groups have been identified.  It is

unknown if lysogenic phages exist in the Brucellae.  Currently, there is no evidence that

all phages except Bk2 are lytic for the Brucellae.

Attempts to use transformation procedures effective for E. coli have not been

promising.   The Brucellae have an extremely waxy cell wall.  This may be refractory to

the effects of compounds typically used in transformation protocols, such as calcium

chloride and rubidium chloride.  The Brucellae are also inherently resistant to many of the

antibiotics generally used for selection of plasmids in the laboratory.  In addition, there

are several antibiotics that cannot be used, such as tetracycline and streptomycin, since

they are antibiotics of choice to treat the disease (Smith and Ficht, 1990). 

IV.  Classification of Brucella.

Largely on the basis of preferred natural host, which shows a fairly close

correlation with phage sensitivity, colony morphology, CO2 requirement and ability to

oxidize certain substrates, the genus has been divided into six species, three of which have

been subdivided into biovars.  These six species are recognized and differentiated
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according to antigenic variation and primary hosts: B. abortus (cattle), B. melitensis

(goats), B. suis (hogs), B. ovis (sheep), B. neotomae (wood rat), and  B.  canis (dogs)

(Corbel and Brinley-Morgan, 1984).  Of these, B. melitensis, B. suis, and B. abortus are

apparently the most virulent and cause the majority of human disease.  B. canis has

occasionally caused disease in humans, but is much more prevalent in the primary host,

the beagle (Meyer, M., 1990).  B. canis is a rough lipopolysaccharide (LPS) isolate that

retained virulence.  B. ovis has the distinction of being a rough isolate, incapable of using

erythritol, but still retaining full virulence for its primary host.

The organisms of the genus Brucella maintain a close taxonomic relationship and

can only be distinguished by rigorous metabolic, immunologic, and biochemical analyses.

The similarities among the Brucella species extend to the genetic level at which all species

share greater than 90 % DNA homology (Hoyer and McCullough, 1968 (a), (b)).  This

has led some researchers to describe the Brucellae as a monospecific genus (Verger et al.,

1985).  An alternative school of thought maintains that any differences among the

organisms within this genus, no matter how small, can and should be used to obtain a

distinct taxonomic relationship.  This is supported by genomic DNA analysis, which can

distinguish between species based on restriction enzyme analysis, and by analysis of

restriction polymorphisms within specific genes via Southern blotting and hybridization

(Allardet-Servent et al., 1988; Ficht et al., 1988).

The genus was formerly classified together with morphologically similar bacteria

of the Bordetella, Haemophilus and Pasteurella genera.  Subsequent studies have failed to

establish any genetic relationship between these groups and this classification is now
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untenable.  Observations using ribosomal RNA-DNA hybridization have disclosed a

genetic relationship between the genus Brucella and Agrobacterium, Mycoplasma,

Phyllobacterium, Rhizobium and the unclassified Centers of Disease Control group Vd

(De Ley et al., 1983).  The ecology of the non-parasitic genera implies that the group has

probably evolved from soil bacteria.  

 Most available mutants of the Brucellae arose spontaneously and involve

membrane constituents, as described by smooth to rough changes or inability to be lysed

by Brucella-phages, CO2 utilization, erythritol catabolism, or H2S production.  The

species can be differentiated on the basis of oxidative metabolism tests with selected

carbohydrate and amino acid substrates. Thus, strains of B. abortus and B. neotomae

oxidize a range of carbohydrates and amino acids, but few carbohydrates other than D-

glucose and i-erythritol. B. ovis will oxidize only a few amino acids, whereas B. canis and

B. suis will oxidize a complete range of substrates,  including carbohydrates, amino acids

and urea cycle intermediates.  Oxidative metabolism patterns show a fairly close

correlation with phage lysis patterns and both procedures are useful for identification of

the species (Corbel and Brinley-Morgan, 1984).

Biovars within B. abortus, B. melitensis and B. suis can be differentiated by a

range of properties including CO2 requirement, H2S production, serological properties and

ability to grow in the presence of dyes.  Within the biovars, strains used as vaccines

occasionally can be differentiated by additional tests.
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V.  Virulence Factors of Brucella.

As is the case for other bacterial pathogens, several cellular components contribute

to the survival and virulence of the Brucella.  However, the identity of most of these

components has not been elucidated.  Research concerning the virulence factors expressed

by the Brucellae has focused primarily on the structural components of the outer

membrane.  Components are included as virulence factors on the basis of the following

classification (Lory and Tai, 1984): (1) components that when inactivated by mutation

markedly decrease virulence, (2) components that mimic pathological effects when

administered in purified form, and (3) components that elicit a partially protective

immune response.  In contrast to other Gram-negative pathogens, the outer surface of the

Brucellae does not have complex structures, such as pili or fimbriae, nor does it have

capsular material.  The outer membrane contains only two components that have been

identified as virulence factors: the lipopolysaccharide (LPS) and the outer membrane

proteins (OMPs) (Lory and Tai, 1984).  

1.  Lipopolysaccharide (LPS).

The LPS has been classified as a virulence factor according to each of the

categories described above.   Of the potential virulence factors expressed by the Brucellae,

the LPS is the best defined (Moreno et al., 1979).  The availability of natural isolates

lacking LPS and exhibiting reduced virulence, the toxic effect of purified LPS, and the

protective immunity stimulated by this fraction suggest that LPS is a primary virulence
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determinant of the Brucellae.  Virulence is associated with the smooth colony

morphotype, designated S, which we now know contains the full complement of Brucella

LPS.  The rough colony morphotype, designated R, arises by dissociation from the

smooth form and its accumulation is typically observed in vitro.  Dissociation is

stimulated by changes in environmental conditions, including different nitrogen sources or

exposure to D-alanine (Braun, W., 1947; Goodlow et al., 1952).  The R morphotypes are

characterized by their opaque appearance,  and lusterless colony morphology (Henry, B.

S., 1933).  In general, for most Brucella species, smooth strains are virulent and rough and

mucoid strains are not.  

The LPS of smooth strains consists of lipid A, a core region containing flucose,

mannose, quinovosamine and 2-keto-3-deoxyoctulosonic acid (KDO) and an O chain

composed of a homopolymer of about 100 residues of N-formylated perosamine (Caroff

et al., 1984).  Two distinct epitopes occur on the O chain depending upon the

species/biovar of the strain.  In those typified by B. abortus  biovar 1, the A epitope is

present and probably represents terminal N-formylated perosamine residues which are

linked by the 1 and 2 carbon atoms throughout the chain.  In strains typified by B.

melitensis biovar 1, the M epitope is present.  In this case, the O chain consists of

repeating units of four 1,2-linked N-formylated perosamine residues and one 1,3-linked

residue (Perry et al., 1986).  The A, and M epitopes can be detected by cross-absorbed

polyclonal antisera.  Other antigens present on or near the surface include the outer

membrane proteins.  These, like the smooth LPS complex, are involved in the protective

immune response to Brucella.  Intracellular antigens include a variety of proteins,
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glycoproteins and polysaccharides.  The latter may include the polysaccharide B and

native hapten present in some strains, which have been employed in the radial diffusion

test.  The lower molecular weight polypeptide fraction of the intracellular antigens plays

an important role in eliciting delayed hypersensitivity reactions in the intradermal test

(Bundle et al., 1987).

The toxic effects of the Brucella LPS are attributable to the lipid A portion

(Galanos et al., 1972).  Increased survival of smooth organisms compared with rough

avirulent organisms in macrophages suggests that the LPS plays a role in uptake and

survival (Riley and Robertson, 1984; Braun et al., 1958; Kreutzer and Robertson, 1979).

Differences in uptake of smooth and rough organisms have been demonstrated in

experiments using guinea pig and bovine monocytes.  LPS plays a role in enhancing

intracellular survival.  Experiments performed by Frost et al. (1972) indicate that in vivo-

grown, smooth organisms may have an additional membrane component that increases

survival and virulence.  The mouse model system has been investigated extensively with

respect to the protective immunity induced by antibodies directed against LPS.  The

protective immunity elicited by LPS in the cow has not been clearly established.  Winter

et al. (1988) have demonstrated effective protection in the mouse model using a

combination of O-polysaccharide covalently linked to Brucella porin.  Under identical

conditions, porin linked to R-LPS did not stimulate a significant level of protection.

Montaraz et al. (1986) were able to demonstrate effective immunization by passive

transfer of monoclonal antibodies directed against the O-antigen, while monoclonal
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antibodies directed against a number of outer membrane proteins induced no significant

protection.

2.  Outer Membrane Proteins (OMPs).

The OMPs have been classified as virulence factors according to category 3 of

Lory and Tai (1984).  Characterization of the OMPs as virulence factors has been

hampered by the inability to identify variants lacking expression or exhibiting altered

profiles on SDS-PAGE gels.  Furthermore, careful examination of these profiles is

hampered by the presence of the LPS, which interferes with the migration of the OMPs.

Thus, the role of these proteins in the survival and virulence can only be hypothesized.

Protective immunity stimulated by OMPs has been demonstrated following vaccination

with rough or mucoid organisms or cell envelope fractions that lack LPS.  Verstreate et al.

(1982), Santos et al. (1984), and Douglas et al. (1984) have identified three major groups

of proteins present in the outer membrane of the Brucellae.  These were designated as

group 1 (88 to 94 kDa), group 2 (35 to 40 kDa), and group 3 (25 to 30 kDa).  Little

variation among species has been observed in the OMP profiles (Santos et al., 1984).  All

three groups of proteins appear to be recognized by the bovine immune system during the

course of infection.  Protective immunity stimulated by OMPs has been documented for

several Gram-negative organisms (Isibasi et al., 1988; Wang and Frash, 1984).  Protection

stimulated by Brucella OMPs is still a matter of debate, and despite considerable

experimental effort, is far from resolved.  The doses employed have either been

insufficient to produce an immune response or presentation of the antigen in the killed
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vaccines does not mimic the situation obtained with a living vaccine strain.  Also, the

reliability of the mouse as a model for bovine brucellosis, despite their experimental

practicality, is questionable.  Vaccines tested with good success in the mouse have been

subsequently tested without success in cattle.  The development of an improved

laboratory animal model for bovine brucellosis would be a major step in the resolution of

this problem.  Recent vaccine trials performed in cattle suggest that under the appropriate

conditions, protective immunity can be stimulated by rough cell envelopes, implying that

an immune response directed against the OMPs is protective (Adams et al., 1987).

3.  Toxins and Other Factors.

To date, no concrete evidence exists that toxins similar to those produced by other

organisms (i.e., Vibrio chloera, Corynebacterium diphtheriae, E. coli, Shigella dysenteriae,

Clostridium botulinum, C. tetani) are produced by the Brucellae.  A toxin has been

postulated to exist due to the severe effects of the disease on the central and autonomic

nervous systems.  Endotoxin, consisting of LPS, has been suggested as the causative

factor.

 The Brucellae also produce catalase.  Huddleson and Stahl (1943) determined, that

catalase activities decreases with changes from smooth to rough morphology.  Although

the biochemical advantage of expressing catalase in Brucella has not been identified

definitively, it may not only protect the organisms from peroxide, but could also be
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important in maintaining oxygen tension required for survival of the organism

(McCullough, N. B., 1970).

VI.  Immunology of and Protection against Brucella.

Brucellosis is an infectious disease caused by a bacterium that affects animals and

man; it frequently progresses towards a chronic state involving different organs.  Once the

organism has transgressed the mucous membranes or the skin, it tends to localize in the

local lymph nodes and then a systemic dissemination occurs affecting organs of the

mononuclear phagocytic system such as spleen and liver (Ruiz-Castaneda M., 1954).

Classic experiments by Mackaness (1964) and Mackaness and Blanden (1967) showed

the role of cellular immunity and the fundamental part played by activated macrophages

in resistance to, and in protection against, intracellular pathogens such as Mycobacterium

sp., Salmonella sp., Listeria monocytogenes and  Brucella sp.

1.   Humoral Immune Responses.

A number of the constituents of Brucella cells are capable of inducing specific

antibodies in their hosts (Freeman et al., 1970; Moreno et al., 1981; Tabatabai and Deyoe,

1984; Verstreate and Winter, 1984).  The classic reports include studies of agglutinins,

precipitins, complement fixing and blocking antibodies (Glenchur et al., 1963; Wilkinson,

P. C., 1966; Diaz et al., 1968; Schurig et al., 1978).  Previous studies in naturally acquired

and experimental brucellosis have shown that there is an early marked elevation in the

serum concentration of agglutinating antibodies.  This IgM antibody may be detected one
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week after entry of the bacteria and reaches a peak level four weeks later, at the same time

that IgG antibody peaks.  IgG agglutinating globulin has a delayed appearance and,

although it is found mixed with IgM, within four weeks following the initial antigenic

stimulus the IgM agglutinin level always exceeds the IgG agglutinin level.  A third

category of agglutinating globulin, IgA appears later in a significant concentration in the

serum (White R. G., 1978).  IgG agglutinating antibody usually arises a few days after

IgM antibody and decreases more rapidly.  IgM antibodies may persist several years after

therapy and recovery, whereas IgG is likely to be present in much lower titers one year

after the beginning of adequate treatment (Buchanan et al., 1974).  IgE levels of antibody

to Brucella have not been studied extensively, but the work of Escande and Serre (1982)

indicates that IgE levels may be significantly high in brucellosis patients and vaccinated

subjects.  According to available evidence, the IgE anti-Brucella antibodies appear

somewhat after the IgM antibodies and a little earlier than IgG.

Multiple precipitating antibodies have been reported to be usually detectable

within 3-4 months of severe or prolonged active Brucella infection (Glenchur et al., 1962;

Schurig et al., 1978).  These antibodies belong mostly to the IgG globulin fraction and

they are not as long lasting as the agglutinins (Glenchur et al., 1962).  The anti-Brucella

complement fixing activity present in sera has been mainly related to IgG, somewhat less

to IgM and not at all to IgA (Heremans et al., 1963).

Blocking antibodies have been studied and reported in cases of human brucellosis

(Griffiths, 1947).  They appear later in the course of the disease than agglutinating

antibodies (Zinneman et al., 1959).  Blocking antibodies are thermostable, divalent and
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occur in the IgG and IgA fractions (Heremans et al., 1963).  Interestingly, both IgG and

IgA have been reported to act as agglutinating or blocking antibodies.  Moreover, both IgG

and IgA blocking antibody responses are prolonged and sustained.  However, a

quantitative assessment of the relative amounts contributed by each globulin to the

blocking effect cannot be made (Wilkinson, P. C., 1966).  For all those characteristics, the

blocking antibodies have always been related to a long-lasting or chronic brucellosis

(Glenchur et al., 1961; Kerr et al., 1967; Coombs et al., 1978).

In spite of all the advances in the study of immunoglobulins, including structure,

sequential production and persistence after antigenic stimulation, this knowledge has been

applied only to the diagnosis of brucellosis.  As a consequence, it has been the basis for

the development of supplemental serological tests and for research on the identification of

cell fractions and the antibody classes reactive with them.  Nevertheless, very little has

been done in this field or in understanding the biological role of this especially complex

antibody response.

2.   Cell-Mediated Immune Responses.

Antibodies play an important role in eliminating Brucella organisms but the

development of a solid cell-mediated immune response is fundamental for the

establishment of a protective state as observed in other infectious diseases caused by

intracellular pathogens including Brucella sp., Mycobacterium sp. and Salmonella sp.

The discovery and definition of several T lymphocyte sub-populations (Cantor

and Boyse, 1975; Moretta et al., 1979) has permitted the study of the individual response
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towards the different Brucella antigens.  Many attempts have been made to identify the

antigen(s) responsible for the protective immunity as well as the one responsible for the

chronic state.  In that respect, two important sub-populations of T lymphocytes have

been identified by cellular surface markers and by functional criteria: helper/effector cells

and suppressor/cytotoxic cells.  Studies using cell transfer assays have established that T

helper cells are responsible for the response that confers protection (Kauffmann et al.,

1979; Cheers C., 1984).  The main function of these helper cells is the activation of

macrophages which leads to an increase of the bactericidal capacity through the

production of soluble factors, e. g. IFN-γ.  The T helper cell population activity is

controlled by several factors: suppression mediated by soluble factors produced by

suppressor macrophages (Schultz R. M., 1980) and by T suppressor cells. Bacterial

antigens may stimulate the level of activity by T suppressor cells.  In fact, this has been

observed in other intracellular infections such as leprosy in which the antigenic fractions

that specifically activate T suppressor lymphocytes have been identified (Mehra et al.,

1984).

All the available experimental evidence points towards the role that the cell-

mediated immune response plays during the procedures of the Brucella infection. Success

in elimination of Brucella depends basically on the adequate macrophage activation

induced by the T lymphocyte response, stimulated by the bacterial antigens. Yet, the

detailed nature of the mechanism involved in the interaction of all the cellular populations

involved in this protective response is still largely unknown.
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3.  Phagocytosis.

3.1  Polymorphonuclear leucocytes (PMN)

Ingestion and killing by phagocytic cells is one of the early non-specific defense

mechanisms against many microorganisms, Brucella included.  This activity is carried out

by polymorphonuclear leukocytes (PMN) which are attracted to the infection site by

chemical stimuli originated by or derived from the microorganism (Wilkinson P. C., 1980;

Birmingham et al., 1982).  Once the phagocytic cells arrive at the infection site, the

ingestion of the bacterium occurs and a series of events takes place.  These events include

an increased consumption of oxygen that leads to the appearance of hydrogen peroxide,

superoxide radical and other oxygen-derived radicals, together with activation of

myeloperoxidase.  Lysosomes fuse with the Brucella-containing phagosomes and release

their acid hydrolases, glycosidases, proteases and lipases.

B. abortus  and B. melitensis are equally susceptible to phagocytic ingestion by

PMN, even more so if the bacteria are opsonized with serum factors such as antibodies,

complement components and a third group of substances defined as thermolabile natural

antibodies (Young et al., 1985).

The ingested bacteria may survive the destructive mechanisms of the phagocyte, a

phenomenon apparently related to virulence (Smith and Fritzgeorge, 1964).  Events

occurring after phagocytosis have taken place do not seem to be influenced by opsonins

(Elsbach P., 1980), so that resistance or susceptibility of the bacterium seems to be an

extrinsic phenomenon.  Both attenuated and virulent strains of B. abortus and attenuated

B. melitensis are eliminated by PMN, while virulent B. melitensis is more resistant to
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intracellular death, a property which probably relates to its higher virulence to both man

and animals (Young et al., 1985).  However, some virulent strains of B. abortus survive

within the PMN.  Selective resistance of smooth versus rough strains of B. abortus

suggests involvement of a surface component in the inhibition of the fusion of phagosome

and lysosome (Riley and Robertson, 1984).  Low molecular weight substances from B.

abortus also specifically inhibit the bactericidal system of myeloperoxidase-H2O2- halide

(Canning et al., 1985).  Moreover, strains of B. abortus  appear not to trigger the burst of

oxidative metabolism so that no H2O2 is generated for the myeloperoxidase system

(Kreutzer and Robertson, 1979).  Although PMNs are the primary cells involved in the

elimination of foreign pathogens, they are generally considered of low efficiency against

Brucella so that these bacteria are able to survive and grow within the PMN.  Brucella

cells are also transported to organs of the mononuclear system and this is considered the

reason for the persistence of the infection.

3.2  Macrophages

Polymorphonuclear leukocytes rarely serve as hosts for Brucella, but the bacteria

thrive within macrophages. To carry out its bactericidal activity the macrophage produces

most of the oxygen-derived radicals mentioned above.  Substances derived from T

lymphocytes stimulated by bacterial components promote macrophage activity in three

main ways:

     (1) By increasing the bactericidal capacity of the macrophage.

     (2) By attracting circulating monocytes which mature in the tissues into macrophages.

     (3) By inducing the local proliferation of macrophages.
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Although the importance of antibodies in protection against Brucella has been

clearly established (Plommet and Plommet, 1983), the exact mechanism has not been

elucidated.  Armstrong and Hart (1975) observed that antibody covering bacilli facilitate

the fusion of phagosomes with lysosomes in infections by M. tuberculosis.  This also

seems to be the case of Brucella since antibodies help to reduce dissemination (Plommet

and Plommet, 1983).

In experimental brucellosis the macrophage activation occurs early in the infection,

therefore it is easy to demonstrate the development of a specific cellular response from

the third day after infection.  This early activation seems to be due to contact with

bacterial components such as B. abortus lipopolysaccharide (LPS) (Birmingham and

Jeska, 1981).  This activation is notably increased as a result of the establishment of the

cell-mediated immunity and reaches maximal bactericidal ability at the 14th day.  During

this activation stage the macrophage undergoes a succession of important metabolic and

functional changes that allow it to eliminate the ingested germ.  Thus, an increase in

production and liberation of lysosomal enzymes occurs, as well as in Fc and complement

receptors that facilitate the adhesion and ingestion of the bacteria.  Also an increased

production of superoxide and peroxides, and an increase in the chemotactic response

which produces a greater mobilization of the macrophage occurs to the infection site

(Birmingham and Jeska, 1981).

Brucella plays an active role in securing its survival within the phagocytic cell.

One of the fundamental processes used by the bacteria is to prevent the fusion of the

phagosome with the lysosome.  This effect seems to be mediated by surface antigens not
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related to LPS.  These surface components have been found in smooth virulent strains but

not in smooth attenuated strains (Frenchick et al., 1985).  The mechanisms how these

Brucella components act has not been elucidated yet.

Other intracellular parasites such as Toxoplasma gondii (Jones and Hirsch, 1972),

M. tuberculosis (Armstrong and Hart, 1971) and M. microti (Lowrie et al., 1975; Lowrie

et al., 1979) also avoid phagosome-lysosome fusion.  Apparently in these cases parasite

products interact with lysosomal membranes and render them unable to fuse.  These

products include the mycobacterial sulphatides and polyanionic trehalose glycolipids

(Goren et al., 1974).  

There are two alternative or complementary mechanisms that help B. abortus to

survive within the macrophage (Corbel and Brewer, 1980):

     (1) Some B. abortus strains avoid the respiratory burst inside the phago-lysosome,   

 avoiding the consequences of oxygen-derived radical formation.

     (2) B. abortus is able to release cellular products, including RNA that might inhibit  

           lysosomal enzymes.

4.  Protection against Brucella.

Resistance to B. abortus, which is one of the facultative intracellular bacterial

pathogens, predominantly depends on acquired cell-mediated immunity, characterized by

the activation of T lymphocytes and subsequent activation of macrophages for increased

killing of such organisms (Zhan et al., 1996).  An important cell-mediated immune
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mechanism responsible for protection against Brucella is the interferon gamma (IFN-γ)

up-regulation of macrophages, the main host cellular reservoir for the bacterium (Baldwin

et al., 1993).   Thus, many investigators have considered that Th1 CD4+ T cells are

responsible for macrophage activation and attraction of inflammatory effector cells and

therefore they have been suggested to play a major role in acquired cellular resistance

(Golding et al., 1994).

VIII.   Rationale for This Dissertation.

The most commonly used vaccines against brucellosis are the live attenuated B.

abortus strain 19 and B. melitensis strain Rev.1 vaccines; recently B. abortus  strain RB51

has replaced strain 19 as the preferred bovine vaccine in the USA.  Strain RB51 as a

bovine brucellosis vaccine has overcome several limitations of strain 19.  A distinct

advantage of strain RB51-vaccinated animals is that they do not produce anti-O-side

chain antibodies (Buhrman, D. L., 1989); thus they avoid the problem with strain 19,

which induces anti-O-side chain antibodies, indistinguishable serologically from the

naturally-infected animal.  However, there still are controversies using these live

attenuated vaccines in terms of safety (Kahler S. C., 1998; Palmer et al., 1996).

One potential alternative to live vaccines is that offered by subunit vaccines.

Subunit vaccines represent further reduction of the inactivated products, such as viral

particles or bacterial cells, since only a few components from the appropriate pathogen

are formulated into the vaccine.  Subunit vaccines are considered to be much safer than
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their live attenuated counterparts because they contain no infectious agents.  The safety

of subunit vaccines over the inactivated whole cell vaccines is further enhanced because of

their defined physical and chemical characteristics.

The identification of Brucella spp. antigens capable of eliciting protective

immunity constitutes an aspect of great interest for the development of efficient subunit

vaccines.   The ability of a specific antigen (Ag) to induce preferentially a Th1 or Th2

subset response is important for the development of vaccines against pathogens

(Mosmann et al., 1989).  Therefore, identification and characterization of dominant T-cell

stimulating Ag from B. abortus is an important strategy in the search for protective

subunit vaccines.  Few B. abortus genes have been cloned, and the proteins that they

encode have not been characterized as T cell stimulating Ags (Ficht et al., 1988;  Roop et

al., 1994; Wergifosse et al., 1995).  In addition, the potential for these proteins to elicit a

protective cellular response against B. abortus infection has not been investigated

(Oliveira et al., 1996).  Therefore, the identity of the B. abortus Ag, which induces the

formation of protective T cells, is unknown.  However, recently, some levels of

protection have been induced with the purified L7/L12 Brucella recombinant protein,

indicating that, if the appropriate antigen is selected, subunit vaccine could be

successfully developed (Oliveira et al., 1996).  

We directed our attention toward heat shock proteins (HSPs) as candidates for

protective antigens; we investigated the possibilities of inducing protective immune

response against B. abortus infection by using HSPs in a mice model.  HSPs are also

stress proteins, and have important biological functions in protein biogenesis.
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Circumstantial evidence suggests that the function of heat shock proteins in prokaryotic

and eukaryotic cells is to protect cells from the ill effects of stress stimuli such as

increased temperature, exposure to toxic oxygen radicals, and nutritional deficiencies,

allowing the cells to recover and survive (Young and Elliott, 1989). HSPs from bacterial

and fungal pathogens are among the major targets of the immune response to infection and

are capable of inducing protective immunity in experimental animal models (Abu Kwaik

et al., 1993).  Bacterial stress proteins may also play important roles in allowing

facultative intracellular pathogens to successfully adapt to the harsh environment of the

host phagosome (Abu Kwaik et al., 1993; Buchmeier and Heffron, 1990).

At least three factors suggest that heat shock proteins are the major targets of the

immune response in a broad spectrum of infections.  First, the abundance of these

proteins under conditions of stress could well play a role.  Second, some heat shock

proteins may be intrinsically antigenic.  For example, they may be particularly amenable

to processing and presentation to the immune system by antigen presenting cells.

Finally, it is possible that immunological memory for cross-reactive determinants of this

conserved protein is generated early in life and periodically restimulated by subsequent

infections (Young and Elliott, 1989).  

However, there is controversy about their significance as vaccines; HSP-specific

immune responses may induce autoimmune diseases by generating immune responses

against shared epitopes in the conserved HSP sequences and hence cross-reactions

between foreign and self HSP (Georgopoulus and McFarland, 1993; Kaufmann et al.,

1990).  Such a risk may exist, but recent evidence suggests that the benefits of an anti-self,
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stress protein immune response may be much greater than the risk of autoimmune disease

(Young and Elliott, 1989).  HSP65, (which belongs to the HSP60 family), is a major

antigen, that induces humoral and cell-mediated immune responses against a variety of

bacterial pathogens, including Mycobacteria leprae (leprosy), M. tuberculosis

(tuberculosis), Coxiella burneti (Q-fever), Treponema pallidum (syphilis), Legionella

pneumophila (Legionnaires’ disease), Borrelia burgdorferi (Lyme disease) and Chlamydia

trachomatis (ocular trachoma) (Kaufmann S.H.E., 1990).  This antigen is a homologue of

the ubiquitous common antigen of Pseudomonas aeruginosa and other Gram-negative

bacteria and of the groEL HSP of E. coli (Young et al., 1987; Shinnick T. M., 1987; Thole

et al., 1988).   In this regard, we considered that the B. abortus HSPs could be good

candidates as protective antigens for an understanding of the development of possible

subunit vaccines in this current research.  

A major difficulty encountered during development of some subunit vaccines is

their weak immunogenicity.  This problem has been overcome by the use of appropriate

adjuvants (Rook and Stanford, 1995).   In many studies, numerous potential advantages

were gained by using novel vaccine adjuvants (Daynes et al., 1991; Manetti et al., 1993;

Rook G. A. W., 1988).  These include enhancement of the immunogenicity of weaker

immunogens; reduction in the amount of antigen or in the frequency of booster

immunizations needed to provide adequate protection; and improvement of the efficacy

of vaccines used in newborns, the aged, and immunocompromised individuals.  Adjuvants

also can promote T cell proliferation and cell-mediated immunity.   
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We based the current study on the hypothesis that high levels of cell mediated

immune responses can be induced by B. abortus-HSPs as protective antigens in

combination with the appropriate adjuvant, resulting in protective immunity against B.

abortus infection.  In addition to the appropriate adjuvant(s) and protective antigen(s),

the doses of HSP antigens and the delivery mechanism of the antigens were investigated

as factors leading to proper antigen presentation and processing to induce a protective

immune response.
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CHAPTER 2.

CLONING AND EXPRESSION OF  BRUCELLA ABORTUS

HEAT SHOCK PROTEINS

BY BACULOVIRUS RECOMBINANTS

INTRODUCTION

Bacterial heat shock proteins (HSP) are strong candidates for immunologic

investigation because they are immunodominant targets of both the humoral and cellular

immune responses (Hansen et al., 1988; Hindersson  et al., 1987; Lin et al., 1992;

Shinnick et al., 1988; Williams, J. C., 1990).

B.  abortus GroEL and GroES are members of the family of hsp60 and hsp10

homologs, respectively.  These proteins, of which E. coli GroEL and GroES are the

archetypes, are involved in chaperone functions in the cell (Ellis and van der Vies, 1991).

The chaperonin GroEL can mediate protein folding in its central cavity.  GroEL-bound

dihydrofolate reductase assumes its native conformation when the GroES cofactor caps

one end of the GroEL cylinder, thereby discharging the unfolded polypeptide into an

enclosed cage (Mayhew et al., 1996). GroES, the critical cofactor for GroEL in protein

folding, is a heptameric ring of 10 kDa subunits.  Under most conditions GroES forms an

asymmetric complex with GroEL by capping one end of the GroEL cylinder.
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Recently, this major bacterial heat shock protein, GroEL, has attracted

considerable attention because of its unusual immunogenicity (Young and Elliott, 1989)

and the potential for inducing immune protection against unrelated bacterial infections

(Young et al., 1988; Shinnick et al., 1988).  The immunodominance of B. abortus  GroEL

may be related to its high level of expression during infection of macrophages (Lin and

Ficht, 1995).  Vaccination with GroEL proteins induces protective immunity against

intracellular pathogens, such as Mycobacterium tuberculosis (Silva et al., 1994) and

Legionella pneumophila (Blander and Horwitz, 1992).  

The ability of Legionella pneumophila Hsp60 to protect against Legionnaires’

disease has been examined in a guinea pig model (Blander and Horwitz, 1992).

Immunization of guinea pigs using purified L. pneumophila Hsp60 with Freund’s

adjuvant protects the animals from a lethal aerosol challenge with the organism.  Cell-

mediated immunity is critical to the host defense against intracellular L. pneumophila and

animals immunized with purified L. pneumophila Hsp60 exhibited delayed-type

hypersensitivity (DTH) to Hsp60, indicating that cellular responses had been elicited by

the experimental vaccine (Horwitz, M. A., 1983).

Much less is known regarding the potential of the GroES protein to serve as a

protective immunogen.  However, Ferrero et al. (1995) did show GroES homolog confers

immunity against mucosal infection in mice by Helicobacter pylori.  

Members of the high-temperature requirement A (HtrA) class of stress response

proteins are serine proteases which apparently function by degrading oxidatively or

otherwise damaged proteins before they can accumulate to toxic levels in cells (Canning,
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P., 1990; Enright, F. M., 1990; Johnson et al., 1991; Lipinska et al., 1989).  Biochemical

and genetic evidence indicates that these proteins represent important components of the

cell’s defenses against oxidative damage (Elzer et al., 1994).  Oxidative killing pathways

are generally thought to be the primary mechanism by which host phagocytes kill

intracellular brucella (Baldwin and Winter, 1994; Enright F. M., 1990), thus the HtrA

protein of brucella may contribute significantly to the successful survival in host

phagosomes. This biochemical and genetic evidence is supported by the observation that

Salmonella typhimurium HtrA mutants show significant increases in sensitivity to

oxidative killing in vitro in comparison to wild-type strains (Cheers, C., 1983) and fail to

replicate in cultured macrophages (Alton, G. G., 1990).

In this regard, we speculated that the three types of Brucella abortus HSPs,

namely GroEL, GroES and HtrA may be capable of inducing cell-mediated and protective

immunity and could be good candidates as protective antigens for the development of

possible subunit vaccines.  

The major obstacle to such studies of Brucella proteins is the difficulty in

purification of large quantities of the protein due to the low concentrations of this protein

in the microorganism and the inherent pathogenicity of this microorganism.   Isolation of

HSPs directly from the pathogen is a tedious as well as hazardous process yielding

minuscule amounts of purified protein.  A solution to these problems is the

overexpression of the B. abortus HSPs in a heterologous system.  In our laboratories,

various approaches for expression of B. abortus HSPs are currently being employed.

First, vaccinia virus is used as a cloning/expression vehicle to induce immune response to
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B. abortus HSPs because this vector has numerous advantages including wide host range

and stable recombinants.  However, there are two major potential problems in the use of

vaccinia virus recombinants as vaccines.  First, since vaccinia virus is replication

competent (live vaccine), the host must be immunologically competent. Second, since

vaccinia virus proteins are highly immunogenic, vaccinia virus can most likely only be

given one or two times since the induction of high titers of anti-vaccinia antibody

responses which will neutralize subsequent doses of virus, thus reducing recombinant

gene expression (Cooney et al., 1993; Etlinger and Altenburger, 1991; Kundig et al.,

1993).   Also, B. abortus HSPs have been successfully expressed in E. coli system (Roop

R. M. et al., 1992; Roop R. M. et al., 1994) which can offer simplicity, short generation

times, and large yields of product with low costs.  But expression in prokaryotic cells has

several possible drawbacks in obtaining purified protein: (1) they can have quality

problems due to contamination by E. coli lipopolysaccharides; and (2) they often fail to

fold properly and hence form insoluble inclusion bodies (Alberts et al., 1994).  Protein

extracted from these inclusion bodies is often biologically inactive.  Therefore, we

explored the utility of baculovirus as a potentially powerful eukaryotic expression

system for the overexpression of the B. abortus HSPs.  The rational was that baculovirus

system  (1) is capable of expressing very high levels of recombinant proteins because of

very strong promoters for the polyhedrin gene, (2) can yield highly pure and biologically

active recombinant proteins by avoiding lipopolysaccharide contamination and inclusion

body production, respectively, and (3) is safe because baculovirus is non-pathogenic to

mammals (O’Reilly et al., 1992; Luckow et al., 1993).  This safe method should enable us



47

to obtain purified products of high quality and in high yields for functional analysis of  B.

abortus immunology.

Protein expression systems based on the Autographa californica baculovirus have

wide applicability as an alternative to prokaryotic or other eukaryotic expression

systems.  The system is based on constructing recombinant baculovirus by replacing the

polyhedrin gene with foreign DNA and then using this virus as a vector for the infection

of insect cells.   A wide range of foreign genes has been expressed using baculovirus

vectors. The use of baculovirus as a gene expression vector has increased over the past

few years (Makoff, A. J. et al., 1989; Miller, L. K., 1988; Young K. C., 1988).  

In this study, we explored the use of the baculovirus cloning system for

expression of B. abortus heat shock proteins to generate pure recombinant proteins as the

first step in analyzing the potentials of developing bacterial subunit vaccines in

eukaryotic cloning/expression systems.

MATERIALS AND METHODS

1.  BAC-TO-BACTM  baculovirus expression system.

The BAC-TO-BACTM  Baculovirus Expression System  (GibcoBRL, Grand

Island, NY), a rapid and efficient method to generate recombinant baculoviruses  (Luckow

et al., 1993) was used.  It is based on site-specific transposition of an expression cassette

into a baculovirus shuttle vector (Bacmid) propagated in E. coli. The Bacmid contains the

low-copy-number mini-F replicon, a kanamycin resistance marker, and a segment of DNA
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encoding the lacZα peptide from a pUC-based cloning vector.  The Bacmid propagates in

E. coli DH10BAC cells as a large plasmid that confers resistance to kanamycin and can

complement a lacZ deletion present on the chromosome to form colonies that are blue in

the presence of a chromogenic substrate such as Bluo-gal or X-gal and the inducer IPTG.

Recombinant Bacmids were constructed by transposing a mini-Tn7 element from a donor

plasmid (pFASTBAC1) to the mini-attTn7 attachment site on the Bacmid when the Tn7

transposition functions are provided in trans by a helper plasmid in the cells.  The mini-

Tn7 in pFASTBAC1 contains an expression cassette consisting of a gentamycin

resistance gene, the polyhedrin promoter from AcNPV (Autographa californica nuclear

polyhedrosis virus), a multiple cloning site, and an SV40 poly(A) signal inserted between

the left and right arms of Tn7.  Genes to be expressed are inserted into the multiple

cloning site of pFASTBAC1 downstream from the polyhedrin promoter.  Insertions of

the mini-Tn7 into the mini-attTn7 attachment site on the Bacmid disrupts expression of

the lacZα peptide, so colonies containing the recombinant Bacmid are white in a

background of blue colonies that harbor the unaltered Bacmid (Fig. 1).  Using site-specific

transposition to insert foreign genes into a Bacmid propagated in E. coli has a number of

advantages over generation of recombinant baculovirus in insect cells by homologous

recombination, which has been traditionally used.  Recombinant virus DNA isolated from

selected colonies is not mixed with parental, non-recombinant virus, eliminating the need

for multiple rounds of plaque purification, which is the routine process in the traditional

baculovirus system.
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Figure 1.  Generation of recombinant baculovirus and gene expression with the BAC-
TO-BAC Expression System (Gibco-BRL).
B. abortus groEL, groES, or htrA gene was cloned into pFASTBAC1, and generated
respective recombinant protein in insect cells.
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2.  Bacteria.

E. coli strains were grown in Luria-Bertani (LB) broth for routine cultivation

(Sambrook et al., 1989). Competent E. coli DH5α cells were used to generate mini-

preparations of plasmids.  Competent E. coli DH10BAC cells were used for

transformation of pFASTBAC recombinant donor plasmids to generate Bacmid

(baculovirus shuttle vector) recombinant DNA.  Antibiotics were used in growth media or

plates for maintenance of Bacmid recombinant containing E. coli DH10BAC cells at the

following concentrations: ampicillin (Amp), 100 µg/ml; gentamycin (Gen), 7 µg/ml;

kanamycin (Kan), 50 µg/ml; tetracycline (Tet), 10 µg/ml.  

3.  Cells.  

Sf9 cells, derived from Spodoptera frugiperda ovarian cells, were used for wild-

type baculovirus infection and recombinant protein expressions.  Serum free medium-

adapted Sf9 cells were obtained and propagated in Sf900-SFM (serum-free media)

(GibcoBRL, Grand Island, NY) and used in protein expression experiments.  Cells were

grown at 28oC in adherent culture in the beginning stage or in suspension culture after

adjustment, and maintained at more than 95 % cell viability and a maximum of 2 X 106

cells/ml.

4.  Development of recombinants.

4.1  Generation of B. abortus - baculovirus recombinants.

4.1.1  Preparation of competent E. coli cells.
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With the following procedure, developed by Hanahan (1983), E. coli strain DH5α

competent cultures can yield transformed colonies at frequencies of more than 5 X 108

per microgram of supercoiled plasmid DNA.  E. coli  strain DH5α was streaked directly

from a frozen stock onto the surface of an SOB agar plate.  The plate was incubated

overnight at 37oC.  Several colonies were transferred into 1 ml of SOB containing 20 mM

MgSO4.  The bacteria were dispersed by vortexing at moderate speed, and diluted in 100

ml of SOB media (bacto-tryptone 20g, bacto-yeast extract 5g, NaCl 0.5g, 10 ml of a 250

mM solution of KCl, adjusted with dH2O to 1 liter), and 5 ml of 2 M MgCl2 containing

20 mM MgSO4 in a 1-liter flask.  The cells were grown for several hours at 37oC until the

optical density of (OD)600 was reached.  The cultures were transferred to two sterile, cold

50 ml polypropylene tubes (Falcon 2070) and cooled by storing the tubes on ice for 10

minutes and centrifuged at 4000 rpm for 10 minutes at 4oC.  The supernatant was

discarded, the extra traces of media were evaporated under the hood, each pellet was

resuspended in 5 ml of cold 50 mM CaCl2, and the resuspended cells were stored on ice

for 1 hr.  CaCl2-treated cells were centrifuged at 4000 rpm for 10 minutes at 4oC.  The

buffer was removed and the pellet was dried.  The cells in each tube were gently

resuspended in 5 ml of cold 50 mM  CaCl2  solution and kept on ice for 30 minutes.  The

cells were centrifuged as before and each pellet was resuspended in 2 ml of cold CaCl2

solution.  The cell suspensions were pooled into a tube. The contents were mixed very

well and dispensed into prechilled sterile microfuge tubes into 200 µl aliquots.  The tubes

were kept on ice for 2 hrs and then moved into  -70oC freezer.
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4.1.2  Transformation.

Plasmid pMBgroELS containing B. abortus  groEL and groES genes and plasmid

pBA32 containing B. abortus  htrA gene were obtained from Dr. G. Schurig’s (College of

Veterinary Medicine, Virginia Polytechnic Institute and State University, Blacksburg,

VA).  Baculovirus donor plasmid pFASTBAC was purchased from Gibco-BRL (Grand

Island, NY).  These plasmids were transformed into competent E. coli DH5α cells for

mini-preparation of plasmid DNA (Sambrook et al., 1989). One hundred µl of CaCl2-

treated E. coli 5α competent cells was moved into a pre-chilled Falcon 2059 tube.  Ten ng

of each the above plasmids were added to the cells and stored on ice for 30 minutes.  The

contents were heat shocked for 45 seconds in a 42oC waterbath.  The tubes were rapidly

transferred into ice and chilled for 2 minutes.  One ml of SOC media (SOB media plus 20

mM glucose) was added to the tube and the culture was shaken at 37oC for 45 minutes to

allow the bacteria to recover and to express the antibiotic resistance marker encoded by

the plasmid.  One hundred µl of transformed competent cells were transferred and spread

onto a SOB agar plate containing 20 mM MgSO4 and the appropriate antibiotic. The

plates were left under the hood until the liquid had been absorbed, inverted and incubated

at 37oC for overnight.  The transformed colonies were observed the next morning and kept

at 4oC until used.

4.1.3  Mini-preparations of plasmid DNA.

Each single transformed bacterial colony (4.1.2) (pMBgroELS, pBA32, or

pFASTBAC containing E. coli cells) was transferred into 20 ml of Luria-Bertani (LB)
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medium containing appropriate antibiotic(s) in a loosely capped 200 ml flask.  The

culture was incubated overnight at 37oC with vigorous shaking.  The culture was

dispensed into microfuge tubes with 1.5 ml aliquots and the tubes were centrifuged at

12,000 g for 30 seconds at 4oC.  The medium was removed and the bacterial pellet was

dried under the hood.  The bacterial pellet was resuspended in 100 µl of cold Solution I

(50 mM glucose, 25 mM Tris-Cl  pH 8.0, 10 mM EDTA  pH 8.0) in order to lyse

bacterial cells by vigorous vortexing.  Two hundred µl of freshly prepared Solution II (0.2

N NaOH, 1% SDS) was added to denature DNA and the contents were mixed by

inverting the tube rapidly five times.  The tubes were stored on ice for few minutes.  One

hundred fifty µl of cold Solution III  (60 ml of 5 M potassium acetate, 11.5 ml of glacial

acetic acid, 28.5 ml of H2O) was added in order to keep single stranded genomic DNA and

the contents were vortexed shortly.  The tubes were stored on ice for 3-5 minutes.  The

tubes were centrifuged at 12,000 g for 5 minutes at 4oC and the supernatant was

transferred to a fresh tube.  Equal volume of phenol:chloroform was added and mixed by

vortexing.  After centrifuging at 12,000 g for 2 minutes at 4oC, the supernatant was

transferred to a fresh tube.  The double-stranded DNA was precipitated with two

volumes of ethanol at room temperature and mixed by vortexing.  The mixture was left for

2 minutes at room temperature, and centrifuged at 12,000 g for 5 minutes at 4oC.  The

supernatants were removed and the tubes were stood in an inverted position on a paper

towel to allow all of the fluid to drain away.  The pellet of double-stranded DNA was

rinsed with 1 ml of 70% ethanol at 4oC.  The supernatants were removed and the pellets
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of nucleic acids dried under the hood for 10 minutes.  The nucleic acids were redissolved

in 50 µl of TE (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) containing DNAase-free

pancreatic RNAase (20 µg/ml).  The contents were vortexed briefly and the DNA was

stored at -20oC (Sambrook et al., 1989).

4.1.4  Subcloning of  B. abortus genes into baculovirus vector.  

Brucella abortus-pFASTBAC1 recombinants were generated for the following B.

abortus heat-shock proteins: the 60 kDa molecular chaperon GroEL (Roop et al., 1992),

the 10 kDa GroES, and the 60 kDa protein HtrA (Roop et al., 1990; Roop et al., 1992;

Roop et al., 1993), as follows. A 2.1 kb size groEL fragment was isolated from plasmid

pMBgroELS by restriction enzyme (RE) double digestions with EcoR I, Kpn I and

ligated into the same RE sites of the 4.8 kb pFASTBAC1. The digestions using the REs

as above identified the groEL-pFASTBAC recombinants (6.9 kb).  A 0.4 kb size groES

fragment was isolated from plasmid pMBgroELS by double digestions with BamH I,

EcoR I  and ligated into the same RE sites of the 4.8 kb pFASTBAC1.  The digestions

using the REs as above identified the groES-pFASTBAC recombinants (5.2 kb).  A 1.9

kb size htrA fragment was isolated from plasmid pBA32 by single digestion with EcoR I

and ligated into the same RE site of pFASTBAC1 in frame. The digestion using the RE as

above identified the htrA-pFASTBAC recombinants (6.7 kb).  

4.1.5  Southern blotting.  

RE single or double-digested DNAs were transferred by capillary action from 0.7

% agarose gels to nylon membranes (Micron Separations Inc., Westboro, Mass) using
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20X saline sodium citrate (SSC; 3 M NaCl, 300 mM sodium citrate, pH 7) as previously

described (Sambrook et al., 1989; Southern, E. M., 1975).  DNAs were covalently linked

to nylon membranes by ultraviolet irradiation using a UV Stratalinker (Stratagene, La Joll,

CA).  The blot was incubated in prehybridization solution (5X SSC, 1 % (w/v) blocking

reagent for nucleic acid hybridization, 0.1 % N-lauroylsarcosine, 0.2 % sodium dodecyl

sulfate) for 1 hr at 68oC for probe hybridization by blocking non-specific nucleic acid

binding sites on the membrane. Digoxigenin-labeled probes were prepared for DNA

hybridizations according to the manufacturer’s directions (Boehringer-Maninheim Corp.,

Indianapolis, IN).  The appropriate groEL, groES, or htrA fragments were obtained from

NuSieve low-melting temperature agarose gels (FMC BioProduct, Rockland, ME).

Double digestions of pMBgroELS with EcoR I and Kpn I yielded the groEL fragment,

double digestions with  BamH I and EcoR I yielded groES fragment, and a single digestion

of pBA32 with EcoR I yielded htrA fragment.  The desired fragments were isolated from

the Nusieve gels after mixed with DNA isolation binding buffer (Bio-Rad, Hercules, CA)

and spun down using a spin column (Promega, Madison, WI).  The eluant was run on 1 %

agarose gel to check the recovery. Hexanucleotide mixture, dNTP labeling mixture, and

labeling-grade Klenow enzyme (Boehringer-Mannheim Corp., Indianapolis, IN) were

mixed with the DNA.  The reaction tube was incubated at 37oC overnight. The

digoxigenin labeled DNA probe was denatured before addition to the prehybridization

solution, and the membrane was hybridized at 68oC for overnight. The membranes were

washed and developed with the colorimetric detection reagent NBT (nitroblue tetrazolium
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salt in 70 % (v/v) dimethylformamide) solution and X-Phosphate according to the Genius

System directions (Boehringer-Mannheim Corp., Indianapolis, IN).

4.2  Transposition and selection.    

pFASTBAC recombinant donor plasmid was transformed into competent E. coli

DH10BAC cells containing Bacmid and helper plasmid as described above (4.1.2).

Recombinant Bacmids were constructed by transposing a mini-Tn7 element from a donor

plasmid pFASTBAC1  to the mini-attTn7 attachment site on the Bacmid when the Tn7

transposition functions were provided in trans by a helper plasmid, which contains the

tetracycline resistance gene.  Due to the lacZ gene disruption during the transposition,

colonies containing the recombinant Bacmid are white in a background of blue colonies

that harbor the unaltered Bacmid. White colonies were selected on Luria Agar

(GibcoBRL) plates containing 100 µg/ml ampicillin, 50 µg/ml kanamycin and 7 µg/ml

gentamycin, 10 µg/ml tetracycline, 300 µg/ml bluo-gal, and 40 µg/ml IPTG.  

4.3  Isolation of recombinant Bacmid  DNA.   

Before isolating DNA from colonies, white colonies were streaked on Luria-

Bertani agar (GibcoBRL) plates once again to ensure the validity of the color.  Then,

recombinant Bacmid DNA were isolated by a special protocol which was developed for

purifying large plasmids ( >100 kb) and adapted for isolating Bacmid DNA (Gibco BRL,

Instruction Manual of BAC-TO-BAC Baculovirus Expression System, 1995).  The major

steps are the same as in regular mini-prep, described above (4.1.3), with a few differences.

RNAase A was included in Solution I to remove RNA because RNA interacts with
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CELLFECTIN (Gibco BRL) causing a reduction of the efficiency for the subsequent

transformation.  Also, a low concentration of NaOH was used in Solution II to support a

less harsh environment for DNA and maintain intact Bacmid DNA.

4.4  Identification of recombinant Bacmid  DNA.

The presence of recombinant Bacmid DNA was indicated by the appearance of a

band that migrated more slowly than the 23.1 kb fragment of the λ/Hind III markers when

the undigested recombinant Bacmid DNA mini-prep was loaded on 0.5 % agarose gel

according to the BAC-TO-BAC baculovirus expression system (Gibco BRL).

Recombinant Bacmid DNAs were digested with the appropriate restriction enzymes as

above (4.1.5) and used for Southern blotting to confirm the presence of inserts in Bacmid

DNA.

4.5  Transfection of  Sf9 Cells  with recombinant Bacmid  DNA.

S. frugiperda (Sf9) cells were transfected with the recombinant Bacmid DNA

using CELLFECTIN  (Gibco-BRL, Grand Island, NY) reagent as described (Inumaru and

Yamada, 1991).  CELLFECTIN- mediated transfection was carried out as follows: 9 x 105

cells were seeded per 35-mm well of a 6-well plate in a volume of 2 ml Sf-900 II SFM

containing penicillin/streptomycin at 0.5X final concentration. Cells were allowed to

attach at 27oC for 3 hours.  Then, two different solutions were prepared.  For Solution A,

5 ml of mini-prep Bacmid DNA was diluted into 100 ml Sf-900 II SFM without

antibiotics for each transfection.  For Solution B, 6 ml of CELLFECTIN was diluted into

100 ml Sf-900 II serum-free medium without antibiotics. The two solutions were mixed
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gently and incubated for 45 min at room temperature. For each transfection, 0.8 ml of Sf-

900 II serum-free medium was added to each tube, containing the lipid-DNA complexes.

After mixing, 1 ml of the diluted lipid-DNA complexes was overlaid onto the washed cells

in the 6-well plate.  For the negative control, no Solution A and B was added.  For the

positive control, cells were transfected with pFASTBAC-Gus-Bacmid, obtained from

Gibco-BRL (Grand Island, NY).  After incubation of the plate for 5 hours at 27oC, the

transfection mixture was removed from the well of experimental, and 2 ml of Sf-900 II

serum-free media containing antibiotics was added.  Cells were incubated at 27oC for

another 72 hours and morphological differences were observed between negative controls

and experimental.  Viruses were harvested 72 hours after transfection in the experimental

plates, 2 ml of the supernatant was transferred to a sterile, capped tube.  After a 5 min at

500 X g centrifugation, the virus-containing supernatant was transferred to a fresh tube.

They were kept at -20oC until needed.

4.6  Infection of  insect cells with recombinant baculovirus.

To observe protein expression, 0.5 ml of viral stock was used to infect 50-ml

cultures at 2 X 106 cells/ml.  The infected cells and resulting viruses were harvested at 48

hours post-infection.  

5.  Screening of recombinant baculoviruses by SDS-Polyacrylamide gel

electrophoresis and Western blot analysis.
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Polyacrylamide gel electrophoresis (PAGE) of infected cell lysates was performed

on 10 % acrylamide-sodium dodecyl sulfate (SDS) gels.  All cell lysates subjected to SDS-

PAGE contained 5 x 105 cells per lane.  The proteins on the gel were electrophoretically

transferred using trans-blot (Bio-RAD, Hercules, CA) to nitrocellulose membrane

(Micron Separations Inc., Westborough, MA) at 15 V for 30 min in a solution consisting

of 25 mM Tris, 192 mM glycine, and 5 % (vol/vol) methanol.  Polyacrylamide gels were

either stained with Coomassie blue or transferred to nitrocellulose membranes for the

Western blot analysis.  For the Western blotting, the nitrocellulose membranes were

incubated for overnight with 5 % (w/v) skim milk (Carnation, Glendale, CA) in TBS (0.15

M NaCl, 20 mM Tris), pH 7.4.  The membranes were washed three times with TBS

containing 0.05 % Tween 20 (TBS-tween 20), and each membrane was incubated with

goat anti-B. abortus RB51, mouse monoclonal anti-B. abortus  GroEL, goat monospecific

anti-B. abortus GroES sera, and mouse monospecific anti-B. abortus  HtrA, respectively,

as a primary antibody.  Mouse monoclonal anti-B. abortus  GroEL antibody a gift from

Dr. Mark Stevens in Iowa State University, and the remaining antibodies were supplied

by Dr. G. Schurig at the Virginia-Maryland Regional College of Veterinary Medicine,

Virginia Polytechnic Institute and State University.  After three washes with TBS-tween

20, the nitrocellulose membranes were incubated for 1 h with secondary antibody, which

was either rabbit anti-goat or goat anti-rabbit immunoglobulins conjugated to horseradish

peroxidase.  The membranes were washed three times with TBS-tween 20. The bands

were visualized by the addition of the color reagent made of 15 mg of 4-chloro-1-naphthol
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(Sigma Chemical Co., St. Louis, MO) in 5 ml of methanol, combined with 25 ml of TBS

containing 0.06 % hydrogen peroxide (Fisher Scientific, Fair Lawn, N.J).

RESULTS

1.  Subcloning B. abortus genes into baculovirus vector.

1.1.  groEL gene

The expected size of 6.9 kb groEL-pFASTBAC recombinant bands, composed of

the 4.8 kb pFASTBAC1 vector and the 2.1 kb size groEL fragment, was identified by the

restriction enzyme double digestions.  The expected size of the bands was observed on

agarose gel (Fig. 2 a).

1.2.  groES gene

The expected size of 5.2 kb groES-pFASTBAC recombinant bands, consisting of

the 4.8 kb pFASTBAC1 vector and the 0.4 kb size groES fragment, was identified by

restriction enzyme double digestions.  The expected size of the bands was observed on

the agarose gel (Fig. 2 b).                                                                

1.3.  htrA gene

The expected size of 6.7 kb htrA-pFASTBAC recombinant bands, consisting of the 4.8

kb pFASTBAC1 vector and the 1.9 kb size htrA fragment, was identified by restriction

enzyme single digestion.  The expected size of bands was observed on the agarose gel

(Fig. 2 c).
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Fig. 2 (a).  Gel electrophoresis for identification of  B. abortus groEL-pFastBAC  
baculovirus recombinant plasmids.   
Lane 1: One Kb molecular weight marker
Lane 2: 4.8 Kb pFastBAC vector, double-digested with EcoR I and Kpn I
Lane 3: pMBgroELS parent plasmid for insertion, , double-digested with EcoR I and Kpn I
Lanes 4, 5 and 6: False positive recombinants
Lanes 7, 8, 9, 10 and 11: 4.8 Kb pFastBAC vector and 2.1 Kb groEL fragments of groEL-
pFastBAC recombinants, double-digested with EcoR I and Kpn I
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Fig. 2 b.  Gel electrophoresis for identification of  B. abortus groES-pFastBAC
baculovirus recombinant plasmids.   
Lane 1 : One Kb molecular weight marker
Lane 2 : 4.8 Kb pFastBAC vector, double-digested with BamH I and EcoR I
Lane 3 : pMBgroELS parent plasmid for insert, double-digested with BamH I and EcoR I
Lanes 4, 5, 6, 7, and 8: 4.8 Kb pFastBAC vector and 0.4 Kb groES fragments of groES-
pFastBAC recombinants, double-digested with BamH I and EcoR I
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 2.  Analysis of Bacmid DNA by colony hybridization, gel

electrophoresis, and Southern blotting.

After each pFASTBAC recombinant was transformed into competent E. coli

DH10BAC cells, white colonies were streaked from agar plates onto nitrocellulose

membranes for colony hybridization, and the identity of the colonies containing

recombinant Bacmid DNA was confirmed using digoxygenin-labeled specific DNA

probes. White colonies containing the recombinant Bacmid DNA were selected for

isolation of recombinant Bacmid DNA.  The identity of recombinant Bacmid DNA was

confirmed by the following two methods.  The presence of recombinant Bacmids was

detected on 0.5 % agarose gel through the appearance of a band that migrated more slowly

than did the 23.1 kb fragment of the λ/Hind III markers (data not shown). The 2.1 Kb

band groEL, 0.4 Kb band groES, or 1.9 Kb band htrA insert DNAs were identified by

Southern blot to confirm the insert in each Bacmid recombinant (Figs. 3 a, b, c).

3.  Transfection.

The morphology of Sf9 cells transfected with each recombinant Bacmid DNA was

compared with both the negative control (untransfected cells) and the positive control

(pFASTBAC-Gus Bacmid-transfected cells) under the microscope.  The morphology of

untransfected cells was circular without granules.  Cells transfected with the recombinant

Bacmid DNA and pFASTBAC-Gus Bacmid were elongated and had clear large granules.
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Fig. 2 c.  Gel electrophoresis for identification of   B. abortus htrA- pFastBAC  
baculovirus recombinant plasmids.   
Lane 1: One Kb molecular weight marker
Lane 2: 4.8 Kb pFastBAC vector, single-digested with EcoR I
Lanes 3, 6 and 7: 4.8 Kb pFastBAC vector and 1.9 Kb htrA fragments of htrA-pFastBAC
recombinants, single-digested with EcoR I
Lanes 4, 5 and 8: False positive recombinants
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Fig. 3 a.  Southern blotting for identification of B. abortus groEL insert from  
Bacmid (baculovirus shuttle vector) recombinants.

Lane 1: λ Hind III marker

Lanes 2, 3, 4, 5 and 6: 2.1 Kb groEL band from B. abortus groEL-Bacmid recombinant,
double-digested with EcoR I and Kpn I
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Fig. 3 b.  Southern blotting for identification of B. abortus groES insert from  
Bacmid (baculovirus shuttle vector) recombinants.

Lane 1: λ Hind III marker

Lanes 2, 3, 4, 5 and 6: 0.4 Kb groES band from B. abortus groES-Bacmid recombinant,
double-digested with BamH I and EcoR I
Lanes 7 and 8: False positive recombinants
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Fig. 3 c.  Southern blotting for identification of B. abortus htrA insert from  
Bacmid (baculovirus shuttle vector) recombinants.

Lane 1: λ Hind III marker

Lanes 2, 3, 4, 5 and 6: 1.9 Kb htrA band from B. abortus  htrA-Bacmid recombinant, single-
digested with EcoR I
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inside the cells 48 h after infection. The recombinant virus-containing supernatant was

harvested and used for the infection of Sf9 cells.

4.  Infection of Sf9 cells with recombinant virus and demonstration of

recombinant protein expression.

Large numbers of Sf9 cells were infected with wild-type baculovirus (Fig. 4 a) or

recombinant baculovirus (Fig. 4 b), and the morphological differences were compared with

uninfected cells (Fig. 4 c). Wild-type baculovirus-infected cells showed very distinct

morphology carrying polyhedra, which appears as dark granules, whereas the

recombinant baculovirus-infected cells contained granules that were smaller and brighter

than were the polyhedra.  SDS-PAGE and Western blotting to determine the expression

of each recombinant protein analyzed Lysates of recombinant virus-infected cells.  The

desired 60 kDa GroEL, 10 kDa GroES, and/or 60 kDa HtrA proteins were detected on

nitrocellulose membranes using the following primary antibodies: Sf9 cells adsorbed goat

anti-B. abortus RB51 antibody (Fig. 5), Sf9 cells adsorbed mouse anti-B. abortus  GroEL

monoclonal antibody (Fig. 6 a), Sf9 cells adsorbed goat anti-B. abortus GroES

monospecific antibody (Fig. 6 b), and Sf9 cells adsorbed mouse anti-B. abortus HtrA

monospecific antibody (Fig. 6 c).  Peroxidase conjugated antibodies specific for the IgG of

the species of the primary antibodies, were used as secondary antibodies.   GroES

recombinant protein was detected using Sf9 cells adsorbed goat anti-B. abortus RB51

antibody, but not detected using Sf9 cells adsorbed goat anti-B. abortus GroES

monospecific antibody.  However, GroES protein in RB51 was detected using Sf9 cells
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           Fig. 4  a.  Morphology of  Spodoptera frugiperda ovarian (Sf9) cells
                               --- Wild-type baculovirus-infected cells
     Wild-type baculovirus-infected cells show distinct polyhedra. The cells are disrupted
in the late phases of the infection, 6 days after inoculation.  
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        Fig. 4  b.  Morphology of  Spodoptera frugiperda ovarian (Sf9) cells
                             --- recombinant baculovirus-infected cells
     Recombinant GroEL virus-infected Sf9 cells show large number of granules in
the late phases of infection. They are disrupted 8 days after inoculation.  Size and
darkness of granules are different from polyhedra of wild-type baculovirus-infected
cells.
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                 Fig. 4  c.  Morphology of  Spodoptera frugiperda ovarian (Sf9) cells
                                              --- Uninfected cells.
                               Uninfected cells are large and spherical.
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       Fig. 5.  Western blot of recombinant baculovirus-B. abortus heat shock protein   
      expression in Sf9 cells, using Sf9 cells-adsorbed goat anti-B. abortus polyclonal  
      antiserum as the primary antibody,  and peroxidase conjugated rabbit
      anti-goat antiserum as the secondary antibody.
      Lane 1: Molecular weight markers
      Lane 2: B. abortus RB51  
      Lane 3: Lysate of uninfected Sf9 cells  
      Lane 4: Lysate of Bacmid only-infected Sf9 cells  
      Lane 5: Lysate of 60 kDa GroEL recombinant protein expressing Sf9 cells  
      Lane 6: Lysate of 10 kDa GroES recombinant protein expressing Sf9 cells  
      Lane 7: Lysate of 60 kDa HtrA recombinant protein expressing Sf9 cells
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   Fig. 6 a.  Western blot of recombinant baculovirus-B. abortus  GroEL
   heat shock protein expression in Sf9 cells using Sf9 cells-adsorbed
   mouse monoclonal anti-B. abortus GroEL antiserum as the primary antibody,  
   and peroxidase conjugated goat anti-mouse antiserum as the secondary antibody.
   Lane  1: Molecular weight markers
   Lane 2: B. abortus RB51  
   Lane 3: Lysate of uninfected Sf9 cells  
   Lane 4: Lysate of Bacmid only-infected Sf9 cells  
   Lane 5: Lysate of 60 kDa GroEL recombinant protein expressing Sf9 cells  
   Lane 6: Lysate of 10 kDa GroES recombinant protein expressing Sf9 cells  
   Lane 7: Lysate of 60 kDa HtrA recombinant protein expressing Sf9 cells
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   Fig. 6 b.  Western blot of recombinant baculovirus-B. abortus GroES
   heat shock protein expression in Sf9 cells using Sf9 cells-adsorbed
   goat monospecific anti-B. abortus GroES sera antiserum as the primary antibody,    
  and peroxidase conjugated rabbit anti-goat antiserum as the secondary antibody.
  Lane 1: Molecular weight markers
  Lane 2: B. abortus RB51  
  Lane 3: Lysate of uninfected Sf9 cells  
  Lane 4: Lysate of Bacmid only-infected Sf9 cells  
  Lane 5: Lysate of 60 kDa GroEL recombinant protein expressing Sf9 cells  
  Lane 6: Lysate of 10 kDa GroES recombinant protein expressing Sf9 cells  
  Lane 7: Lysate of 60 kDa HtrA recombinant protein expressing Sf9 cells
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   Fig. 6 c.  Western blot of recombinant baculovirus-B. abortus HtrA
   heat shock protein expression in Sf9 cells using Sf9 cells-adsorbed
   mouse monospecific anti-B. abortus HtrA sera antiserum as the primary antibody,    
   and peroxidase conjugated goat anti-mouse antiserum as the secondary antibody.
   Lane  1: Molecular weight markers
   Lane 2: B. abortus RB51  
   Lane 3: Lysate of uninfected Sf9 cells  
   Lane 4: Lysate of Bacmid only-infected Sf9 cells  
   Lane 5: Lysate of 60 kDa GroEL recombinant protein expressing Sf9 cells  
   Lane 6: Lysate of 10 kDa GroES recombinant protein expressing Sf9 cells  
   Lane 7: Lysate of 60 kDa HtrA recombinant protein expressing Sf9 cells
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adsorbed goat anti-B. abortus  GroES monospecific antibody.  HtrA recombinant protein

(60 kDa) was detected using polyclonal and monospecific antibodies.

DISCUSSION

Autographa californica nucleopolyhedrosis virus (AcNPV) is a baculovirus whose

hosts include a number of Lepidoptera (Granados and Federici, 1986).  This virus consists

of a 128 Kb double-stranded, supercoiled, circular piece of DNA encased in an occlusion

body (Smith and Summer, 1978).  This occlusion body is primarily composed of

polyhedrin, a 29 kDa structural protein (Rohrmann, 1986). The polyhedrin gene is

dispensable for virus replication, and the expression of a foreign gene is based on the

allelic replacement of the polyhedrin gene (Smith et al., 1983) under the control of the

major late polyhedrin promoter (Luckow and Summer, 1988; Maeda, S., 1989; Miller, L.

K., 1988). Recombinants are usually recognized by their polyhedrin-negative appearance.

Several bacterial proteins have been successfully expressed in the baculovirus

systems including the protective antigen of Bacillus anthracis (Iacono-Connors et al.,

1990; 1991), HD-73 delta endotoxin and crystal protein of Bacillus thuringiensis

(Merryweather et al., 1990; Martens et al., 1990), tetanus toxin fragment-C of

Clostridium tetani (Charles et al., 1991), and chloramphenicol acetyl transferase of E. coli

(Carbonell et al., 1985).   Also, few HSPs have been successfully expressed in the

baculovirus system (Akins et al., 1994; Binart et al., 1995; Graham et al., 1996).  The
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recombinant baculovirus expressing chick HSP90 displayed the same physicochemical

characteristics as the native protein, and scale-up of the recombinant baculovirus-infected

cell culture has provided sufficient quantities of chick HSP90 for functional studies of the

protein (Binart et al., 1995).  The cDNA sequence encoding a novel desiccation stress

protein (dsp28) from the beetle Tenebrio molitor was cloned into a baculovirus

expression vector and the expressed protein was compared to native dsp28.  Both the

dsp28 expressed by the recombinant baculovirus and the native dsp28 are glycosylated

and N-terminally processed (Graham et al., 1996).  Only one report about cloning and

expression of bacterial heat shock proteins in the baculovirus system has been made.

This involved the overexpression of the Mycobacterium tuberculosis chaperonin 10

(Cpn10)-encoding gene (Akins et al., 1994).  The product was immunoreactive with a

Cpn10 monoclonal antibody (mAb) and had an electrophoretic mobility identical to

authentic Cpn10.  The baculovirus vector and purification methodology described in the

Akins et al. (1994) study represents a very powerful system for the large-scale

production of the M. tuberculosis Cpn10 that may allow structure-function analysis.  

Our study is the first one expressing recombinant HSPs of B. abortus in the

baculovirus system.  B. abortus groEL, groES, and htrA genes were cloned into a

baculovirus donor plasmid, and purified recombinant donor plasmids were confirmed by

restriction enzyme analysis and Southern blots.  Recombinant donor plasmids were

transformed into DH10BAC competent E. coli cells, which contain the baculovirus

shuttle vector (Bacmid) and helper plasmid.  The gene of interest was placed from the

donor plasmid into the Bacmid by the process of site-specific transposition.  E. coli cells
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containing recombinant Bacmids were selected resistant to four different antibiotics and

the disruption of the lacZ gene.  Purified recombinant Bacmids were identified by gel

electrophoresis and Southern hybridization.  Sf9 cells were transfected with recombinant

Bacmid, and recombinant baculoviruses were harvested.  Larger number of Sf 9 cells was

infected with each recombinant virus, and the recombinant proteins were identified by

Western blotting.  The expression of each recombinant protein has been demonstrated by

using polyclonal and compatible monoclonal or monospecific antibodies.  GroEL

recombinant protein was detected by polyclonal  B. abortus RB51 and monoclonal

antibodies.  GroES recombinant protein was detected using polyclonal B. abortus  RB51,

but not detected using goat anti-B. abortus GroES monospecific antibody. Presumably,

the low concentration of GroES recombinant protein might be the reason for the lack of

detection or the goat anti-B. abortus. GroES mouse specific antibody is not against

GroES.  HtrA recombinant protein shows a distinct pattern of bands including 60 kDa

and approximately 55 kDa proteins, using polyclonal and monospecific antibodies.  The

lower molecular mass size might be the degraded HtrA protein, and this smaller sized

protein was also observed in the Western blotting of other B. abortus  HtrA recombinant

proteins (Toth et al., 1995).  In conclusion, this study demonstrates the cloning and

successful expression of three different B. abortus HSPs in the baculovirus system.  
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CHAPTER 3

KINETICS OF THE OPTIMAL EXPRESSION OF

BRUCELLA ABORTUS  HEAT SHOCK PROTEINS

BY BACULOVIRUS RECOMBINANTS

INTRODUCTION

Expression of proteins based on the baculovirus system has wide applicability as

an alternative to prokaryotic or other eukaryotic expression systems. More than 100

laboratories are currently using this viral expression system, mainly because this system

is capable of producing very high levels of recombinant proteins (Luckow and Summers,

1988).   The other main reason is the benefit of generating less homologous heat shock

proteins from eukaryotic host cells as compared to prokaryotic host cells. This is an

important consideration because of the highly conserved nature of these proteins.

Following the development of  B. abortus - baculovirus recombinants, described in

Chapter 2, we turned our attention to defining the optimal conditions for maximal

expression of B. abortus for each recombinant HSP are.  The first step toward successful

infection of insect cells with recombinant viruses was ensuring that the culture will not be

rate limited by nutritional factors (i.e., amino acids or carbohydrate utilization) or

environmental factors (i.e., pH, dissolved O2, temperature, stir).   These factors were

incubating the insect cell cultures in a 28oC incubator, appropriate media, suitable size of
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CHAPTER 4.

IMMUNOLOGICAL CHARACTERIZATION OF

RECOMBINANT BACULOVIRUS-BRUCELLA ABORTUS

GroEL, GroES, HtrA HEAT SHOCK PROTEINS

INTRODUCTION

Vaccines against bacterial diseases have been introduced in the course of the past

hundred years.  Many have been in use without significant improvements.  Some are well

tolerated and provide a solid and long-lasting protection and can thus be considered

optimal.  Others cause adverse reactions and have only limited or temporary efficacy and

therefore require fundamental improvements to become acceptable.  The dramatic

advances achieved in the fields of immunology and bacterial genetics have strongly

stimulated and facilitated research directed at the development of more effective bacterial

vaccines.   Four different basic trends have been recognized (Lawrence and Pamela, 1999).  

The first trend arises from the recognition that protection against some bacterial

infections has only been achieved by vaccination with live attenuated bacteria that mimic

the infection-induced immunity. The live attenuated vaccines induce immune responses

similar to those elicited by natural infection, with little attempt on the part of the

investigator to modify them.  Examples of widely used live attenuated vaccines include

the BCG vaccine against tuberculosis (Harboe et al., 1996; Lowrie et al., 1995), the

Ty21A vaccine against typhoid fever (Germanier and Fuer, 1975), and strain 19 against
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brucellosis (Nielsen and Duncan, 1988; Plommet and Plommet, 1988 a, b).  Most of these

types of vaccines were developed by in vitro passage of human pathogens before the era

of molecular biology and biotechnology; therefore, the molecular mechanisms of their

attenuation are unknown.  Today such non-characterized vaccines would be difficult to

introduce. The application of new recombinant DNA techniques allows for the

development of genetically stable mutants, thus rendering obsolete the main concern in

the use of live vaccines, namely reversion of attenuated strains to virulence.  Well-

characterized, live attenuated bacterial strains can be built by rational modification of the

genome of the pathogen.  Thus far, most of the work has been dedicated to obtaining

attenuated strains of pathogens, such as Salmonella, by deleting or inactivating the genes

coding for the synthesis of aromatic amino acids or components of regulatory pathways

(Everest et al., 1995); in Vibrio cholerae by deleting the gene coding for the A subunit of

cholera toxin (Kaper et al., 1995; Levin et al., 1988).

The second trend is the search for specific protective antigens, which can replace

whole cells with purified components serving as subunit vaccines.  Many adverse

reactions caused by components irrelevant to a protective response can thus be

eliminated.  The first subunit vaccines to be developed were diphtheria and tetanus

toxoids (Rappuoli, R., 1990).  Both of these diseases are caused by a toxin produced by

the bacterium, which suggested that serum antibodies able to neutralize the toxin could be

sufficient to protect from disease.  Therefore, the semi-purified toxins can be inactivated

by chemical (formaldehyde) treatment and used as vaccines.  A second example of subunit

vaccines is polysaccharides and conjugated vaccines against encapsulated bacteria.
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Jennings, H. J. (1983) and Gotschlich, E. C. (1984) observed that serum bactericidal

antibodies against the capsular polysaccharide are enough to protect from invasive

bacterial infection. Their observations suggested that purified capsular polysaccharides

can be developed as vaccines.  A third prototype subunit vaccine is the relatively recently

developed acellular pertussis vaccine (Brennan et al., 1992).  A considerable amount of

work was initially required to identify the bacterial antigens that were able to induce

protective immune responses.  Pertussis toxin (PT) was identified as a major protective

antigen; other antigens, such as adenylate cyclase, filamentous hemagglutinin, and

fimbriae, were found to contribute to protective immunity.  Therefore, these antigens

were used in different combinations in candidate vaccines (Decker et al., 1995; Edwards et

al., 1995; Moxon and Rappuoli, 1990).

The third trend, which is heat or chemical inactivation of bacteria, was the earliest

approach to vaccines. Since all antigens present in the pathogen are included, it is not

necessary to know which ones are protective.  The disadvantage is that some of the

vaccine components may responsible for toxic side effects.  Today, this method of

vaccine development is no longer common, although several vaccines of this type are still

widely used: the whole-cell vaccines, for example, against pertussis (Manclark and

Cowell, 1984).

The fourth trend is the use of naked DNA for the induction of immune responses.

This new, but popular method in vaccinology has great potential (Ulmer et al., 1996).  In

this approach, the genes coding for the protective antigens are cloned into appropriate

plasmid vectors under control of strong eukaryotic promoters and directly injected into
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the host.  A small fraction of the injected plasmid DNA is then taken up and expressed

by antigen-presenting cells; the result is the elicitation of an immune response against the

newly expressed foreign antigen.  Although novel, this technology has been

experimentally applied to many vaccines, often with very promising results.

Tuberculosis and malaria are examples of infections that are now being applied by this

fast-growing technology.  Clinical trials over the next few years will confirm whether the

promising results obtained in mice and primates lead to the development of a new class of

vaccines providing protection against many of the diseases for which the classic

technologies have failed or been inadequate (Lawrence and Pamela, 1999).

Recently, B. abortus live attenuated strain RB51 was approved by the United

States Department of Agriculture as the official bovine brucellosis vaccine to replace

strain 19.  However, our research effort is also directed toward developing a Brucella

vaccine for humans.  It is unlikely that strain RB51 will be approved for human use since

it is resistant to Rifampicin.  In this study, we propose subunit vaccines as an alternatives

to B. abortus  live vaccines because of the advantages of  modification.  The research in

this doctoral dissertation analyzed B. abortus  heat shock proteins (HSPs) as protective

antigens against B. abortus infection.  We speculated that this bacterium requires the

induction of HSPs such as GroEL, GroES, and HtrA for the intracellular survival and

multiplication.  GroEL (Hsp60) and GroES (Hsp10) are known as molecular chaperones

involved in the correct synthesis of proteins.  HtrA belongs to the family of  high

temperature requirement A stress response proteases and functions to degrade oxidatively
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damaged proteins.  The biological function of the B. abortus HtrA stress response protein

homolog was studied by disrupting the htrA gene from the chromosome of B. abortus

2308 via gene replacement (Elzer et al., 1994).  In contrast to the parental strain, the

resulting htrA deletion mutant failed to grow on solid medium at 40oC and demonstrated

increased sensitivity to killing by H2O2 and O2
-.  In the study BALB/c mice were infected

with strain 2308 and htrA deletion mutants to assess the effect of the htrA mutation on

virulence.  Significantly fewer Brucellae were recovered from the spleens of mice infected

with htrA deletion mutant than from those of mice infected with strain 2308.  

Using HSPs as antigens is controversial because of the potential for induction of

autoimmune diseases by generating immune responses against shared epitopes in the

conserved HSP sequences.  Yet, bacterial HSPs are required for intracellular survival and

are also very immunogenic during the course of infection, eliciting both cellular and

humoral immune responses in infected hosts.  Cell-mediated immunity is critical for the

host defense against intracellular bacterial infections; several heat shock proteins of

intracellular bacterial pathogens are known to induce cell-mediated immunity and to act as

protective antigens.  For example, animals immunized with purified L. pneumophila

Hsp60 exhibit delayed-type hypersensitivity (DTH) to Hsp60, indicating that cellular

responses are elicited by the experimental vaccine (Horwitz, M. A. 1983).  Immunization

of guinea pigs with purified L. pneumophila Hsp60 was found to protect the animals

from a lethal aerosol challenge with this organism.  Mycobacterium tuberculosis Hsp70

contributes to protective immunity in animal models of infection (Pal and Horwitz, 1992;

Hubbard et al., 1992).  
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An immune response is initiated when foreign antigens introduced into the body

are taken up by professional cells (antigen-presenting cells).  These cells enzymatically

process the antigens and present peptide fragments in the context of the class I or class II

molecules in the major histocompatibility complex (MHC), a phenomenon known as

antigen presentation.  Migration of these cells to draining lymph nodes will trigger

specific activation of T cells that recognize the MHC-peptide complex through their

antigen-specific receptor.  The pathway of antigen processing, either cytoplasmic or

lysosomal, will dictate whether MHC class I or MHC class II molecules will be involved

in antigen presentation, and in turn will dictate the type of T cells, CD8+ or CD4+,

respectively, that will be activated and engaged in the proliferative phenomena (Germain,

R. N., 1994).  These T cells will then participate in effector functions against the

microorganisms, either directly; for example, through cytolysis, production of cytokines

such as IFN-γ by both CD8+ and CD4+ cells; or indirectly, for example, through the help

provided by CD4+ cells to B lymphocytes for the production of antigen-specific

antibodies. Development of the appropriate CD4+ Th subset toward Th1 during an

immune response is critical for eradication of infectious organisms including B. abortus

(Mosmann et al., 1986; Mosmann and Coffman, 1989; Sher and Coffman, 1992).  Subsets

of Th cells may be distinguished by the pattern of cytokines that they produce.  Th1 cells

produce IL-2 and IFN-γ, etc., mediate delayed-type hypersensitivity and play a critical

role in directing cell-mediated immune responses, important for the clearance of
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intracellular pathogens.  Th2 cells producing IL-4, IL-5, IL-6, IL-10, IL-13, etc., have been

associated with allergy, exhibiting a strong helper effect in the production of IgE, and are

important for humoral responses (Romagnani, S., 1991; Parronchi et al., 1991; Yssel et al.,

1992).   Cytokines present during the initiation of a CD4+ T cell response can determine

the development of a particular Th cells phenotype (Hsieh et al., 1992; Swain, S. L.,

1993).  Th2 cells develop when naive T cells are stimulated in vitro in the presence of IL-

4 (Hsieh et al., 1992; Seder et al., 1992).  Conversely, IL-12 is a critical factor driving the

development of Th1 cells from antigen-specific naive CD4+ T cells  (Hsieh et al., 1993;

Seder et al., 1993; Manetti et al., 1993); in addition, it enhances IFN-γ production by Th1

clones (Murphy et al., 1994) and human Th2/Th0-type clones and activated Th cells

(Manetti et al., 1994; Kubin et al., 1994).  Despite the induction of IFN-γ production by

seemingly committed human Th2/Th0 clones (Manetti et al., 1994), such polarizing

stimuli as IL-12 are the most effective when delivered at the initiation of the immune

response, both in vitro (Hsieh et al., 1992; Seder et al., 1992; Manetti et al., 1993) and in

vivo (Sypek et al., 1993; Heinzel et al., 1993; Afonso et al., 1994).  A wide variety of

factors can intervene in influencing the polarization of the CD4+ T cell response toward

one or the other functional phenotype.  Genetic factors, the type of antigen-presenting

cells, the amount of stimulating antigen, the type of co-stimulatory molecules, such as B7,

and adjuvants have all been involved (Mosmann and Sad, 1996).  Adjuvants can strongly

influence the quality of the CD4+ T-cell subpopulations that direct the immune response

either toward Th2 or Th1 response, and, in turn, the quality of the antibody responses
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elicited.  This has been examined by comparing two very different adjuvant preparations,

aluminum hydroxide and Freund’s Complete Adjuvant (FCA), in immunizing mice against

the same antigen.  FCA activated Th1 cells and alum activated Th2 cells.  The profile of

activity of these cells has been studied in the mouse but it is likely that it is also relevant

in humans (Morein et al., 1996; Del Giudice G., 1992).  Besides the benefits of

polarization of Th responses, adjuvants have generally been used with subunit vaccines to

solve the problem of their weak immunogenicity.  Adjuvants support the immune

responses by increasing its magnitude.  However, the appropriate adjuvant must not only

enhance the immune response but should also drive this response to achieve the

appropriate type of protective immunity in each situation.  Bacterial components provide

the major source of adjuvants.  Even very low molecular weight synthetic components

from Gram-negative bacteria are capable of altering the degree of immune response

without being immunogenic themselves.  They may have this property because they

mimic the microbial structures that have provided the danger signal of infection from the

beginning of the evolutionary history of host defenses.  The conserved microbial

components could also directly induce B cells or macrophages to express a potent co-

stimulatory activity for CD4+ T cell clonal expansion, as suggested by Janeway (1992).

In our current investigation, several adjuvants were tested for their capacity to support

the induction of cell-mediated and protective immune responses to this virulent pathogen,

by polarizing responses to B. abortus HSPs toward Th1 subsets. Previous investigations

and the justification for each adjuvant selected are described below.
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Previous investigators (Pugh and Tabatabai, 1994), who used various adjuvants

for induction of cell-mediated immune response against Brucella proteins, found that

subcutaneous immunization with the antigen in Ribi adjuvant (combined

monophosphoryl lipid A and trehalose dimycolate) was the best protocol.  This study

shows the significant protection in mice when Ribi adjuvant and several B. abortus

proteins were used.  Monophosphoryl lipid A (MPL) is a highly refined nontoxic lipid A

isolated from the mutants of Salmonella typhimurium and S. minnesota. Various cell-

mediated immune responses are stimulated by MPL, including macrophage bactericidal

activity and production of IL-1 and IFN-γ.   Pugh and Tabatabai (1996) showed that

MPL enhanced the suppression of splenic infection when given with the B. abortus  salt-

extractable protein (BCSP) vaccine. Trehalose dimycolate (TDM) is a glycolipid that is

isolated from the cell wall of Mycobacterium.  Antibody production, lymphocyte

proliferation, and cell-mediated immunity to tumors are enhanced by TDM (Spargo et al.,

1991).  In a previous protection study (Tabatabai et al., 1990), TDM had no effect on

mean colony forming unit (CFU) in the spleen of challenged mice when given with BCSP.

However, incorporation of TDM resulted in a significant increase in mean CFU when

given with proteinase-K-treated B. abortus lipopolysaccharide.  Also, in other studies,

investigators found that subcutaneous immunizations with the protective antigen in

combination with Ribi adjuvant lead to significant protection in mice, guinea pigs and cow

after the challenge with Mycobacterium tuberculosis (Singh et al., 1992), influenza virus
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(Vanlandschoot P. et al., 1993), Treponema pallidum (Wicher K. et al., 1991), or

Fusobacterium necrophorum (Saginala S., 1996).

Steroid hormone dehydroepiandrosterone (DHEA) functions to up-regulate the

host immune response in vivo against infections and counteract stress-induced

immunosuppression.  DHEA is present in healthy adults at concentrations of 10-9 M in

blood, but the declines during aging and correlates with a general decline of cell-mediated

immunity and an increased incidence of malignancies.  Therefore, this steroid hormone is

considered as a physiologic regulator of the immune response.  DHEA acts via two

different mechanisms: (1) as an antiglucocorticoid, DHEA indirectly enhances Th1

because glucocorticoids suppress Th1 activity and synergize with Th2 cytokines;  (2)

DHEA also directly enhances Th1 T cell activity by influencing T cells to enhance IL-2

and IFN-γ secretion (Daynes et al., 1991; Suzuki et al., 1991).  Several reports indicate

that DHEA has antiviral, antibacterial, and anticarcinogenic effects in experimental murine

models (Loria and Padgett, 1992; Daigle and Carr, 1998).  Conceivably, the enhancing

effect of DHEA on IL-2, IFN-γ secretion and induction of cytotoxic T cells contributes to

its reported antiviral, antibacterial, and anticarcinogenic effects.  This effect is detected at

the mRNA level, suggesting that DHEA may act as a transcriptional enhancer of the IL-2

and IFN-γ genes in CD4+ T cells (Rook and Stanford, 1994).  After steroid hormones bind

to their intracellular receptor, the resulting hormone receptor complexes gain DNA

binding properties and interact with the cellular genome at specific sites to induce,
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enhance, or sometimes repress transcription of relevant genes.  Evidence indicates that the

potential of both CD4+ and CD8+ T-cell subsets to produce IL-2 and IFN-γ  can be

enhanced by DHEA treatment.  The cellular responsiveness to the effects of this steroid

hormone are directly correlated to the presence of a high affinity intracellular receptor

having specific binding affinity for DHEA (Meikle et al., 1992).

Cytokines that enhance immune responses to vaccines affect the balance between

Th1 and Th2 responses.  Cytokines may influence both the magnitude and the phenotype

of the immune response to protein antigens.  They can influence and amplify immune

responses by affecting the proliferative capacity and differentiation of lymphoid and

antigen-presenting cells.  The presence or the absence of IL-4 or IL-12 and IFN-γ  in

primary in vitro cultures appears to play a dominant role in the differentiation of CD4+

Th cells into Th2 and Th1 types, respectively.  Other factors controlling the

differentiation of CD4+ Th cell subsets in vivo include the precise antigenic determinant

and its affinity for MHC, antigenic dose, route of immunization, and pre-existing

cytokine milieu.  One of the most critical cytokines regulating the development of Th1

cells is the NK cell stimulatory factor, designated IL-12 (Scott P., 1993).  This cytokine is

produced by macrophages or dendritic cells and acts on NK cells to increase production

of IFN-γ, thus favoring the development of  Th1 cells.  However, IL-12 may also prime

IFN-γ  production by directly acting upon Th cells.  The biological role of  IL-12 has been

demonstrated in a number of intracellular models of infection. Several studies have
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revealed the beneficial effects of recombinant IL-12 as a therapeutic treatment for mice

infected with the intracellular parasites Leishmania major (Heinzel et al., 1993; Sypek et

al., 1993), Plasmodium chabaudi (Stevenson et al., 1995), Schistosoma mansoni (Wynn

et al., 1995), and Toxoplasma gondii (Gazzinelli et al., 1993) as well as with several viral

systems including murine cytomegalovirus (Orange et al., 1994) and HIV (Clerici et al.,

1993).  In fact, depletion of IL-12 in vivo can exacerbate disease progression in infection

models such as listeriosis (Tripp et al., 1994), malaria (Stevenson et al., 1995), and

leishmaniasis (Sypek et al., 1993).  The real value of IL-12 in vaccine development may

be its ability to act as a form of immunologic adjuvant to potentiate host protective Th1

responses when delivered in conjunction with heterologous or recombinant antigen

vaccines.  The precedent for this work is a study by Afonso et al. (1994), who

successfully protected a susceptible strain of mouse against infection with Leishmania

major using soluble promastigote antigens co-administered with IL-12.

Besides immunization of mice with HSP in combination with various adjuvants

described above, priming with vaccinia virus-HSP recombinants was tested as to their

ability to enhance immune responses.  Recombinant vaccinia viruses have been shown in

numerous systems to induce both T-cell and antibody responses to the expressed

recombinant protein (Bennink et al., 1984; Bennink and Yewdell, 1990; Fisher-Hoch et

al., 1989; Lathe et al., 1987).  The insertion of a gene for a weak or poor immunogen into

vaccinia virus may render it a stronger immunogen due to the strong promoter of vaccinia

virus and the resultant cascade of immunologic events such as local cytokine release and
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T-cell infiltration.  One of the potential drawbacks in the use of recombinant vaccinia

virus, however, is that multiple administrations may not be feasible since preexisting

and/or induced antibody and T-cell responses to vaccinia virus will prevent the spread of

the inoculated recombinant vaccinia virus and thus diminish the expression of the inserted

protein.  Thus, immunization protocols would be limited to one or at most two

administrations of recombinant vaccinia viruses, and would require other forms of the

immunogen for booster inoculations.   The Center for Molecular Medicine and Infectious

Disease is in the unique position of having both vaccinia virus and baculovirus

recombinants expressing B. abortus  HSPs; in addition a previous  study (Bei et al., 1994)

shows enhancement of immune response by baculovirus recombinant antigen in mice

primed with recombinant vaccinia virus.

Besides HSPs as experimental antigens, we included two B. abortus antigens

(Cu/Zn superoxide dismutase, ribosomal protein L7/L2) as putative positive controls.

Superoxide dismutase (SOD) activity is present in all oxygen metabolizing cells and

protects cells from the toxic effects of reactive oxygen intermediates by converting

superoxide radicals into hydrogen peroxide (H2O2) and oxygen (Fridovich, I., 1989;

Hassan and Fridovich, 1980).  Superoxide radicals (O2
-) are generated as intermediates

during reduction of molecular oxygen.  In addition, these oxygen radicals undergo further

reduction to form hydrogen peroxide (H2O2) and the hydroxyl radical (OH*) (Ewang, D.,

1983).  These active oxygen species (O2
-, H2O2, OH*) can damage DNA, RNA, protein

and lipids (Mead, J., 1976; Bielski and Shiue, 1979) leading to disruption of cellular
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architecture and activity (Farr et al., 1988).  To protect themselves against these toxic

species, cells that can grow in the presence of oxygen utilize antioxidant enzymes e.g.

SOD, catalases and peroxidases.  SODs also play an important role in bacteria by

permitting them to survive phagocytic attack.  Thus, SOD may be regarded as a virulence

factor facilitating intracellular survival (Wollinsky, E., 1979; Beaman et al., 1983; Farr et

al., 1988).  Three forms of SOD have been characterized on the basis of their metal

prosthetic groups.  The evolutionary related manganese (Mn) and iron (Fe) SODs are

commonly found in prokaryotes (Bannister and Rotillo, 1984).  The copper-zinc (Cu-Zn)

enzymes are mainly present in the cytosol of eukaryotes (Asada et al., 1973; Goscin and

Fridovich, 1972; Lee et al., 1981), and in a few species of bacteria (Bannister and Parker,

1985; Steinman, H. M., 1987) and are considered the most recently evolved SOD (Britton

et al., 1978).  B. abortus possesses two forms of SOD.  One has been preliminarily

characterized as a Mn SOD (Sriranganathan et al., 1991), and the second has been

identified as a Cu-Zn SOD (Beck et al., 1990).  A periplasmic location for Cu-Zn SOD

may be an important adaptation protecting B. abortus against the bactericidal oxygen

intermediate produced within phagocytic cells (Tatum et al., 1992).

The role of SOD as a host defense mechanism against oxygen toxicity has been

controversial.  The SOD specific activity in crude extracts of Brucella strains is from 10

to 100 fold higher than that reported for other intracellular bacterial pathogens (Beaman et

al., 1983; Mayer and Falkinham, 1986).  However, the presence of large and similar

amounts of SOD activities and lack of SOD activities in the culture supernatant among

the B. abortus  strains studied suggest that SOD is not a major virulence factor. Strain
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RB51 is essentially avirulent in mice and none of the strains tested excrete SODs into the

culture supernatant.  It may well be that SOD contributes to the virulence of B. abortus

but is only one of several factors (Canning et al., 1986).  Others suggest that the presence

of a novel Cu/Zn SOD in Brucella may be a critical virulence associated factor which

allows the survival of the organism in the host (Beck et al., 1990).  Tatum et al., (1992)

suggest that Cu/Zn SOD contributes, but is not solely responsible, for increased survival

of B. abortus 2308 within murine macrophages during early stages of infection.  Stabel et

al. (1994) supports the theory of Steinman and Ely (1990) that intracellular bacteria

containing periplasmic Cu/Zn SOD, such as B. abortus, are able to better survive the

initial extracellular or extracytoplasmic oxidative stress associated with neutrophil or

macrophage phagocytosis.  In the study of Stevens et al. (1994), lymph node cell

mediated immune responses to Cu/Zn SOD and to three synthetic Cu/Zn SOD peptides

were measured following vaccination of cattle with B. abortus S19 or RB51 to better

understand the role of cellular immunity to SOD.   Neither the strain 19 nor the strain

RB51 vaccine induces antibody production to SOD and only the strain 19 vaccine induces

lymph node cell-mediated immune responses to SOD.  However, a recent study (Onate et

al., 1999) showed the induction of a significant level of protection against B. abortus

virulent strain challenge in BALB/c mice injected with 1 x 106  live E. coli cells expressing

B. abortus  SOD.  Such a protective role and virulence for SOD has been demonstrated

also for other facultative intracellular bacteria.  The surface-associated and secreted SOD

of Nocardia asteroides is protective against oxidative killing in vivo during all stages of

infection (Beaman and Beaman, 1990).  The Fe SOD of Shigella flexneri plays a role in
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the pathogenesis of this organism, even though this protein is located in the cytoplasm

(Franzon et al., 1990).  Virulent forms of Mycobacterium tuberculosis secrete SOD into

the medium, where it may act as a virulence factor (Anderson et al., 1991).

The immunological stimulation by ribosomal preparations from 28 different

pathogens, including B. abortus, has been studied by several investigators (Gregory R. L.,

1986; Youmans and Youmans, 1974; Cooper et al., 1980; Leon et al., 1980).  These

ribosomal antigens confer a high degree of protection when used as vaccines.  Skeiky et al.

(1995) isolated a gene from Leishmania braziliensis homologous to the eukaryotic

ribosome associated eIF4A gene and shown that its recombinant protein is a potent

antigen capable of stimulating strong Th1-type responses as well as IL-12 production in

peripheral blood mononuclear cells of leishmaniasis patients. The ribosomal protein

L7/L12 (12,200 Da) is located in the large ribosomal subunit (50S) of prokaryotes

(Kaltschmidt and Wittman, 1970; Subramanian, 1975).  This protein forms a well defined

domain in the ribosome involved in interactions with translation factors during protein

biosynthesis.  The proteins L7 and L12 have identical sequences except for the presence

of an acetylated amino-terminal serine residue in L7 (Terhorst et al., 1973).  Both proteins

are acidic but they differ slightly in their isoelectric points (Terhorst et al., 1972).

Because of the close similarity they are often referred to in the literature as the L7/L12

protein.  Protein L7/L12 has been studied in great detail because of the ease with which it

can be removed selectively from the ribosomal subunits.  The removal of L7/L12 reduces

the accuracy and the rate of protein synthesis by an order of magnitude (Hamel et al.,
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1972; Pettersson and Kurland, 1980).  The L7/L12 ribosomal protein from

Mycobacterium bovis was identified as a strong delayed-type hypersensitivity stimulus

for sensitized guinea pigs (Tantimavanich et al., 1993); this observation heightened the

interest in determining the importance of ribosomal antigen in protective immunity.  B.

abortus L7/L12 ribosomal protein has been identified as the most immunodominant

antigen among 38 studied B. abortus proteins (Brooks-Worrell and Splitter, 1992; Oliveira

et al., 1994).  The nature of the T-cell response to L7/L12 protein has also been

characterized.  Recombinant B. abortus L7/L12 ribosomal protein induced a Th1 subset

response from murine CD4+ T cells featuring significant levels of IFN-γ production

(Oliveira et al., 1994).  Also, L7/L12 ribosomal protein from B. melitensis was identified

as a major contributor to the antigenicity of Brucellergen for delayed-type

hypersensitivity in Brucella-sensitized guinea pigs (Bachrach et al., 1994).  Oliveira and

Splitter (1996) tested the recombinant B. abortus L7/L12 to characterize the

immunological importance as a T cell reactive ribosomal protein and showed that it

conferred a significant degree of protection.  Recently, the immune response to the in

vivo-expressed B. abortus ribosomal L7/L12 gene in the muscle cells of mice was

examined (Kurar and Splitter, 1997).  This application established specific antibody and

T-cell responses compared with negative controls and B. abortus strain 19 injected

positive controls.
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The objectives of this dissertation research were to analyze the potential of HSPs

of B. abortus as protective antigens by assessing the optimal conditions for enhancement

of immune responses using different adjuvants such as Freund, Ribi, or IL-12.  Individual,

divalent or trivalent recombinant HSP(s) expressing insect cells or individual/combined

purified  HSPs were injected into BALB/c mice in combination with different adjuvants.

Priming by vaccinia virus GroEL recombinant and subsequent boosting by baculovirus

GroEL recombinant with Ribi adjuvant was also tested.  Androstenediol (AED) was

tested to evaluate its function as an up-regulator. Adjuvanticity of IL-12 was tested by

using putative positive control antigens B. abortus SOD and L7/L12.  Humoral, cell-

mediated immune response and protection studies were performed to evaluate the

antigenicity of these B. abortus proteins.  The results of this study contribute to the

assessment of B. abortus  HSPs as subunit vaccines to prevent brucellosis caused by B.

abortus.

MATERIALS AND METHODS

1.  Bacteria.

B. abortus  strain RB51 was used as a live vaccine for positive control and strain

2308 was used as a virulent strain for challenge trials in protection studies.  B. abortus

RB51 and 2308 strains originated from stock cultures held in the infectious disease unit

facility (biohazard level 3) at the Virginia-Maryland Regional College of Veterinary

Medicine at Virginia Polytechnic Institute and State University.  Trypticase soy agar
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plates were streaked with Bacteria from a stock slant and incubated for 48 hours in 5%

CO2 air atmosphere at 37oC.  A selected colony was inoculated into trypticase soy broth.  

The culture was incubated for 3 days at 37oC, harvested, and washed 3 times with PBS.

Serial dilutions of the culture were performed, and 50 microliters of each dilution were

plated on trypticase soy plates in 10 microliter drops and plates were incubated for 72

hours with 5 % CO2 at  37o.  Colony numbers were counted and colony forming units

(CFU) were determined.  The vaccine dose for strain RB51 was in the range of  1 x 108 to

4 x 108 CFU/mouse.  Virulent B. abortus strain 2308 was used for all challenge

inoculations at a dose of 2 x 104  CFU/mouse.  Exact doses delivered were confirmed

retrospectively by determining CFU of the inocula as given above.

2.  Mice.

The BALB/c strain was chosen for this study due to its widespread use in

brucellosis research (Phillips et al., 1989; Pugh et al., 1989; Araya et al., 1989; Enright et

al., 1990).  Clearance of  B. abortus strains 2308 (Phillips et al., 1989; Enright et al.,

1990), and RB51 (Schurig et al., 1991) in BALB/c mice corresponds closely to their

respective virulence in cattle (Nicoletti and Milward, 1983; Nicoletti P., 1990; Schurig et

al., 1991), suggesting that this inbred strain of mouse is an appropriate choice for initial

vaccine trials. Female BALB/c inbred mice (Charles River Breeding Laboratories, Inc.,

Wilmington,  MA) were 5 to 6 weeks old upon arrival and were inoculated after a week of

accommodation in our animal holding facilities.  Mice were placed in mouse cages with no
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more than five mice per cage and given feed and water ad libitum.  The mice were killed by

CO2 inhalation at the times indicated in the protocols.

3.  Adjuvants.  

Complete Freund’s adjuvant (Sigma Chemical Co., St. Louis, MO) (CFA) consists

of heat killed and dried Mycobacterium tuberculosis (H3Ra, ATCC 25177), paraffin oil,

and mannide monoleate.  Incomplete Freund’s adjuvant (Sigma Chemical Co., St. Louis,

MO) (IFA) consists of paraffin oil and mannide monoleate.  Ribi adjuvant (Ribi

Immunochemical Research, Inc., Hamilton, MO) consists of nontoxic monophosphoryl

lipid A (MPL) produced from the endotoxin of Salmonella minnesota R595, trehalose

dimycolate (TDM), squalene and Tween 80.  The derivative of DHEA, AED was

purchased from Sigma Chemical Co. (St. Louis, MO).  Purified recombinant murine IL-12

was generously provided by Genetics Institute (Cambridge, MA).

4.  Development of  Brucella abortus -SOD, L7/L12 recombinants.

These recombinants were prepared by and obtained from R. Vemulapalli at the

Center for Molecular Medicine and Infectious Disease in the Department of Biomedical

Sciences and Pathobiology, VMRCVM, Virginia Polytechnic Institute and State

University.

The B. abortus SOD recombinant protein was expressed in E. coli by cloning the

sodC gene into pBluescript II phagemid vector (Stratagene, La Jolla, CA).  The DNA
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fragment containing the sodC gene and its promoter was initially obtained from a pUC9

genomic library of B. abortus  strain 2308 (unpublished).  The recombinant pBluescript

plasmid was transformed into E. coli DH5α cells, and colonies containing recombinants

were selected through ampicillin resistance and blue/white color screening.  An E. coli

colony expressing recombinant protein was grown in 1 liter culture.  B. abortus Cu/Zn

SOD protein was extracted from resuspended E. coli cell pellets mixed with lysis buffer

(10 mM sodium phosphate buffer, pH 7.5, with 0.1 % Triton-X100).  The identity of the

SOD recombinant protein was confirmed by Western blot using goat anti-B. abortus

RB51 sera and goat anti-Cu/Zn SOD sera.

The B. abortus L7/L12 ribosomal gene was amplified by PCR and subcloned into

the expression vector pMAL-c2 (New England Biolabs, Beverly, MA.).   This expression

system was successfully used to express the L7/L12 protein in a previously published

study (Oliveira and Splitter, 1994).  Primers (Forward primer:

5’GGATCCATGGCTGATCTCGCAAAGATCGTT3’, Reverse primer:

5’CTGCAGTTACTTGAGTTCAACCTTGG CGCCAGC3’)  were constructed based

on the B. abortus L7/L12 gene sequence (Oliveira et al., 1994).  PCR was performed in a

25 µl volume with 5 ng DNA template (genomic DNA of B. abortus  2308) and 1 µM of

each primer.  Ready-To-Go PCR beads (Amersham Pharmacia Biotech, Piscataway, New

Jersey) were used for the amplification.  PCR amplification was conducted in 35 cycles of

a DNA thermal cycler using the following conditions: denaturation at 94oC for 60 s,

annealing at 62oC for 90 S, and extension at 72oC for 90 s.  The PCR-amplified product
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was purified by Geneclean (Bio 101, Inc., La Jolla, CA) and cloned into PCR2.1 plasmid

of TA cloning system (Invitrogen, Carlsbad, CA).  From the PCR2.1 plasmid, the L7/L12

gene was excised by BamHI and PstI digestion and ligated into the predigested pMAL-c2

vector, using DNA ligase (Gibco BRL, Gaithersburg, MD).  The ligation reaction was

used to transform E. coli DH5α, and single recombinant clones were selected.  Positive E.

coli clones possessing the pMAL-L7/L12 construct were selected, and expression of the

fusion protein was induced by 0.6 mM IPTG (isopropyl-β-D-thiogalactopyranoside).

After 4 hrs of IPTG induction, bacterial cells were harvested by centrifugation at 4,000 X

g for 20 min, and the pellet was washed with PBS three times.  Cells were frozen at -80oC

and titration was done before use.

5.  Protein Purification.

5.1.  B. abortus-GroEL, GroES, HtrA, and SOD purification.

In addition to Sf9 cells expressing each recombinant protein, purified proteins

were also used for immunization studies.  Proteins were purified as follows.  Lysates of

B. abortus-GroEL, B. abortus-GroES, or B. abortus-HtrA recombinant protein expressing

insect cells or B. abortus-SOD recombinant protein expressing E. coli cells were

electrophoresed on 12.5 or 15 % polyacrylamide gels in a Protein II Vertical

Electrophoresis cell (Bio-Rad, 15 cm X 15 cm X 0.1 cm) using the discontinuous buffer

system of Laemmli (1970). Electrophoresis was performed at 100 V until the dye front

reached the bottom.  One slice of the gel was used for Western blot to verify the presence
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and size of each recombinant protein. The required protein band was excised and electro-

eluted using a Electroeluter Model 422 (Bio-Rad, Hercules, CA) at 10 mA per tube.

Elution was done for 4 h for B. abortus 10 kDa GroES recombinant protein or B. abortus

17 kDa SOD recombinant protein, and for 6 h for B. abortus  60 kDa GroEL recombinant

protein or B. abortus  HtrA recombinant protein using elution buffer containing 25 mM

Tris, 192 mM glycine, and 0.1 % SDS, pH 8.3.  SDS was removed by adding Bio-Beads

SM-2 Adsorbent (Bio-Rad, Hercules, CA)  and rocking for 2 hrs followed by Sephadex

G-10 column separation.  Since B. abortus-SOD recombinant protein was expressed in

the E. coli system, lipopolysaccharide was removed using polymixin B immobilized on

agarose, Detoxi-Gel (Pierce, Rockford, IL).  The polymixins are a family of antibiotics

that contain a cationic cyclopeptide with a fatty acid chain.  Polymixin B can neutralize

the biological activity of endotoxins by binding to the lipid A portion of bacterial

lipopolysaccharide.  Purified proteins from which lipopolysaccharide was removed were

dialyzed in cold distilled water for one day and lyophilized.  The presence of purified

protein was confirmed by further SDS-PAGE and immunoblotting.  Protein concentration

was determined by the method of Bradford using dye (Bio-rad, Hercules, CA)  and bovine

serum albumin (Fisher, Fair Lawn, N.J.) as the standard as described in Chapter3.

To obtain purified B. abortus-Cu/Zn SOD recombinant protein, an E. coli colony

with the SOD gene was inoculated and cultured overnight in 1 liter of trypticase soy

broth containing 100 µg/ml ampicillin.  Cultures were harvested at 6,000 x g, for 20

minutes.  The pellets were resuspended in lysis buffer (10 mM sodium phosphate buffer,
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pH 7.5, with 0.1 % Triton-X100) due to the presence of SOD protein in the periplasmic

space, and were incubated for 16-20 hours in a rotary shaker at 37oC.  The culture was

lysed once again as before.  Centrifugation was performed as above, and the extracts were

separated  on SDS-PAGE and Western blotted to detect the presence of B. abortus-SOD

recombinant protein.  E. coli cells identified as expressing B. abortus-SOD recombinant

protein were purified by electro-elution as described before.   

5.2.  B. abortus L7/L12 ribosomal protein purification.

For the pMBP (maltose binding protein)-L7/L12 fusion protein purification, 10

ml of an overnight culture of E. coli containing fusion plasmid was inoculated in 1 liter of

rich media (10 g tryptone, 5 g yeast extract, 5 g NaCl) containing glucose and ampicillin

and cultured to 2 x 108 cells/ml (A600 = 0.5).   IPTG, a transcription inducer, was added to

a final concentration of 0.3 mM and the cultures were incubated at 37oC for 2 hours.

Cells were harvested (4000 x g, 20 minutes), and the pellets were resuspended in 50 ml

column buffer (20 mM Tris-Cl, 200 mM NaCl, 1 mM EDTA, pH= 7.0).  The culture

was frozen in a dry ice-ethanol bath and thawed in cold water.  A sample was placed in an

ice-water bath and sonicated in short pulses of 15 seconds several times until release of

the protein was observed using the Bradford assay.  The sample was harvested (9,000 x g,

30 minutes), and this crude extract was diluted to 1:5 with column buffer.  Diluted extract

was poured in a column containing amylose resin (New England Biolabs, Beverly, MA)

which was washed with 8 column volumes of column buffer.  Diluted crude extract was

passed through at a flow rate of about 1 ml/min for a 2.5 cm column.  The column was

washed with 10 column volumes of column buffer.  The fusion protein was eluted with
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column buffer containing 10 mM maltose.  Fifteen fractions (3 ml each) were collected,

and protein concentrations of each fraction were measured by Bradford assay, and

purification of the protein was demonstrated by SDS-PAGE and Western blotting.

Besides amylose resin affinity column purification, ammonium sulfate ((NH4)2SO4)

precipitation, and electro-elution were also performed.  For ammonium sulfate

precipitation, gradients of ammonium sulfate were used by mixing lysates of E. coli cells

containing pMal-L7/L12 fusion protein with eleven different volumn of saturated

ammonium sulfate solution.  Samples were incubated at 37oC for overnight.   Samples

were centrifuged (4000 x g, 20 minutes), and the pellets were redissolved with 1 ml dH2O.

Samples were dialyzed overnight to desalt.  Electro-elution was also attempted as

described above and  eluted materials were concentrated by either ultrafiltration using an

ultrafilter (membrane for molecular weight cut off 30 kDa or 60 kDa) (Micron Separations

Inc., Westboro, MA) or lyophilization.  The presence of purified protein was confirmed

by SDS-PAGE and Western blotting.

6.  Preparation of E.coli cells expressing pMBP only, and E.coli cells  

expressing pMBP-B. abortus L7/L12 fusion protein for mice

immunization.

E. coli cells were cultured and lysed as described above (5.2), and the expression

of MBP only or MBP-B. abortus L7/L12 protein were confirmed by SDS-PAGE and
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Western blotting.  Titration was done and bacterial cell numbers were adjusted into 1 x

107 cells/ml.   

7.  Immunization procedures.

Six to seven weeks old, female BALB/c mice were immunized for all following

experiments.  Mice were inoculated either intraperitoneally (i.p.) or subcutaneously (s.c.).

For protective immune response analysis, mice were challenged with B. abortus  virulent

strain 2308 at a dose of 2 x 104  CFU/mouse, and mice were killed 14 days later for viable

cell counts in the spleen.

Experiment I. :    Humoral, cell-mediated immune (CMI) and protective immune  

                               responses of mice inoculated with recombinant protein                 

                               expressing Sf9 cells combined with Freund’s adjuvant

Nine groups of mice (3 mice/group, a total of 27 mice for CMI response, 5 mice/group, a

total of 45 mice for protective immune response) were injected i.p. as indicated in Table

2.
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INOCULA DOSAGE

Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells + 100 µl of  IFA

Bacmid/Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells + 100 µl of  IFA

Freund’s adjuvant

only

1st injection : 100 µl of 100 µg CFA + 100 µl of  saline

2nd injection : 100 µl of  IFA + 100 µl of  saline

B. abortus RB51 1st injection : 100 µl of 4 x 108 cells

2nd injection : none

GroEL/Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells + 100 µl of  IFA

GroES/Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells + 100 µl of  IFA

HtrA/Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells + 100 µl of  IFA

GroEL-GroES-HtrA

/Sf9 cells +

Freund’s adjuvant

1st injection : 100 µl of  5 x 106 cells each + 100 µl of 100 µg CFA

2nd injection : 100 µl of  1 x 107 cells each + 100 µl of  IFA

Table 2.   Inocula and dosage of each group for Experiment I.
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DAY WORK PERFORMED

0 1st  injection for all groups of mice

14 2nd  injection for all groups of mice except for RB51 group

35, 36, 37 Sample collections and preparations for the humoral and CMI response

analysis ( 9 mice/day)

49 Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

63, 64 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen ( 25 mice on day 63, 20 mice on day 64)

Table 3.  Experimental schedules for Experiment I.

Experiment II. :   CMI response of mice inoculated with purified  B. abortus  

                               recombinant HSPs combined with Ribi adjuvant.

Preliminary studies used eleven groups of mice (2 mice/group, a total of 22 mice) were

injected s.c. as shown in Table 4.  Then, six groups of mice (5 mice/group, a total of 30

mice) were injected as indicated in Table 5 s.c.  Both experiments were performed by the

schedule in Table 6.



144

INOCULA DOSAGE

Saline 1st and 2nd injections : 200 µl

Ribi adjuvant 1st and 2nd injections : 100 µl of 100 µg adjuvant + 100 µl of  saline

B. abortus

live RB51

1st injection : 100 µl of 4 x 108 cells

2nd injection : none

GroEL  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 1 µg antigen + 100 µl of 100 µg adjuvant

GroES +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 1 µg antigen + 100 µl of 100 µg adjuvant

HtrA  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 1 µg antigen + 100 µl of 100 µg adjuvant

GroEL  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

GroES +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

HtrA  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

GroEL +
GroES  +
Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg each antigen + 100 µl of 100 µg adjuvant

GroEL +
GroES  +
HtrA    +
Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg each antigen + 100 µl of 100 µg adjuvant

Table 4. Inocula and dosage of each group for Experiment II (preliminary studies).
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INOCULA DOSAGE

Saline 1st and 2nd injections : 200 µl

Ribi adjuvant 1st and 2nd injections : 100 µl of 100 µg adjuvant + 100 µl of  saline

B. abortus

live RB51

1st injection : 100 µl of 4 x 108 cells,

2nd injection : none

GroEL +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

GroES  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

HtrA  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

Table 5.  Inocula and dosage of each group for Experiment II.

DAY WORK PERFORMED

0 1st  injection for all groups of mice

21 2nd  injection for all groups of mice except for RB51 group

56, 57,

58, 59,

60

Sample collections and preparations for CMI response analysis

(5 mice on days 56, 58 and 6 mice on days 57, 59 for preliminary studies,

total of 22 mice)

(6 mice/day for main studies, total of 30 mice)

Table 6.  Experimental schedule for Experiment II.
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Experiment III. :   Protective immune response of mice inoculated with purified

                                 B. abortus  recombinant HSP combined with Ribi adjuvant.

Eight groups of mice (5 mice/group, a total of 40 mice) were injected s.c. as indicated in

Table 7, and experiments were performed by the schedule in Table 8.

INOCULA DOSAGE

Saline 1st and 2nd injections : 200 µl

Ribi adjuvant 1st and 2nd injections : 100 µl of 100 µg adjuvant + 100 µl of  saline

B. abortus

live RB51

1st injection : 100 µl of 4 x 108 cells,

2nd injection : none

GroEL  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

GroES  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

HtrA  +

Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg antigen + 100 µl of 100 µg adjuvant

GroEL  +
GroES   +
Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg each antigen + 100 µl of 100 µg adjuvant

GroEL  +
GroES  +
HtrA   +
Ribi adjuvant

1st and 2nd injections

: 100 µl of 10 µg each antigen + 100 µl of 100 µg adjuvant

Table 7.  Inocula and dosage of each group for Experiment III.
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DAY WORK PERFORMED

0 1st  injection for all groups of mice

21 2nd  injection for all groups of mice except for RB51 group

56 Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

70 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen

Table 8.  Experimental schedule for Experiment III.

Experiment IV. :  Protective immune response of mice inoculated with

                               androstenediol (AED)  as an up-regulator.

Three groups of mice (5 mice/group, a total 15 mice) were injected s.c. only once as

indicated in Table 9, and experiments were performed by the schedule in Table 10.

INOCULA DOSAGE

Saline 200 µl

Vehicle only 200 µl of dimethyl sulfoxide (DMSO) and ethanol (EtOH)

mixture

AED in vehicle AED suspension in vehicle was injected into each mouse at a

concentration of 320 mg/kg

Table 9.  Inocula and dosage of each group for Experiment IV.
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HOUR

DAY

WORKS PERFORMED

0 injection for all groups of mice

4 hrs later Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

Day 14 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen

Table 10.  Experimental schedule for Experiment IV.

Experiment V. :   Protective immune response of mice primed with vaccinia

                               virus GroEL recombinant and boosted with  B. abortus  GroEL  

                               baculovirus purified recombinant protein.

Vaccinia virus recombinant GroEL was developed by and obtained from S. Baloglu at the

CMMID in the DBSP, VMRCVM, Virginia Polytechnic Institute and State University

(S. Baloglu, 1997).  Four groups of mice (5 mice/group, a total of 20 mice) were injected

i.p as indicated in Table 11,. and experiments were performed by the schedule in Table

12.
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INOCULA DOSAGE

Saline 1st, 2nd , and 3rd injections : 200 µl

B. abortus live RB51 1st injection : 100 µl of 4 x 108 cells,

2nd injection : none

3rd injection : none

Vaccinia virus GroEL

Recombinant

1st injection :  1 x 107  Plaque Forming Unit (PFU) of Vaccinia

virus GroEL recombinant

2nd injection : 100 µl of 100 µg Ribi adjuvant only

3rd injection : 100 µl of 100 µg Ribi adjuvant only

Vaccinia virus GroEL

Recombinant +

Baculovirus GroEL

Recombinant

1st injection : 1 x 107  PFU of Vaccinia virus GroEL

recombinant

2nd injection : 100 µl of 10 µg Baculovirus GroEL purified

recombinant protein in 100 µl of 100 µg Ribi adjuvant

3rd injection : 100 µl of 10 µg Baculovirus GroEL purified

recombinant protein in 100 µl of 100 µg Ribi adjuvant

Table11.  Inocula and dosage of each group for Experiment V.

DAY WORK PERFORMED

0 1st  injection for all groups of mice except for RB51 group

14 2nd  injection for all groups of mice except for RB51 group

21 Single injection for RB51 group

28 3rd  injection for all groups of mice except for RB51 group

56 Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

70 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen

Table 12.  Experimental schedule for Experiment V.
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Experiment VI. :  CMI response of mice inoculated with killed B. abortus  RB51  

                                combined with IL-12 as adjuvant.

Five groups of mice (5 mice/group, a total 25 mice) were injected i.p. as indicated in Table

13, and experiments were performed by the schedule in Table 14.

INOCULA DOSAGE

Saline 1st and 2nd injections : 200 µl

B. abortus  live RB51 1st injection : 100 µl of 4 x 108 cells,

2nd injection : none

B. abortus  killed RB51 1st  and 2nd injections : 100 µl of 4 x 108 cells

IL-12 only 1st and 2nd injections : 100 µl of 0.5 µg adjuvant

B. abortus  killed RB51 + IL-12 1st and 2nd injections

: 100 µl of 4 x 108 cells  + 100 µl of 0.5 µg adjuvant

Table 13.  Inocula and dosage of each group for Experiment VI.

DAY WORK PERFORMED

0 Single injection for RB51 group

7 1st  injection for all groups of mice except for RB51 group

21 2nd  injection for all groups of mice except for RB51 group

35 Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

49 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen

Table 14.  Experimental schedule for Experiment VI.
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Experiment VII. : CMI and protective immune responses of mice inoculated with

killed B.  abortus  RB51, purified B. abortus HtrA and Cu/Zn SOD proteins, and B.

abortus L7/L12 protein expressing  E. coli cells combined with IL-12 as adjuvant.

Eleven groups of mice (5 mice/group, a total of 55 mice) were injected i.p. as indicated in

Table 15, and experiments were performed by the schedule in Table 16.

INOCULA DOSAGE

Saline 1st and 2nd injections : 200 µl

IL-12 only 1st and 2nd injections : 200 µl of 0.5 µg adjuvant

B. abortus  killed RB51 1st  and 2nd injections : 100 µl of 4 x 108 cells

B. abortus Cu/Zn SOD 1st  and 2nd injections : 200 µl of 10 µg antigen

B. abortus  live  RB51 1st injection : 100 µl of 4 x 108 cells

2nd injection : none

B. abortus  killed RB51 + IL-12 1st and 2nd injections

: 100 µl of 4 x 108 cells  + 100 µl of 0.5 µg adjuvant

B. abortus Cu/Zn SOD + IL-12 1st and 2nd injections

: 100 µl of  10 µg antigen + 100 µl of 0.5 µg adjuvant

B. abortus  HtrA + IL-12 1st and 2nd injections

: 100 µl of  10 µg antigen + 100 µl of 0.5 µg adjuvant

E. coli  live cells expressing

pMBP-B. abortus L7/L12

1st injection : 100 µl of 1 x 106 cells

2nd injection : none

E. coli  live cells expressing

pMBP-B. abortus L7/L12 + IL-

12

1st injection : 100 µl of 1 x 106 cells

2nd injection : none

E. coli live cells expressing

pMBP + IL-12

1st injection : 100 µl of 1 x 106 cells

2nd injection : none

Table 15.   Inocula and dosage of each group for Experiment VII.
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DAY WORK PERFORMED

0 1st  injection for all groups of mice except for B. abortus RB51,

E. coli live cells expressing pMBP-B. abortus  L7/L12,

E. coli live cells expressing pMBP- B. abortus L7/L12 + IL-12

E. coli live cells expressing pMBP + IL-12,

14 2nd  injection for all groups of mice

56 Challenge of all groups with  B. abortus  virulent strain 2308 for protective

immune response analysis

70 Protective immune response analysis : viable B. abortus  virulent strain 2308

in spleen

Table 16.  Experimental schedule for Experiment VII.
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8.  Analysis of Humoral Immune Responses.

Mice were bled retroorbitally, sera prepared, and analyzed by Western blotting.  

Goat anti-B. abortus RB51 serum was used as a positive control; sera were diluted 1:50.

Lysates of  recombinant protein expressing cells were subjected to SDS-PAGE and

electophoretically transferred to nitrocellulose paper (Micron Separations Inc.,

Westborough, MA) using trans-blot (Bio-RAD, Hercules, CA)  at 15 V for 30 min in a

solution consisting of 25 mM Tris, 192 mM glycine, and 5 % (vol/vol) methanol.  The

nitrocellulose papers were incubated overnight with 5 % (wt/vol) skim milk (Carnation,

Glendale, CA) in TBS (0.15 M NaCl, 20 mM Tris-HCl), pH 7.4, washed three times

with TBS containing 0.05 % Tween 20 (TBS-tween 20) and incubated with the

appropriate sera diluted in TBS.  After three washes with TBS-tween 20, the

nitrocellulose papers were incubated for 1 h with anti-mouse IgG sera conjugated to

horseradish peroxidase (Cappel, West Chester, PA).  The membranes were washed three

times with TBS-tween 20, and the bands were visualized by the addition of the color

reagent made of 15 mg of 4-chloro-1-naphthol (Sigma Chemical Co., St. Louis, MO) in 5

ml of methanol combined with 25 ml of TBS containing 0.06 % hydrogen peroxide

(FisherScientific, Fair Lawn, N.J).

9.  Analysis of Cell-mediated Immune Responses.

Lymphocytes were obtained by preparing single-cell suspensions from mice

spleens by dispersion of the tissue through a sterilized stainless steel mesh and lysing of
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the red blood cells with Tris-HCl buffered ammonium chloride (pH 7.2).  Splenocyte

cultures were either prepared in 96 well cell culture plates for lymphocyte proliferation

assay, IFN-γ ELISA or stained with several monoclonal antibodies for scanning through

flow cytometry.  For lymphocyte proliferation assay and IFN-γ ELISA or flow

cytometry analysis, isolated spleen cells were cultured in either microtiter wells

containing 5 x 105 cells or in tubes containing 3 x 105 cells, respectively, in a volume of

200 µl of RPMI 1640 supplemented with 5 x 10-5 M 2-mercaptoethanol, penicillin-

streptomycin (Gibco-BRL, Grand Island, NY), 1 mM glutamine (Gibco-BRL, Grand

Island, NY), and 5 % (vol/vol) fetal calf serum (Intergen, Purchase, NY).  For lymphocyte

proliferation assay and IFN-γ ELISA, for stimulating antigens, purified GroEL, GroES,

HtrA, and SOD recombinant proteins were used at a concentration of 5 µg/well, killed B.

abortus RB51  was used between 5 x 103 and 5 x 108 cells/well,  and Concanavaline A

(Con A) was used at a concentration of 1 µg/well as a positive control to demonstrate cell

viability.  For flow cytometry analysis, 1 x 105 cells of each sample were stained with

different combinations of monoclonal antibodies as described below.

9.1  Lymphocyte proliferation assay.

Cellular proliferation was analyzed after 48 h of incubation of the cultures by

pulsing with 1 µCi of  [3H] thymidine per well.  After a further 18 h of incubation at

37oC, plates were harvested and processed for liquid scintillation counting. The results are

given in cpms and stimulation indices (SI = cpm of test sample/cpm of media only) were

determined.  All tests were carried out in triplicate.
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9.2  IFN-γ ELISA.

Supernatants for the analysis of IFN-γ were harvested from the cultures after 4

days of incubation.  Supernatants were placed in the wells of MaxiSorp Immuno plates

(Nunc, Roskilde, Denmark) precoated with rat anti-mouse IFN-γ monoclonal antibody in

0.5 % bovine serum albumin in carbonate/bicarbonate buffer pH 9.6.   For IFN-γ

standards, 50, 25, 12.5, 6.3, 3.2, 1.6, 0.8, 0.4, 0.2, and 0.1 ng of recombinant mouse IFN-

γ were added into each well of the plate described above.  After incubation for 3 h, the

plate was washed and incubated with biotinylated detecting antibody (PharMingen, San

Diego, CA) for 1 h at room temperature.  After washing the plates, horse radish

peroxidase-streptavidin (Vector, Burlingame, CA) was added and incubated for 1 h.  The

plates were washed and then tetra methol benzadine (TMB) substrate (Dako

Corporation, Carpinteria, CA) was added and incubated for 30 min.  The reaction was

terminated by adding 0.18 M sulfuric acid and absorbance was measured at 450 nm.

Linear regression was performed on concentration versus (vs.) optical density reading of

the standard curve. IFN-γ concentrations were converted from the optical density

numbers based on the IFN-γ  standard curve.  All tests were carried out in triplicate.

9.3  Flow cytometry analysis.

For flow cytometry, 1 x 105 cells of splenocytes were stained with either

fluorescein isothiocyanate (FITC)-conjugated hamster anti-mouse IgG1 CD3e monoclonal

antibody and R-phycoerythrin (R-PE)-conjugated rat anti-mouse IgG2a CD4 (L3T4) or

fluorescein isothiocyanate (FITC)-conjugated hamster anti-mouse IgG1 CD3e monoclonal
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antibody and fluorescein isothiocyanate (FITC)-conjugated hamster anti-mouse IgG1

CD3e monoclonal antibody R-PE-conjugated rat anti-mouse IgG2a CD8 (Ly-2)

(PharMingen, San Diego, CA).  An equal number of splenocytes were stained with FITC-

conjugated hamster IgG1 and R-PE-conjugated rat IgG2a, κ monoclonal immunoglobulin

isotype standard as an isotype-matched negative control to determine nonspecific

bindings.  Flow cytometric analysis was done on a Coulter Epics XL flow cytometer with

air cooled 488 nm laser and fluorescent emission was detected using 525 nm and 575 nm

filters, counting  5,000 cells per sample.

10.  Analysis of Protective Immune Responses.

10.1  Mouse challenge.

Five mice from each group were challenged intraperitoneally with 2 x 104

cfu/mouse of  B. abortus smooth strain 2308  thirty five days  after the last

immunization.  

10.2  Counting B. abortus 2308 colony numbers in spleens.

The  mice were euthanized 14 days after challenge, their spleens were removed

and macerated by grinding them in 1 ml of Trypticase Soy BrothTM  containing sterile

sand using a Teflon coated pestle.  The cell suspension was diluted serially in ten fold

dilutions in TSB and five drops of 10 µl from each dilution were plated out on Trypticase

Soy Agar (TSA) plates.  The plates were incubated for four days at 37o C in 5 % CO2

incubator and colony numbers were counted.  Based on the colony numbers, the value of
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the average B. abortus  2308 log cfu per mouse spleen and log protection for each group

were determined.

10.3  Statistical Analysis.

All mouse immune response experiments were performed under completely

randomized design.  All calculations were performed using the General linear model

(GLM) procedure of Statistical Analytical System (SAS) (Version 6.12, SAS Institute,

Cary, NC).  Statistical analysis for all experiments, except for using IL-12 as adjuvant

(Exp. VII), consisted of analysis of variance followed by single degree of freedom

contrasts between positive control (RB51) and every other treatment group or between

negative control and every other treatment group.  

When undertaking multiple contrasts between two groups it has been suggested

that it is appropriate to use a Bonferroni correction, which adjusts for multiple

comparisons (Howell 1992; Perloff and Kinsey, 1992).  The Bonferroni correction, which

uses a p/n adjustment to modify the significance level, thus holds the experiment-wise

error rate less than the preselected alpha (0.05).  Thus, the Bonferroni correction was

applied to all contrast P-values.  For the statistical analysis of the experiment using IL-12

as adjuvant (Exp. VII), single degree of freedom contrasts were used to analyze between

positive control (live RB51)- and antigen with IL-12- treated mouse groups or between

antigen without IL-12- and antigen with IL-12- treated mouse groups.  Statistical

differences between groups with  p < 0.05 were considered significant.
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RESULTS

1.  Purification of B. abortus-GroEL, GroES, HtrA, and SOD

recombinant proteins.

B. abortus-GroEL, GroES, and HtrA recombinant HSPs, expressed in the

baculovirus system, and B. abortus-SOD recombinant protein, expressed in the E. coli

system, were purified by electro-elution.  In addition to elimination of SDS and salts from

each protein purification, lipopolysaccharide was removed for SOD protein purification.

SDS-PAGE and Western blottings were performed to demonstrate the identity and

correct size of each purified protein.  Desired size of purified recombinant HSPs (60 kDa

GroEL, 10 kDa GroES, 60 kDa HtrA) as well as purified recombinant SOD protein (17

kDa) were identified  (Fig. 14, Fig. 15).  Protein concentrations determined by Bradford

protein assay showed that a total between 2 and 3 mg of each purified protein were

obtained.  These were sufficient amounts of antigens for the in vivo and in vitro immune

response studies.

Purification for pMBP-B. abortus L7/L12 fusion protein was not successfully

accomplished after several attempts of affinity chromatography, ammonium sulfate

fractionation, or electro-elution.   Failure of purification by affinity chromatography

might have resulted from the loss of affinity of maltose binding protein to amylose resin,

due to a structural change in the fusion protein.  Mixing with different concentrations of

ammonium sulfate did not result in corresponding differences in the precipitation of

samples.  In the attempts of protein purification by electro-elution, maltose was highly
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Figure 14.  SDS-PAGE and Western blot analysis of electro-eluted baculovirus-B.
abortus recombinant heat shock proteins.
Coomassie blue stained gel (Left),
Western blotting (Right); B. abortus anti-RB51 serum was used as the primary antiserum.

Left,                                                                                      Right,
Lane 1: MW St                                                                     Lane 1: MW St
Lane 2: Bacmid only expressing                                           Lane 2: 60 kDa purified GroEL      
             Sf9 insect cells                                                                      recombinant protein
Lane 3: 60 kDa purified GroEL                                            Lane 3: 10 kDa purified GroES
             recombinant protein                                                              recombinant protein
Lane 4: 10 kDa purified GroES                                            Lane 4: 60 kDa purified HtrA        
              recombinant protein                                                             recombinant protein
Lane 5: 60 kDa purified HtrA
             recombinant protein
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Figure 15. SDS-PAGE and Western blot analysis of electro-eluted baculovirus-B.
abortus recombinant SOD protein.
Coomassie blue stained gel (Left),
Western blotting (Right); B. abortus anti-RB51 serum was used as the primary antiserum.

Both Figures,
Lane 1: MW St
Lane 2: SOD expressing E. coli cells
Lane 3: Purified SOD protein
Lane 4: Purified SOD protein
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precipitated when eluted proteins were concentrated either by ultrafiltration or

lyophilization.  Therefore, instead of using purified L7/L12 purified protein, mice were

injected with live E. coli cells expressing pMBP-L7/L12 fusion proteins as antigens in

parallel with appropriate controls.

2.  Identification of B. abortus-L7/L12 recombinant proteins.

Lysates of E. coli cells expressing only MBP or MBP-B. abortus  L7/L12 fusion

protein were analyzed by SDS-PAGE and Western blotting.   Insertion of the L7/L12

gene inactivated the β-galactosidase α-fragment activity of the malE (gene encoding

MBP)-lacZ fusion.  Therefore, the MBP-L7/L12 fusion protein was identified as 59 kDa,

composed of 47 kDa MBP and 12 kDa L7/L12.  MBP expression without inserts showed

a protein of similar size (57 kDa) because it is fused with β-galactosidase (10 kDa)

instead (Fig. 16).  

3.  Immune responses.  

3.1.  Mice inoculated with  B. abortus recombinant HSP(s) expressing Sf9 insect   

         cells combined with complete and incomplete Freund’s adjuvants (EXP.1).

3.1.1.  Humoral immune response.  

Humoral immune response was demonstrated by Western blotting against GroEL

(Fig. 17 e) and HtrA (Fig. 17 g), but not against GroES (Fig. 17 f).  Three distinct bands
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Figure 16. SDS-PAGE and Western blot analysis of baculovirus-B. abortus
recombinant pMAL-L7/L12 protein.
Coomassie blue stained gel (Left),
Western blotting (Right); B. abortus anti-RB51 serum was used as the primary antiserum.

Lane 1: MW St
Lane 2: pMBP only expressing E. coli cells
Lane 3: pMBP-L7/L12 fusion protein expressing E. coli cells
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Figure 17 a, b, c, d.  Humoral immune responses of BALB/c mice to baculovirus-B.
abortus recombinant HSP(s) expressing Sf9 insect cells.  
Sera from each group of mice inoculated with Sf9 insect cells (Fig. a), Bacmid/Sf9 (Fig. b),
Freund’s adjuvant only (Fig. c), or B. abortus RB51 (Fig. d), respectively, were applied as a
primary antibody on each nitrocellulose membrane.
Lane 1: MW St.              Lane 2: Sf9        Lane 3: Bacmid/Sf9       Lane 4: B. abortus RB51
Lane 5: GroEL/Sf9          Lane 6: GroES/Sf9               Lane 7: HtrA/Sf9
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Figure 17 e, f, g, h.  Humoral immune responses of BALB/c mice to baculovirus-B.
abortus recombinant HSP(s) expressing Sf9 insect cells.  Sera from each group of mice
inoculated with GroEL/Sf9 (Fig. e), GroES/Sf9 (Fig. f), HtrA/Sf9 (Fig. g), or GroEL-GroES-
HtrA/Sf9 (Fig. h), respectively, were applied as a primary antibody on each nitrocellulose
membrane.
Lane 1: MW St.            Lane 2: Sf9      Lane 3: Bacmid/Sf9        Lane 4: B. abortus RB51
Lane 5: GroEL/Sf9        Lane 6: GroES/Sf9             Lane 7: HtrA/Sf9
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were observed in the results against Bacmid.  This pattern of bands was consistent in the

results with GroEL/Sf9, GroES/Sf9, and HtrA/Sf9 recombinant proteins.  GroEL and

HtrA antibodies were detected when the recombinant protein expressing Sf9 cells or B.

abortus RB51 was used as an antigen (Fig. 17 e, g).  However, the same antigens did not

detect GroES antibodies (Fig. 17 f).

3.1.2.  Cell-mediated immune responses (CMI).

Proliferation of lymphocytes was evaluated by incorporating  3[H] thymidine into the

lymphocytes for 48 hours.  Several different antigens were used as stimulants to test

antigen-specific proliferation of splenocytes.  When Con A was used as a stimulant,

splenocytes from each mice group showed high stimulation indices (Fig. 18 a); the

splenocytes were normally reactive and had the capacity to react with specific antigen.

When killed strain RB51 was used as a stimulant, only splenocytes from RB51-treated

mice showed a high level of proliferation (Fig. 18 b), and splenocytes from other mice

groups showed a significantly low level of stimulation.  Splenocytes from mice treated

with GroEL/Sf9, GroES/Sf9, HtrA/Sf9, or GroEL-GroES-HtrA/Sf9 combined with

Freund’s adjuvant showed a similar or even lower level of proliferation than did those

from mice treated with negative control Bacmid/Sf9 with Freund’s adjuvant by

stimulation with killed RB51 (Fig. 18 b).  Among experimentals, a relatively high level of,

but not statistically significant, lymphocyte proliferation was consistently observed from

mice treated with GroES/Sf in response to all antigens as well as to ConA.  Thus, it does

not reflect antigen-specific lymphocyte proliferation.  Noteworthy, splenocytes from

mice treated with any antigen containing a Sf9 cellular component  (Sf9, Bacmid/Sf9,
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GroEL/Sf9, GroES/Sf9, and HtrA/Sf9) reacted in the same pattern to the stimulating

antigens Sf9, Bacmid/Sf9, GroEL/Sf9, GroES/Sf9, and HtrA/Sf9 (Figs. 18 c, d, e, f, g),

indicating that the stimulation of splenocyte was due to Sf9 cells. These results indicate

that there is strong splenocyte proliferation in mice against antigens of the Sf9 cells,

masking potentially weak CMIs to  GroEL, GroES and HtrA proteins.

3.1.3.  Protective immune response.

Protection results are presented as mean log CFU/spleen and log protection (Table

17).  The value for log protection is defined as the difference between mean log

CFU/spleen in treated (inoculated with antigen or adjuvant) and negative control

(inoculated with saline) mice.  Achievement of protection was determined by statistical

significance between saline and other experimental groups in the mean log CFU/spleen; if

p value is less than 0.05, the experimental groups were considered as protected.

Intraperitoneal challenge inoculation of virulent B. abortus  strain 2308 showed that none

of the recombinants induced protection.  Only B. abortus RB51-inoculated (positive

control) mice showed the level of protection (p = 0.04).  The highest resistance in

experimentals was shown by GroEL/Sf9-Freund’s mice group, but no significant

differences were observed between this group and saline-treated mice group (Table 17).

The mean log CFU/spleen results were similar among the mice injected with GroES/Sf9,

HtrA/Sf9, GroEL-GroES-HtrA/Sf9, and Freund’s adjuvant only.  The mean log

CFU/spleen from mice injected with Sf9 cells expressing the various B. abortus

recombinant heat shock proteins were somewhat higher, in other words, less resistant

than those from mice injected with Sf9 cells (Table 17).
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TREATMENT LOG  
CFU/SPLEEN

LOG
PROTECTION

Saline 5.26 ± 0.12

Sf9 cells + Freund’s adjuvant 4.57 ± 0.64  (p = 0.08) 0.69

Bacmid/Sf9 cells + Freund’s adjuvant 4.54 ± 0.80 (p = 0.18) 0.72

Freund’s adjuvant only 5.05 ± 0.14 (p = 0.20) 0.21

B. abortus live RB51 4.44 ± 0.48 (p = 0.04) * 0.82

GroEL/Sf9 cells + Freund’s adjuvant 4.70 ± 0.84 (p = 0.17) 0.56

GroES/Sf9 cells + Freund’s adjuvant 4.96 ± 0.33 (p = 0.19) 0.30

HtrA/Sf9 cells + Freund’s adjuvant 5.16 ± 0.32 (p = 0.54) 0.10

GroEL-GroES-HtrA/Sf9 cells +
Freund’s adjuvant

5.08 ± 0.37(p = 0.49) 0.18

* : Protection is achieved.

Table 17.

B. abortus 2308 colony counts from lymphocytes of mice inoculated with B. abortus

HSP(s) expressing Sf9 cells combined with Freund’s adjuvant
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 The high background in CMI responses and protection values of mice that were

inoculated with Sf9 insect cell suggested that purification of recombinant proteins was

required to generate the desired antigen-specific immune responses.

3.2.  Mice inoculated with baculovirus B. abortus purified recombinant HSP(s)           

         combined with Ribi adjuvant (Exp. II).

3.2.1.  Cell-mediated immune response.

To explain the masking of recombinant protein-specific CMI and the lack of

protection by Sf9 cells expressing recombinant protein, immune responses of mice to

purified HSP(s) in combination with Ribi adjuvant were analyzed.  Since low doses of

HSPs as antigens are known to be more immunogenic in studies in vivo (DeNagel and

Pierce, 1993), two different doses (1, 10 µg) of each HSP were evaluated in mice model.

Relatively high IFN-γ release was observed in splenocytes from mice injected with 10 µg

HtrA protein (Table 18).  Receptors of CD3, CD4 or CD8 are found on the surface of

mature T cells, helper T cells, and cytotoxic T cells, respectively.  Highest proportions of

CD3+CD4+ and CD3+CD8+ T cells/total number of splenocytes were also observed in

splenocytes from mice injected with 10 µg HtrA protein (Table 19).  These proportions

of CD3+CD4+ and CD3+CD8+ T cells/total number of splenocytes in HtrA immunized

mice were higher than those of the live RB51 immunized mice, which show the next

highest value (Table 19).
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Released IFN-γ in ng/ml
injected
    Ag

coated
Ag

saline Ribi live
RB51

GroEL
1 µg +
Ribi

GroES
1 µg
+ Ribi

HtrA
1 µg
+ Ribi

GroEL
10 µg
+ Ribi

GroES
10 µg
+ Ribi

HtrA
10 µg
+Ribi

GroEL-
GroES
10 µg
/each
+ Ribi

GroEL-
GroES-
HtrA
10 µg
/each
+ Ribi

saline 0
±0

.52
±.11

0
±0

.50
±.09

0
±0

1.40
±.71

.52
±.25

.49
±.26

.80
±.57

1.38
±.79

0
±0

killed
RB51

0
±0

.92
±.45

>50 .92
±.67

0
±0

2.47
±1.32

.90
±.33

0
±0

2.27
±.98

.48
±.23

1.43
±.89

ConA .87
±.33

1.13
±.78

5.87
±1.95

4.80
±2.45

2.33
±.87

2.90
±.89

1.50
±.68

1.78
±1.01

2.05
±.92

3.43
±1.12

1.72
±.34

GroEL 0
±0

1.22
±.34

0
±0

2.40
±1.76

----- ----- .44
±.36

----- ----- .73
±.26

0
±0

GroES 0
±0

.42
±.65

3.10
±.79

----- .50
±.67

----- ----- 0
±0

----- .54
±.33

0
±0

HtrA 0
±0

0
±0

0
±0

----- ----- 2.30
±1.12

----- ----- 3.30
±1.45

----- 0
±0

-----: Not tested

Table 18.  IFN-γ release by splenocytes of mice inoculated with purified

recombinant  B. abortus HSPs combined with Ribi adjuvant;

preliminary study for determining optimal dosage of HSP.
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          CD3+CD4+, CD3+CD8+ , and CD3+CD4+/CD3+CD8+  T cell ratio

injected
    with

stained
with

saline Ribi live
RB51

GroEL
1 µg
+ Ribi

GroES
1 µg
+ Ribi

HtrA
1 µg
+ Ribi

GroEL
10 µg
+ Ribi

GroES
10 µg
+ Ribi

HtrA
10 µg
+Ribi

GroEL-
GroES
10 µg
/each
+ Ribi

GroEL-
GroES-
HtrA
10 µg
/each
+ Ribi

γ/γ 0.0
±0.0

0.4
±0.0

0.0
±0.0

0.2
±0.0

0.3
±0.0

0.2
±0.0

0.4
±0.0

0.3
±0.0

0.1
±0.0

0.3
±0.0

0.4
±0.0

CD3,4 22.8
±2.2

25.0
±3.7

27.6
±2.9

27.1
±4.7

23.7
±3.3

28.0
±2.3

20.0
±4.1

20.1
±1.5

31.1
±5.5

18.5
±2.3

21.8
±3.3

CD3,8 7.3
±0.5

5.7
±1.1

7.8
±2.2

7.4
±2.0

6.7
±0.6

6.9
±2.8

6.3
±1.9

5.8
±3.3

8.5
±2.2

5.4
±0.9

5.7
±1.9

Ratio
of
CD3,4
CD3,8

3.1 4.4 3.5 3.7 3.5 4.1 3.2 3.5 3.7 3.4 3.8

Table 19.  Percent of CD3+CD4+, CD3+CD8+ , and the CD3+CD4+/CD3+CD8+  

T cell ratio in splenocytes of mice inoculated with purified recombinant B. abortus

recombinant HSPs combined with Ribi adjuvant; preliminary study.
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It is not very well described in other studies whether there is a correlation between IFN-γ

release and T helper (CD3+CD4+) or T cytotoxic (CD3+CD8+) cell proportions or

between a specific cell-mediated immune response and T helper (CD3+CD4+) or T

cytotoxic (CD3+CD8+) cell proportions.  In this preliminary study, we did not observe

any correlation between IFN-γ release and proportions of CD3+CD4+ and CD3+CD8+ T

cells in splenocytes.  Since higher levels of IFN-γ release and CD3+CD4+, CD3+CD8+ T

cell proportions were observed from mice injected with 10 µg HSP rather than 1 µg HSP,

10 µg of each HSP were tested in the main immunization studies.  No significant level of

IFN-γ release was observed by stimulation with saline (negative control)(Fig. 19 a).  High

level of IFN-γ release was observed by stimulation with ConA (no antigen-specific

positive control)(Fig. 19 b).  Mice injected with 10 µg of HtrA protein showed the

highest IFN-γ release when their lymphocytes were stimulated by killed RB51 (Fig. 19 c).

Thus, the preliminary (Table 18) and main (Fig. 19) studies are in agreement with respect

to the highest level of antigen-specific IFN-γ release in the splenocytes from mice treated

with 10 µg of HtrA, but the level of IFN-γ release was much higher in the main study.

The level of IFN-γ  release in the splenocytes from HtrA immunized mice was more than

50 ng/ml, exceeding the maximum reading scale by the spectrophotometer.  Splenocytes of

mice injected with GroEL or GroES protein released significantly less IFN-γ (= 25 ng/ml)

in response to killed RB51 (Fig. 19 c).  Results of IFN-γ release in splenocytes from mice

injected with GroES or HtrA protein showed antigen-specific responses; higher responses
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were observed to the specific coating antigens GroES and HtrA, respectively (Fig. 19 e,

f).  However, splenocytes from mice injected with GroEL protein did not show antigen-

specific response (Fig. 19 d).  Proportions of CD3+CD4+ (Fig. 20 a) and CD3+CD8+ T

cells (Fig. 20 b) in the total number of splenocytes were not significantly different

between mice injected with RB51 and any experimentals., Correlation was not observed

between IFN-γ release and proportions of CD3+CD4+, CD3+CD8+ T cells in mice

splenocytes in the main study, either.

3.2.2.  Protective immune response (Exp. III).

In the results demonstrating mean log CFU/spleen, only B. abortus RB51 group

mice showed protection to B. abortus 2308 challenge (log protection = 0.91).  Mice

injected with any of the experimental proteins, including HtrA, showed a similar level of

mean log CFU/spleen and resistance to those injected with adjuvant only. No antigen-

specific protection was observed among mice injected with any of the B. abortus  purified

HSP alone (GroEL, GroES, or HtrA), GroEL-GroES combined, or GroEL-GroES-HtrA

combined in conjunction with Ribi adjuvant (Table 20).  Therefore, no correlation was

observed between the level of protection and IFN-γ release in mice splenocytes, nor

between the level of protection and the proportions of CD3+CD4+, CD3+CD8+ T cells in

mice splenocytes.
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Fig. 19 a.   IFN-γ  release,
stimulated by saline  in vitro,
(mean + standard deviation)
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Fig. 19 b.   IFN-γ  release,
stimulated by ConA  in vitro,
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Fig. 19 c.   IFN-γ  release,
stimulated by RB51  in vitro,
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Fig. 19 d.   IFN-γ  release,
stimulated by GroEL  in vitro,
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Fig. 19 e.   IFN-γ  release,
stimulated by GroES  in vitro,
(mean + standard deviation)
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Fig. 19 f.   IFN-γ  release,
stimulated by HtrA  in vitro,
(mean + standard deviation)
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      Fig. 20 a.  Percent of CD3+ CD4+ T cells
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          Fig. 20 b.  Percent of CD3+ CD8+ T cells
                     (mean + standard deviation)
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TREATMENT LOG
CFU/SPLEEN

LOG
PROTECTION

Saline 4.96 ±  0.38

Ribi adjuvant only 5.10 ± 0.36 0

B. abortus live RB51 4.04 ± 0.59 (p = 0.0005) * 0.91

GroEL + Ribi adjuvant 5.36 ± 0.05 0

GroES + Ribi adjuvant 5.38 ± 0.07 0

HtrA + Ribi adjuvant 5.62 ± 0.10 0

GroEL-GroES
+ Ribi adjuvant

5.25 ± 0.28 0

GroEL-GroES-HtrA
+ Ribi adjuvant

5.05 ± 0.27 0

* : Protection is achieved.

Table 20.

B. abortus 2308 colony counts from splenocytes of mice inoculated with purified

recombinant B. abortus HSP(s) combined with Ribi adjuvant
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3.3.  Mice inoculated with androstenediol (AED) as the immune up-regulator (Exp.

IV).

3.3.1. Protective immune response.

The resistance of mice injected with AED was not statistically significant.  No protection

was observed in the mice injected with AED (p = 0.26) (Table 21).

3.4. Protective immune response of mice primed with vaccinia virus B. abortus

GroEL recombinant and boosted with baculovirus GroEL purified recombinant

protein combined with Ribi adjuvant (Exp V).

Mean log CFU/spleen from mice injected with saline or vaccinia virus recombinant

GroEL, or primed with vaccinia virus recombinant GroEL and boosted with purified

baculovirus GroEL recombinant combined with Ribi adjuvant did not demonstrate any

significant differences in the level of protection.  Only mice injected with B. abortus

RB51 showed a significant level of protection (log protection = 1.25) (Table 22).

 3.5. Cell-mediated immune response of mice inoculated with killed B. abortus

RB51 combined with IL-12 as adjuvant (Exp. VI).

IFN-γ ELISA was performed 14 days after the second immunization.  The highest

level of IFN-γ  release was observed by the splenocytes from killed B. abortus RB51 plus

IL-12- group mice by stimulation with two different doses (5 x 103 cfu/ml, 5 x 108 cfu/ml)

of killed RB51.  The level of IFN-γ  was higher than in the splenocytes from mice

inoculated with B. abortus  live RB51 alone, which was used as positive control (Table

23).
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TREATMENT LOG CFU/SPLEEN LOG PROTECTION

Saline 5.46 ± 0.07

Vehicle only 5.36 ± 0.13 (p = 0.60) 0.10

AED in vehicle 4.96 ± 0.54 (p = 0.26) 0.50

Table 21.

B. abortus 2308 colony counts from splenocytes of mice inoculated with AED as an

up-regulator
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TREATMENT LOG
CFU/SPLEEN

 LOG
  PROTECTION

Saline 5.46 ± 0.07

B. abortus live RB51 4.21 ± 0.61 (p=0.03) * 1.25

Vaccinia virus GroEL recombinant
 + Ribi adjuvant

5.58 ± 0.14 0

Vaccinia virus GroEL recombinant
 + Baculovirus GroEL recombinant
      with Ribi adjuvant

5.62 ± 0.37 0

* : Protection is achieved.

Table 22.

B. abortus 2308 colony counts from splenocytes of mice primed with vaccinia virus

GroEL and boosted with baculovirus GroEL recombinants combined with Ribi

adjuvant



192

                                              Released IFN-γ in ng/ml

     injected
               Ag
 coated
Ag

saline live RB51 killed RB51 IL-12 killed RB51
+ IL-12

saline 0 ± 0 0.17 ± 0.20 0.08 ± 0.15 2.17 ± 1.21 26.35 ± 2.20  

ConA 2.7 ± 0.05 > 50,
in 75 % mice
used

> 50,
in 75 % mice
used

> 50,
in 75 % mice
used

> 50,
in 75 % mice
used

killed RB51
(5 x 103

CFU/well)

0 ± 0 1.08 ± 1.20 0.08 ± 0.15 2.29 ± 0.89 > 50,
in 75 % mice
used

killed RB51
(5 x 108

CFU/well)

0.08 ± 0 > 50,
in 75 % mice
used

> 50,
in 75 % mice
used
(remaining:

1.83 ± 1.11)

1.87 ± 0.90 > 50,
in 75 % mice
used

Table 23.  IFN-γ release by splenocytes of mice inoculated with killed  B. abortus

RB51 combined with IL-12; preliminary study.
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3.6.  Mice inoculated with killed  B. abortus RB51,  purified B. abortus HtrA and   

         SOD proteins, and E. coli expressing  B.  abortus L7/L12 protein

         combined with IL-12 as adjuvant (Exp. VII).

3.6.1.  Cell-mediated immune response.

IFN-γ ELISA was performed 42 days after the second immunization (Fig. 21 a, b,

c, d, e, f).  For statistical analysis, single degree of freedom contrasts were used to test of

interest.  First, contrasts between positive control live RB51 versus (vs.) antigen

combined with IL-12 were analyzed.  The level of released IFN-γ was compared between

the live RB51- vs. killed RB51 combined with IL-12- groups, live RB51- vs. SOD with

IL-12- groups, live RB51- vs. HtrA with IL-12- groups when stimulated with saline (Fig.

21 a), ConA (Fig. 21 b), B. abortus killed RB51 (5 x 103 cells/well) (Fig. 21 c),  B. abortus

killed RB51 (5 x 108 cells/well) (Fig. 21 d), B. abortus HtrA (Fig. 21 e) or B. abortus

Cu/Zn  SOD (Fig. 21 f).  Second, contrast between antigen without IL-12- vs. the antigen

with IL-12- group was analyzed.  The level of released IFN-γ was compared between

saline- vs. IL-12- groups, killed RB51- vs. killed RB51 with IL-12- groups, SOD- vs.

SOD with IL-12- groups by stimulation with each antigen (Fig. 21 a, b, c, d, e, f).   When

saline or ConA were used as stimulants, no significant differences were detected in IFN-γ

release between either positive control- vs. antigen with IL-12- groups or antigen without

IL-12- vs. the antigen with IL-12- groups.  Thus, it is demonstrated that IL-12 itself does

not affect non-specific activation of lymphocytes.
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                                   Fig. 21 c.   IFN-γ  release,
            stimulated by killed RB51 (5 X 103 cells/well)  in vitro,
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When HtrA purified protein was used as stimulant, IFN-γ release in live RB51- and HtrA

plus IL-12- treated groups was very low; no significant differences were observed in IFN-

γ release between groups (Fig. 21 e).  When purified SOD protein was used as stimulant,

IFN-γ release in live strain RB51- and SOD plus IL-12- groups was very low, and no

significant differences were observed in IFN-γ release between groups (Fig. 21 f). Much

lower levels of IFN-γ release were observed in the splenocytes from all groups of mice by

stimulation with HtrA as well as SOD compared to stimulation with killed strain RB51.

No antigen-specific IFN-γ release was observed by stimulation with HtrA or with SOD

protein.

When 5 x 108 cells/well of killed RB51 was used as a stimulant, no difference in

the level of IFN-γ  release was seen between saline- vs. IL-12- groups.  There were

statistically significant differences in the level of IFN-γ release between killed RB51- vs.

killed RB51 with IL-12- groups (p = 0.0442), and SOD- vs. SOD with IL-12- groups (p

= 0.0256) by stimulation with killed RB51 (Fig. 21 d).  It appears that IL-12 acts to

stimulate immune responses along with antigen, inducing significant IFN-γ release in vivo.

Statistical contrast was analyzed to evaluate the proportions of CD3+CD4+ T cells (Fig.

22 a) and CD3+CD8+ T cells (Fig. 22 b).   There were no differences in the specific T cell

proportions between positive-control, live RB51 and any of the experimental- groups

(live RB51 vs. killed RB51, p = 0.58 ; live RB51 vs. SOD, p = 0.89 ; live RB51 vs. HtrA,
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p = 0.73).  Also, when the contrasts were analyzed between antigen alone vs. antigen

with IL-12, no significant differences were shown between any of the groups (saline vs.

IL-12, p = 0.63; killed RB51 vs. killed RB51 with IL-12, p = 0.66; SOD vs. SOD with

IL-12, p = 0.89).  Therefore, in these experiments, a distinct correlation does not exist

between IFN-γ release in splenocytes and the proportions of CD3+CD4+ T cells or

CD3+CD8+ T cells.

3.6.2.  Protective immune response.

Significant differences were observed in mice groups injected with saline vs. other

experimental groups.  A significant level of protection was observed in mice injected with

live B. abortus RB51 (p=0.003), SOD alone (p= 0.03), SOD plus IL-12 (p=0.0001) and

live E. coli expressing pMAL-L7/L12 plus IL-12 (p=0.004) (Table 24).  Higher resistance

were observed in mice injected with IL-12 plus antigen  (SOD vs. SOD plus IL-12,

p=0.03 vs. p= 0.0001).
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TREATMENT LOG
CFU/SPLEEN

LOG
PROTECTION

Saline 5.37 ± 0.07

IL-12 5.41 ± 0.29 0.00

B. abortus killed RB51 5.49 ± 0.13 0.00

B. abortus SOD 4.93 ± 0.35 (p = 0.03) * 0.44

B. abortus live RB51 4.75 ± 0.16 (p = 0.003) * 0.62

B. abortus killed RB51
+ IL-12

5.42 ± 0.21 0.00

B. abortus SOD + IL-12 4.35 ± 0.45 (p = 0.0001) * 1.02

B. abortus HtrA + IL-12 5.19 ± 0.32 0.18

live E. coli expressing
pMBP-B. abortus L7/L12

5.21 ± 0.24 0.16

live E. coli expressing
pMBP-B. abortus L7/L12 +
IL-12

4.77 ± 0.45 (p = 0.004) * 0.60

Live E. coli expressing
pMBP + IL-12

5.10 ± 0.41 0.27

* : Protection is achieved.

Table 24.

B. abortus 2308 colony counts from lymphocytes of mice inoculated with B. abortus

killed RB51, SOD, HtrA, and L7/L12 combined with IL-12
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DISCUSSION.

Most of the highly successful vaccines currently available were developed before

1970.  They were not highly purified preparations but were shown to be capable of

eliciting protective responses without unreasonable side effects.  Subsequently, vaccine

development slowed down as safety standards increased.  Progress in peptide synthesis

and recombinant DNA technology held out the promise of a new generation of vaccines

and, in 1989, after reports were published by the USA National Academy of Sciences, it

was predicted that 27 new vaccines would become available for general use within ten

years (Jordan, W. S., 1989).  Of these, 15 were to be subunit vaccines developed by

chemical synthesis or biosynthesis.  Subunit vaccines are a major goal of modern vaccine

research because of a number of advantages (Blander and Horwitz, 1993).  Subunit

vaccines, consisting of one or a few epitopes, offer several potential advantages over

traditional whole cell vaccines, which generally consist of avirulent or killed

microorganisms.  First, by focusing the immune system on a few key immunoprotective

determinants, rather than on a complex mix of a few relevant and many irrelevant

molecules, the subunit vaccine might achieve greater protective capability.  Second, by

excluding molecules capable of inducing suppression of an immune response, the subunit

vaccine might allow the immune system to respond to immunoprotective moieties. Third,

by being composed of a limited repertoire of molecular species, the subunit vaccine might

be less likely to induce allergic or toxic reactions than whole cell vaccines.   However, it is

accepted that the prediction that 15 out of 27 new vaccines would be subunit vaccines
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was too optimistic.  Very promising immunogens have been designed, but, in most cases

when tested in clinical trials, they have not induced sufficient levels of protective

immunity under acceptable safety conditions to be considered for clinical use.  A major

difficulty encountered during development of modern vaccines was their weak

immunogenicity (Audibert and Lise, 1993).  This problem has been overcome by the use

of suitable adjuvants.  Aluminium-containing compounds such as hydroxides and

phosphates (commonly referred to as alum) are the only adjuvants approved in the clinic,

but they are not active with all immunogens and stimulate only humoral responses.  For

development of new subunit vaccines, the availability of improved adjuvants suitable for

clinical use is crucial.  Such adjuvants should display several different profiles of activity

since an appropriate adjuvant must not only enhance the immune response but should

also drive this response to achieve the appropriate type of protective immunity in each

situation.   Modern biotechnology methods now provide large numbers of adjuvant-active

compounds to augment immune responses.

Adjuvants work  by several mechanisms.  First, adjuvants influence the Th1/Th2

ratio. Adjuvants operate through triggering cytokine release and prohormone conversion

(Rook and Stanford, 1995).  The released cytokines such as IL-12 or IL-10 from mast

cells, macrophages, basophils, endothelial cells or NK cells influence selection of the

immune response toward Th1 or Th2 subtype.  IL-12 directs the immune response

toward Th1, and IL-10 directs it towards Th2 (Hsieh et al., 1992, 1993; Seder et al., 1992,

1993; Manetti et al., 1993).  Also prohormone conversion in macrophage influences the

decision toward Th1 or Th2.  When dehydroepiandrosterone sulphate (DHEAS) is



207

converted into dehydroepiandrosterone (DHEA), Th cells are differentiated into Th1

(Daynes et al., 1991; Suzuki et al., 1991), and when the prohormone 25-hydroxy

cholecalciferol is converted into 1,25-hydroxy calcitrol, Th cells are differentiated into

Th2 (Rook G. A. W., 1988; Rigby et al., 1987).  The importance of IL-12 in the induction

of cell-mediated immunity in general was confirmed when it was shown that co-injection

of killed Listeria, which alone does not activate IFN-γ producing T cells, successfully

induced cell-mediated immunity to this organism (Miller et al., 1996).   DHEAS is the

major adrenal steroid in the serum of both men and women.   Specific cytosolic receptors

for the free DHEA are found in T cells, and are known to have substantially higher

concentrations in CD4+ T-cells than in CD8+ T-cells (Meikle et al., 1992).  DHEA was

found to up-regulate host immune response in vivo against infections and to counteract

stress-induced immunosuppression (Araneo et al., 1993; Casson et al., 1993).  

Second, adjuvants can influence antibody production (Morein et al., 1996; Del

Giudice, G., 1992).  Adjuvants that enhance cell-mediated responses, as evidenced by

delayed-type hypersensitivity (DTH) reactions, elicit IgG2a antibody subclass responses

in mice, possibly by acting on Th1-like cells.  Adjuvants, which may primarily drive Th2

responses, enhance antibody production including IgG1, IgA, and IgE.  

Third, adjuvants influence cytotoxic T lymphocytes (CTL) (Morein et al., 1996).

The mechanisms of induction of CTL are not yet fully known, but several possibilities

exist.  Adjuvants increase the normal activity of antigen presenting cells (APC),

particularly a subpopulation that is capable of presenting class I MHC antigen-restricted
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CTL.  The detergent property of the adjuvant could induce cell death and lysis at the site

of injection, and the CTL response could be raised against the cellular debris.  DHEA also

enhances the generation of cytotoxic T cells because of the role of IL-2 in the induction of

cytotoxic T cells.  Adjuvants also affect CTL by  nitric oxide production, tumor cell

killing, and TNF-α release by very pure macrophage cultures in in vitro assays.   

Fourth, adjuvants have a depot effect, which increases the biological half-life of

antigens (Stites and Terr, 1991). The depot effect is highly effective with small antigens

such as synthetic peptides that otherwise would be rapidly cleared from the body.  

Fifth, adjuvants enhance antigen presentation (Stites and Terr, 1991).  Adjuvants

act as adhesive molecules, binding antigen and complement components to their

hydrophilic component, and binding oil to their hydrophobic portion.  This presentation

helps to expose protective epitopes to cells.  

Sixth, adjuvants can activate macrophages (Rook and Stanford, 1995).  The

maintenance of a consistent antigen concentration by the depot effect, particularly on the

macrophage surface, ensures that the progeny of antigen-sensitive cells are highly likely to

be further stimulated by antigen.  Virtually all adjuvants stimulate macrophages, the

majority probably through direct action, but complete Freund’s adjuvant appears to act

on the macrophage through the T-cell (Lawrence and Pamela, 1999).

The ultimate goal of our group in CMMID is the induction of higher protection in

susceptible animals to B. abortus infection.  Resistance to B. abortus,  which is one of the
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facultative intracellular bacterial pathogens, depends mostly on acquired cell-mediated

immune response and activation of macrophages by IFN-γ producing T lymphocytes.  

In the research for this doctoral dissertation, my attention has been focused on the

examination of the capacity of heat shock proteins of B. abortus  as protective antigen(s)

against Brucella infection in a mouse model.  Experiments were designed to determine

whether it is possible to steer the immune responses to B. abortus  HSPs toward IFN-γ

producing Th1 lymphocyte proliferation and induction of protection by incorporating

appropriate adjuvants, with or without the presence of insect cells.

In our studies, the lymphoproliferation assay was performed to determine the

degree of proliferation of splenocytes in response to B. abortus HSP(s) and RB51.

Results obtained in the lymphoproliferation assay showed a high variations of responses

to a particular antigen from mouse to mouse, and the results did not give interpretable

data.  Thus, our attention was directed towards other types of CMI assays that could

generate a meaningful information base.  The IFN-γ ELISA was used to determine the

amount of released IFN-γ in splenocytes from mice injected with each HSP as

immunogen.  The proportions of CD3+CD4+ and CD3+CD8+ T cells were also evaluated

to correlate the relationship with the IFN-γ release.  In Experiment I, Freund’s adjuvant

was selected since it influences the quality of the CD4+ T cell subpopulation activated,

and favors the induction of Th1 cells.  In other investigators’ studies using Freund’s

adjuvant (Blander and Horwitz, 1992), when a guinea pigs were injected with L.

pneumophila HSP60 in conjunction with complete and incomplete Freund’s adjuvant,
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CMI and protective immunity were induced against L. pneumophila infection.  In our first

immune study, Sf9 insect cells expressing B. abortus HSP(s) were used as an antigen in

combination with Freund’s adjuvant.  In humoral immune response analysis, antibodies

were observed against B. abortus GroEL and HtrA recombinant proteins, but not against

GroES recombinant protein (Fig. 17).  In the lymphocyte proliferation (Fig. 18) and

protection studies (Table 17), the background due to Sf9 cells was too high to

demonstrate any specific responses to each HSP.

The possibility of using purified HSPs as protective antigens was evaluated using

the adjuvant, Ribi (combined monophosphoryl lipid A and trehalose dimycolate).   Either

Ribi or one of the Ribi components has been found to be a powerful adjuvant in many

other studies, by enhanced antibody production, lymphocyte proliferation, suppression

of splenic infection, or induction of protection against the invasions of intracellular

parasites including B. abortus (Spargo et al., 1990; Pugh and Tabatabai, 1996; Singh et al.,

1992; Vanlandschoot et al., 1993; Wicher et al., 1991; Saginala et al, 1996).   HSPs are

known to be more immunogenic when they are injected at low dosage (DeNagel and

Pierce, 1993).  In order to evaluate the optimal low dosage of B. abortus  HSPs to mice,

CMI responses were examined by injection of two different dosages (1 µg or 10

µg/mouse/injection) of each HSP antigen.  Based on this preliminary study showing that

splenocytes of mice injected with 10 µg HSPs released a higher amount of IFN-γ than did

splenocytes of mice injected with 1 µg (Table 18); this dose was determined to be used

for the further immunological studies.  No protection was observed in mice when any of
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the purified each HSP alone, GroEL-GroES combined, or GroEL-GroES-HtrA combined

in conjunction with Ribi adjuvant were injected (Table20).   

Previously Loria et al., (1988, 1990) reported that a single subcutaneous injection

of the steroid hormone dehydroepiandrosterone (DHEA) to inbred male mice resulted in

more than 50 % protection against coxsackievirus B 4-induced mortality.  Moreover, a 90

% reduction in herpesvirus type 2 encephalitis-mediated mortality in female inbred mice

was achieved with s.c. injection of DHEA.  Recently, DHEA was shown to protect mice

from infection with West Nile virus, a neurovirulent Sindbis virus, and Semliki Forest

virus (Ben-Nathan et al., 1991). This dissertation research was the first study to examine

androstenediol under very limited circumstances as immune up-regulator against an

intracellular bacterial infection.  The failure of induction of increased resistance against B.

abortus challenge could be from the lack of cellular responsiveness to the effects of this

steroid hormone which could have been caused by the absence of intracellular receptors

having specific binding affinity for this steroid hormone.

No protection was observed when a vaccinia virus GroEL recombinant was used

to immunize mice against Brucella challenge (S. Baloglu, 1997).  In this study, the

possibility of inducing protection by injecting two different forms of recombinant was

explored; priming with a live form (vaccinia virus GroEL recombinant) and boosting with

a subunit form (baculovirus GroEL purified recombinant protein combined with Ribi

adjuvant) was examined.  The induction of protective immunity in immunized mice failed

with either form of recombinant.
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Cytokine IL-12 has a broad range of stimulatory effects that generally act to

promote cell-mediated immunity.   IL-12 was tested because of its ability to promote

IFN-γ  by  αβ T cells and NK cells (Chan et al., 1991; Gazzinelli et al., 1993; Tripp et al.,

1993) and by γδ T cells (Ziegler et al., 1994; Skeen and Ziegler, 1994) and Th1 cell

generation (Trinchieri, G., 1993).  The utility of IL-12 as a vaccine component was

demonstrated in a murine model system in which a soluble leishmanial antigen preparation

induced a protective Th1-type response when administered along with rIL-12 (Afonso et

al., 1994).  In other studies, IL-12 has been used as the adjuvant as an essential

component of a subunit vaccines against Listeria monocytogenes (Tripp et al., 1944),

Toxoplasma gondii (Gazzinelli et al., 1994), and Mycobacterium tuberculosis (Flynn et

al., 1995), all of which are intracellular pathogens.

We began to study the adjuvant effects of IL-12 by using killed B. abortus RB51,

which is known not to induce a significant level of cell-mediated immune responses when

it is used as antigen alone.  Using an ELISA, the level of IFN-γ release was measured in

the splenocytes prepared 14 days after the second immunization in the preliminary study

(Fig. 21).  The highest level of IFN-γ was observed in mice immunized with IL-12 and

was higher than that of live RB51 immunized mice.  In the main experiment using IL-12 as

adjuvant, cell mediated and protective immune responses were studied using additional

immunogens.  Since the level of IFN-γ release was somewhat high in IL-12-only-injected

mice in our previous IL-12 experiment, CMI studies and challenge for protection were

performed 6 weeks after the second immunization to reduce the background stimulation
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due to the adjuvant itself.  The level of IFN-γ release observed was considerably lower in

IL-12- only injected mice than in the preliminary study.  When splenocytes were

stimulated with 5 X 108 cells/well of killed RB51, inoculation of mice with live RB51

induced a higher level of IFN-γ release from splenocytes than did inoculation with killed

RB51 plus IL-12 (Fig. 21 d).  This result is in conflict with those in the preliminary

experiment and is probably due to the difference in the time lapse between the second

inoculation and the CMI test: 12 days in the preliminary and 42 days in the main studies.

Independent of whether splenocytes were stimulated with 5 x 103 or 5 x 108 cells/well of

killed RB51, the level of IFN-γ release in the killed RB51 plus IL-12-group mice was

considerably lower (Fig. 21 c, d) compared to the level in the preliminary studies.

Therefore, it appears that the IFN-γ release induced by IL-12 in combination with the

antigen does not last at high levels for 6 weeks.  Although IL-12 may generate a Th1-type

immune response, activate macrophages, and influence the release of IFN-γ  in the early

stage following injection, the influence by this cytokine appears diminished by 6 weeks

after the injection.  This fact may explain why CMI studies and/or challenge with the

virulent strains were performed within two weeks after injection in most of the other

studies that successfully used IL-12 as adjuvant (Noll and Autenrieth, 1996; Miller M. A.

et al., 1996; Miller M. J. et al., 1996; Mountford et al., 1996; Xiong et al., 1997).  In order

to prolong the activity of adjuvant IL-12 and maintain its effects for a longer period of

time, the delivery of IL-12 in liposomes or microspheres may provide a mechanism for

releasing it at a slower rate.  
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In the flow cytometry analysis, no significant differences were observed in the

proportion of CD3+CD4+ (Fig. 22 a) or CD3+CD8+ (Fig. 22 b) T cells/total number of

splenocytes between positive control- and antigen plus IL-12- groups or between antigen

only- and antigen plus IL-12-groups.   

In Experiment 1, lymphoproliferation was not reproducible and showed much

variation from mouse to mouse.  Therefore, subsequent analysis of cell mediated immune

responses used purified proteins as antigens and Ribi or IL-12 as adjuvant; furthermore

instead of an lymphoproliferation assay, IFN-γ release and the proportions of

CD3+CD4+ and CD3+CD8+ T cells in splenocytes were evaluated.

Besides evaluation of IFN-γ release to measure cell-mediated immune responses, it

was interesting to assess the proportions of CD3+CD4+ and CD3+CD8+ T cells in

splenocytes in order to determine whether a correlation exists between the amount of

released IFN-γ and induction of protective immune responses.  A direct correlation

between the proportions of CD3+CD4+, CD3+CD8+ T cells and the release of IFN-γ by

the splenocytes or the induction of protection including the positive control RB51-mice

group was not observed.  Perhaps testing splenocytes 5-6 weeks after the second

injection in order to observe specific T cell proliferation is not the best choice of time.

Since IFN-γ release is followed by the specific T cell proliferation, the time point might

be only appropriate to measure IFN-γ release in spleen, but not the proportions of

circulating CD3+CD4+ and/or CD3+CD8+ T cells.  The proportions of CD3+CD4+ and/or
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CD3+CD8+ T cells in lymph nodes or liver may be in closer correlation with IFN-γ

release in splenocytes or induction of protective immune response.  

The correlation between IFN-γ release and protective immune response was not

observed except for mice injected with the positive control RB51 injected mice.  When

injected with purified HtrA and Ribi adjuvant, the splenocytes exhibited the highest level

of IFN-γ release (> 50 ng/ml), but no protective immune response was observed. When

mice were injected with purified SOD and IL-12 as adjuvant, despite no significant release

of IFN-γ release, a protective immune response was observed.   Since the highest level of

IFN-γ release did not correlate with the level of protection against Brucella infection,  we

could interpret these results as follows; (1) the maximum level of IFN-γ released (50

ng/ml) by splenocytes might not be high enough to reflect accurately the level of

protection; and (2) the amount of released IFN-γ  in the splenocytes is not the only factor

needed for the induction of protective immune response.  It appears that other

mechanism(s) may be responsible for protection, which may include cytotoxicity.

The usefulness of B. abortus Cu/Zn SOD protein as a protective antigen has been

controversial for years.  Strain RB51 is devoid of the O-side chain and this deficiency

may explain the low virulence regardless of the high content of SOD (Sriranganathan et al.,

1991).  To better understand the role of cellular immunity to SOD, lymph node cell-

mediated immune responses to Cu/Zn SOD and to three synthetic Cu/Zn SOD peptides

were measured in a study following vaccination of cattle with B. abortus S19 or RB51

(Stevens et al., 1994).  The results suggest that neither strain 19 or strain RB51 vaccine
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induce antibody to SOD; only the strain 19 vaccine induces cell-mediated immune

responses to SOD.  Recently, a significant level of protection was induced against the

challenge of B. abortus 2308 when mice were injected with live E. coli expressing Brucella

Cu/Zn SOD (Onate et al., 1999).  In this study, vaccination with E. coli (pBSSOD)

induced antibodies to Cu/Zn SOD and a strong proliferative response in splenocytes was

observed when stimulated in vitro with a thioredoxin-Cu/Zn SOD fusion protein.  Our

finding supports this study (Onate et al., 1999) as we observed that a significant level of

protection when mice were injected with purified recombinant B. abortus SOD protein

combined with IL-12 (p=0.0001).  These results suggest that when B. abortus SOD is

used under optimal conditions, including dosage and the appropriate cytokine milieu, this

protein can induce a protective immune response against Brucella infection.  Also, when

B. abortus SOD purified recombinant protein was used alone as an antigen without IL-12,

protection at somewhat lower level (p=0.03) was observed.  Therefore, our study

supports the role of SOD as a protective antigen.

B. abortus L7/L12 ribosomal protein has been identified as the most effective

immunogen among  B. abortus proteins (Brooks-Worrell and Splitter, 1992; Oliveira et al.,

1994).  Oliveira and Splitter (1996) found that recombinant B. abortus  L7/L12 ribosomal

protein induced a Th1 subset response from murine CD4+ T cells characterized by

significant levels of IFN-γ production.  Since any antigen that preferentially induces an

IFN-γ producing Th1 subset response is a desirable subunit vaccine preparation against

brucellosis, this protein has been identified as an immunodominant antigen.  However, we



217

could not analyze IFN-γ release by stimulation with this antigen due to the failure of

protein purification in our study. Other investigators (Bachrach et al., 1994) have

identified the L7/L12 ribosomal protein from B. melitensis as a major antigen, which

stimulates delayed-type hypersensitivity in Brucella-sensitized guinea pigs.  In addition,

Skeiky et al. (1995) have isolated a gene homologous to the eukaryotic ribosomal eIF4A

from Leishmania braziliensis; they have characterized it as a potent antigen capable of

stimulating strong Th1-type responses as well as IL-12 production in leishmaniasis

patients.  Having characterized the recombinant B. abortus L7/L12 as a T-cell, especially

Th-1 type reactive ribosomal protein and knowing the immunological importance of

ribosomal preparations, we analyzed the ability of this antigen in conferring protection to

mice against brucellosis.  In this study, we have demonstrated that recombinant B.

abortus L7/L12 ribosomal protein conferred protective immunity to BALB/c mice against

brucellosis when E. coli expressing pMBP- B. abortus  L7/L12 fusion protein cells were

used as antigen.  Our data confirm the work of Oliveira and Splitter (1996) who reported

that L7/L12 ribosomal protein is protective against Brucella and of others (Gregory R. L.,

1986) who reported that ribosomal preparations from other pathogens are highly

protective vaccines.  Therefore, this work demonstrated the usefulness of B. abortus SOD

and L7/L12 proteins, but not HSPs, for assessing the development of subunit vaccines

against Brucella infection.
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spinner flasks, and proper speed of stirring.  Other factors and conditions were examined

based on several parameters including multiplicity of infection (MOIs), times of

replication of recombinant baculovirus, availability of oxygen, cell phases, cell densities,

and cell lines (Ogonah et al., 1991; Scott et al., 1992; Licari and Bailey, 1990).

To determine the proper MOIs for optimal recombinant protein expression, the

baculovirus life cycle must be considered.  Late in the viral life cycle, nonoccluded,

infectious virions of baculovirus are released from insect cells into the extracellular space.

These secondary virions are then able to infect cells still in the exponential phase that

were not originally infected (Granados and Federici, 1986; Luckow, V. A. and M. D.

Summers, 1988).  At extremely high MOI values, the cells may be synchronously

infected (the primary infection), whereas at lower MOIs only a limited subpopulation

may be infected.  In the study of Licari and Bailey (1990), the effect of the MOI on

product titer was determined by infecting cells with MOI values ranging from 0 to 100

and monitoring the production of β-galactosidase over time.  For cells infected in the

exponential phase, a logarithmic relationship existed between the final β-galactosidase

product and the MOI used, with the highest MOI studied resulting in greatest protein

synthesis in the early infection time.  However, due to the very high infection at an early

time, only a few uninfected cells had progeny cells which were  to be infected by the

secondary virions.  Thus, the total number of cells infected with very high MOI will be

less than the total number of cells infected with lower MOI, leading to a decrease in final

product yields.  Therefore, in baculovirus systems, viral titers between 1 and 10 are
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highly recommended to yield optimal quantity and quality of recombinant proteins. The

final product concentration as a function of the MOI was also highly dependent on the

growth phase of the cells (Licari and Bailey, 1990).  Dramatic decreases in product yields

were observed if cells were infected during the stationary phase.  Also, less variation in

product titer occurred if the cells were infected in the exponential growth phase compared

to infection in the stationary phase (Licari and Bailey, 1990). The maximum level of

expression of the recombinant protein is also affected by the aeration rate of the culture

(Scott et al., 1992).  In their study, cultures at an identical cell density were infected with

same MOI and stirred at either 30 revolution (rev)/min or 80 rev/min to test the effect of

stirrer speed (and hence the availability of oxygen) on cell infection and recombinant

protein production.  At 80 rev/min, the percent viability of these infected cultures was

10-20% 96 h after infection, and at 30 rev/min, the percent viability was 75-85%,

suggesting more infected cells were in the culture stirred at higher revolution because of

higher oxygen availability.  In both uninfected controls (stirrer speed: 30 rev/min., 80

rev/min.), the viability was greater than 95% at the same post-infection time.  Thus, these

results showed that available oxygen is one of the major parameters to affect the

infectivity of recombinant baculovirus.

The optimal MOI varies by cell line and the relative infection kinetics of the

recombinant virus.  Thus, MOI should be established for each recombinant virus and cell

line employed.  Sf9 cells, derived from S.  frugiperda ovarian cells, are commonly used to

isolate and propagate recombinant AcNPV viral stocks and produce the recombinant

protein of interest.  High-FiveTM cells, derived from Trichoplusia ni egg cell homogenates,
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have been shown to be capable of expressing significantly higher levels of recombinant

proteins compared to other insect cells, up to 25 fold higher expression of secreted

proteins than Sf9 cells.  These two different cell lines were used and compared for

optimal recombinant protein expression in our studies.  

The results of previous studies for factors and conditions of optimal recombinant

protein expressions were not directly applicable to our studies because in most cases

different vectors were used, or the experimental conditions were dissimilar.  The

evaluation of the conditions specifically optimal for the expression of  B. abortus  GroEL,

GroES, and HtrA recombinant proteins is described in this chapter based on the results of

our own set of parameters including cell lines, cell densities, post-infection times, and

MOIs.

MATERIALS AND METHODS

1.  Cells.  

Sf9 cells, derived from S. frugiperda ovarian cells, were used for wild-type

baculovirus infection, recombinant protein expression, and viral titration including plaque

assay and end-point assay. These cells were purchased from GibcoBRL and propagated

in Sf900-SFM medium (GibcoBRL).  Sf21 cells, derived from S.  frugiperda ovarian cells,

were used for plaque assay.  These cells were generously provided by Dr. Dwight E.

Lynn at USDA/ARS and propagated in Grace’s insect cell culture media (GibcoBRL).

Trichoplusia ni cells from egg cell homogenates were used for recombinant protein
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expression.  These cells were purchased from Invitrogen (Carlsbad, CA) and propagated

in Sf900-SFM medium (GibcoBRL).  Cells were grown at 28oC, in either adherent or

suspension culture, and were infected with either wild type or recombinant baculovirus

while in the logarithmic phase of growth at greater than 95% cell viability and a density of

2 x 106 cells/ml.  For high cell viability, stirrer speed of suspension culture was carefully

adjusted depending on the status of the cell culture.  Cells before exponential growth

phase were stirred at 50 rev/minute because they are more shear-sensitive and less oxygen

demanding.  In the exponential phase, speed was adjusted to 95 RPM for supplying high

level of oxygen.   

2.  Titration of recombinant baculovirus.

2.1  Plaque assay.  

To standardize the amount of virus used to infect cells, log-phase cells without

antibiotics were used in plaque assays to determine virus titers in plaque-forming units

per ml (pfu/ml). Two ml of cell suspension was dispensed per well of 6-well plates under

sterile conditions.  The cells were allowed to settle to the bottom by incubating at room

temperature for 1 h.  The virus, diluted by 10-fold serial dilution steps in Sf900-SFM,

was added to the cells and incubated for 1 h at room temperature.  Following the 1-h

incubation, the virus inoculum was removed from the wells and was replaced with 2 ml of

the diluted agarose.  The plates were incubated at 28oC in a humidified incubator for 4 to

10 days. Various conditions, such as cell lines (Sf 9, Sf 21, T. ni), cell numbers (1 X 107, 2

X 106, 1 X 106, 7.5 X 105 cells), viral dilutions (10-1 to 10-9), replication times (4 to 9
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days), types of agarose gel based on sulfate content and gel strength, percentages of

agarose gels (0.75%, 1.5%), the presence or absence of serum, differences in supplied

humidity and types of dyes (trypan blue to stain dead cells, neutral red to stain viable

cells), were used as parameters.  However, we failed to observe plaques in many trials.

Thus, end-point assay has been performed as an alternative to titrate each recombinant

baculovirus.

2.2.  End-point median tissue culture infectious dose (TCID50) assay.

Log- phase Sf9 cell culture was suspended into Sf900-SFM without antibiotics.

Cell numbers were adjusted to 2 X 105 cells/ml.  The GroEL, GroES, or HtrA

recombinant viruses and wild-type baculovirus were diluted by serial 10 fold dilution

steps from 10-1 to 10-9 using same media.  Ten µl of each dilution of the viruses were

added into 12 wells per dilution in 96 well plates, and then 100 µl volume of 2 X 104 cells

were added into each well.  In the last row of the plate, the same number of cells was

added without virus inoculation to serve as a non-infected negative control.  The plates

were incubated at 28oC for nine days in an air-tight container lined with moist tissue

paper to prevent drying.  The plates were monitored daily for signs of infection.  After

nine days of incubation, 10 µl trypan blue in 1:10 dilution was added to each well and

incubation was continued for several hours at 28oC.  The total number of positive

(infected, > 90% stained) and negative (non-infected, < 10% stained) wells were counted

each of the next few days until no change was observed.  When more than 90% of cells

were stained and contained numerous granules, the well was regarded as positive. Based
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on the results of infectivity in the plate, end-point dilution50 or tissue culture infectious

dose50 (TCID50) was determined.   The infectious units expressed as TCID50 units/ml

were converted to an approximate titer in pfu/ml to standardize the inoculum dose of

baculovirus.  This conversion was done by a calculation applying the method of Reed and

Muench, as described by Summers and Smith (1987), accepting the formula: pfu/ml =

TCID50 / ml x 0.69.

3.  Preparation of high-titer viral stocks.

Adherent and suspension Sf9 cells in the exponential growth phase were infected

with each recombinant virus and replicated for 48 hrs (Summer and Smith, 1987) to

determine the condition yielding higher titer of virus. The titers were determined by end-

point assay.

4.  Kinetic studies of recombinant protein expression.

Studies for optimal expression of each recombinant protein have been performed

with the high-titer stock of recombinant viruses.  

4.1. Cell culture conditions.

In all experiments, cell suspensions were cultured in 50-ml spinner flasks at 28oC

and 95 rev/min.  The screw caps of the spinner flasks were loosened to supply oxygen

from the atmosphere.
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4.2.  Virus inoculation.

Cells in exponential phase of growth were centrifuged at 1,000 g for 10 minutes

and then resuspended in fresh media.  The final cell density was adjusted to 2 x 106

cells/ml and the viral inoculum was added.

4.3.  Parameters analyzed.

Expression over time has been analyzed for each recombinant protein with

different cell lines (T. ni , S. frugiperda), cell densities (1 x 106 cells/ml, 2 x 106 cells/ml),

MOIs (1, 5, or 10),  and replication times (24, 48, 72, 96, and 120 hrs).  Each cell line has

slightly different growth characteristics, and the kinetics of infection may vary.  A 5-or

10-fold difference in the range of MOIs was tested in order to determine which will yield

the maximal protein expression.  An MOI of between 1 and 10 is generally recommended

for baculovirus recombinant protein expression. Time points were set at 24 hour intervals

to get a general idea of when each protein was being expressed at the highest level.  

4.4.  Analytical methods.

After collecting 1 ml of cells at different time points taken at 24 hour intervals,

each sample was run on SDS-PAGE and Western blots.  The optimal expression was

determined on Western blot based on the differences of detection by using Sf9 cells

adsorbed goat anti-B. abortus RB51 antisera as a primary antibody, rabbit anti-goat

immunoglobulins conjugated to horseradish peroxidase as a secondary antibody and

detected by using 4-chloro-1-naphthol.
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5.  Evaluation of recombinant protein concentrations.

The Bio-Rad protein assay, based on the Bradford dye-binding procedure, was

used for measuring total protein concentration of recombinant protein expressing Sf9 cell

lysates.  Concentrations of bovine serum albumin (BSA) were used to generate standard

curves. The total cellular protein concentration was measured at 595 nm using a

spectrophotometer (Perseptive Biosystems, Inc., Framingham, MA).  Protein

concentration of each recombinant protein-expressing Sf9 cell lysates was determined, and

appropriate concentrations were run on SDS-PAGE and stained with Coomassie blue

staining solution.  The stained gel was scanned through a densitometer (Model 300A,

Molecular Dynamics, Sunnyvale, CA) to determine the proportion of each recombinant

protein in the total cellular protein.  The band corresponding to each recombinant protein

was determined through Western blotting.  Each baculovirus recombinant protein

concentration was calculated by estimating the proportion of the specific recombinant

protein relative to the total cellular protein concentration.

RESULTS

1.  Growth condition of cell lines in suspension culture.

T. ni cells are up to 2.5 times larger than Sf9 cells. Unlike Sf9 and Sf21 cells, T. ni

cells had high shear stress in the suspension culture so it was difficult maintaining them

above 90% cell viability.   Sf9 and Sf21 cell lines were used in plaque assay for viral

titration, and Sf9 and T. ni cells were used in analyzing conditions of optimal protein
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expression.  All cells used in these studies were adapted to serum-free media to reduce

foreign protein cross activity.

2.  Titration of recombinant virus and preparation of high-titer viral

stocks.

Plaque formation induced by recombinant virus was not seen under any of the

various conditions tested.  The pfu/ml titer was calculated by multiplying the TCID50

units/ml with 0.69 (Summer and Smith, 1987).  The cells infected with various dilutions

of recombinant virus showed distinct morphology (Fig. 7 a, b, c).  Cells infected with a

higher dilution of recombinant virus showed a lower degree of lysis.

The titers of the recombinant viruses generated in adherent and suspension

cultures were determined and compared (Table 1).  Higher titer recombinant viruses were

yielded in suspension cultures of each recombinant virus infected cells.  The highest

amount of infectious recombinant virus was 5 x 108 pfu/ml in suspension cultures, and

1.23 x 108 pfu/ml in adherent cultures.

SUSPENSION CULTURE ADHERENT CULTURE

GroEL recombinant virus 5 x 108  pfu/ml 1.23 x 108  pfu/ml

GroES recombinant virus 2.95 x 109  pfu/ml 0.84 x 108  pfu/ml

HtrA recombinant virus 3.23 x 108  pfu/ml 0.83 x 108  pfu/ml

Table 1.  Titration of recombinant viruses.
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Fig. 7 a.  Sf9 cells infected with GroEL recombinant virus at MOI of 2 x 10-7.
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Fig. 7 b.  Sf9 cells infected with GroEL recombinant virus at MOI of 2 x 10-2.
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Fig. 7 c.  Sf9 cells infected with GroEL recombinant virus at MOI of 2.
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3.  Analyzing conditions of optimal protein expression and

     concentration of the expressed recombinant proteins.

Based on the parameters described above, the optimal conditions for each

recombinant protein expression were determined.  The lysates of infected cells were

tested by SDS-PAGE and Western blotting.  The following conditions were determined as

optimal for the maximal expression of recombinant proteins: 2 x 106 cells/ml of Sf9 cells

infected with MOI of 10 for 96 hrs for GroEL (Fig. 8 a); 2 x 106 cells/ml of Sf9 cells

infected with MOI of 1 for 120 hrs for GroES (Fig. 9 a) and for HtrA (Fig. 10 a).  No

GroEL and GroES recombinant proteins were expressed in T. ni cells (Fig. 8 b, Fig 9 b).

HtrA recombinant protein was expressed in T. ni cells (Fig. 10 b), but the conditions for

the maximal expression in T. ni  cells were different from those for Sf9 cells.   Since Sf9

cells are easier to maintain and produced good levels of all the recombinant proteins, they

were selected for production of recombinants.

GroEL, GroES, and HtrA recombinant proteins were measured at 16%, 2%, and

8% in Sf9 cells, respectively, of the total cellular proteins.  When GroEL was expressed

under optimal conditions (2 x 106 cells/ml of Sf9 cells, MOI of 10, post-infection harvest

time of 96 hrs), 105 µg/ml of GroEL recombinant protein was produced (Fig. 11).  When

GroES or HtrA were expressed under optimal conditions (2 x 106 cells/ml of Sf9 cells,

MOI 1, post-infection time 120 hrs for both proteins), 15.25 µg/ml of GroES (Fig. 12) or

84.48 µg/ml of HtrA recombinant protein was produced (Fig. 13).  
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Fig. 8 a. Western blot analysis of the kinetics of the expression of GroEL
recombinant proteins by S. frugiperda insect cells.
Five different post-infection times and two different MOIs were used as parameters.  The
conditions for the optimal expression of GroEL recombinant protein were when GroEL
recombinant virus was infected to Sf9 cells with MOI 10 and replicated for 96 hours.  
B. abortus anti-RB51 antiserum was used as the primary antiserum.
Lane 1: molecular weight markers
Lane 2: uninfected Sf9 cells  
Lane 3: Bacmid only infected Sf9 cells  
Lane 4: B. abortus RB51   
Lane 5: MOI 5, 24 hrs post-infection (HPI)  
Lane 6: MOI 10, 24 HPI   
Lane 7: MOI 5, 48 HPI   
Lane 8: MOI 10, 48 HPI  
Lane 9: MOI 5, 72 HPI  
Lane 10: MOI 10, 72 HPI  
Lane 11: MOI 5, 96 HPI  
Lane 12: MOI 10, 96 HPI  
Lane 13: MOI 5, 120 HPI
Lane 14: MOI 10, 120 HPI   
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Fig. 8 b. Western blot analysis of the kinetics of the expression of GroEL
recombinant proteins by T. ni insect cells.
Five different post-infection times and two different MOIs were used as parameters.  
No GroEL recombinant expression was observed in this cell line. B. abortus anti-RB51
antiserum was used as the primary antiserum.
Lane 1: molecular weight markers  
Lane 2: uninfected T. ni cells  
Lane 3: Bacmid only infected T. ni cells   
Lane 4: B. abortus RB51  
Lane 5: MOI 5, 24 hrs post-infection (HPI)  
Lane 6: MOI 10, 24 HPI  
Lane 7: MOI 5, 48 HPI   
Lane 8: MOI 10, 48 HPI   
Lane 9: MOI 5, 72 HPI  
Lane 10: MOI 10, 72 HPI  
Lane 11: MOI 5, 96 HPI  
Lane 12: MOI 10, 96 HPI  
Lane 13: MOI 5, 120 HPI
Lane 14: MOI 10, 120 HPI   
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Fig. 9 a. Western blot analysis of the kinetics of the expression of GroES
recombinant proteins by S. frugiperda insect cells.
Five different post-infection times and two different MOIs were used as parameters.  The
conditions for the optimal expression of GroES recombinant protein were when GroES
recombinant virus was infected to Sf9 cells with MOI 1 and replicated for 120 hours.
B. abortus anti-RB51 antiserum was used as the primary antiserum.
Lane 1: molecular weight markers
Lane 2: uninfected Sf9 cells
Lane 3: Bacmid only infected Sf9 cells   
Lane 4: B. abortus RB51;  
Lane 5: MOI 1, 24 hrs post-infection (HPI)  
Lane 6: MOI 10, 24 HPI   
Lane 7: MOI 1, 48 HPI   
Lane 8: MOI 10, 48 HPI   
Lane 9: MOI 1, 72 HPI  
Lane 10: MOI 10, 72 HPI  
Lane 11: MOI 1, 96 HPI  
Lane 12: MOI 10, 96 HPI  
Lane 13: MOI 1, 120 HPI
Lane 14: MOI 10, 120 HPI  
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 Fig. 9 b. Western blot analysis of the kinetics of the expression of GroES
recombinant proteins by T. ni insect cells.
 Five different post-infection times and two different MOIs were used as parameters.  
 No GroES recombinant expression was observed in this cell line. B. abortus anti-RB51
antiserum was used as the primary antiserum.
 Lane 1: molecular weight markers  
 Lane 2: uninfected T. ni cells  
 Lane 3: Bacmid only infected T. ni cells   
 Lane 4: B. abortus RB51   
 Lane 5: MOI 1, 24 hrs post-infection (HPI)  
 Lane 6: MOI 10, 24 HPI   
 Lane 7: MOI 1, 48 HPI   
 Lane 8: MOI 10, 48 HPI   
 Lane 9: MOI 1, 72 HPI  
 Lane 10: MOI 10, 72 HPI  
 Lane 11: MOI 1, 96 HPI  
 Lane 12: MOI 10, 96 HPI  
 Lane 13: MOI 1, 120 HPI
 Lane 14: MOI 10, 120 HPI  
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 Fig. 10 a. Western blot analysis of the kinetics of the expression of HtrA
recombinant proteins by  S. frugiperda insect cells.
 Five different post-infection times and two different MOIs were used as parameters.
 The conditions for the optimal expression of HtrA recombinant protein were
 when HtrA recombinant virus was infected to Sf9 cells with MOI 1 and replicated for 120
 hours.  B. abortus anti-RB51 antiserum was used as the primary antiserum.
 Lane 1: molecular weight markers  
 Lane 2: uninfected Sf9 cells  
 Lane 3: Bacmid only infected Sf9 cells   
 Lane 4: B. abortus RB51   
 Lane 5: MOI 1, 24 hrs post-infection (HPI)
 Lane 6: MOI 10, 24 HPI   
 Lane 7: MOI 1, 48 HPI   
 Lane 8: MOI 10, 48 HPI  
 Lane 9: MOI 1, 72 HPI  
 Lane 10: MOI 10, 72 HPI
 Lane 11: MOI 1, 96 HPI
 Lane 12: MOI 10, 96 HPI
 Lane 13: MOI 1, 120 HPI
 Lane 14: MOI 10, 120 HPI
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 Fig. 10 b. Western blot analysis of the kinetics of the expression of HtrA recombinant
proteins by T. ni insect cells.
 Five different post-infection times and two different MOIs were used as parameters.  
 The conditions for the optimal expression of HtrA recombinant protein were
 when HtrA recombinant virus was infected to T. ni cells with MOI 1 and replicated for 72
 hours.  B. abortus anti-RB51 antiserum was used as the primary antiserum.
 Lane 1: molecular weight markers  
 Lane 2: uninfected T. ni cells  
 Lane 3: Bacmid only infected T. ni cells   
 Lane 4: B. abortus RB51   
 Lane 5: MOI 1, 24 hrs post-infection (HPI)  
 Lane 6: MOI 10, 24 HPI   
 Lane 7: MOI 1, 48 HPI   
 Lane 8: MOI 10, 48 HPI   
 Lane 9: MOI 1, 72 HPI  
 Lane 10: MOI 10, 72 HPI
 Lane 11: MOI 1, 96 HPI  
 Lane 12: MOI 10, 96 HPI  
 Lane 13: MOI 1, 120 HPI
 Lane 14: MOI 10, 120 HPI  



106

 Fig. 11.  Estimation of B. abortus GroEL-baculovirus recombinant protein   
 concentration by scanning densitometry.
 The figure shows the scanned Coomassie blue-stained gel and the densitometric profile  
 of optimal GroEL recombinant protein expressing Sf9 cells.  The 60 kDa GroEL  
 recombinant protein was present in peak position #1 of scanning profile.  
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 Fig. 12. Estimation of B. abortus GroES-baculovirus recombinant protein   
 concentration by scanning densitometry.
 The figure shows the scanned Coomassie blue-stained gel and the densitometric profile of
 optimal GroES recombinant protein expressing Sf9 cells.  The 10 kDa GroES recombinant  
 protein was present in peak position #10 of the scanning profile.
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Fig. 13. Estimation of B. abortus HtrA-baculovirus recombinant protein concentration
by scanning densitometry.
The figure shows the scanned Coomassie blue stained gel and the densitometric profile of
optimal HtrA recombinant protein expressing Sf9 cells.  The 60 kDa HtrA recombinant
protein was present in peak position #4 of the scanning profile.
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DISCUSSION

Two difficulties were revealed in the procedures using baculovirus expression

system.  One of the problems was with the method of determining titers of either wild-

type or recombinant baculovirus.  Historically, two methods have been used for

baculovirus titration: plaque assays (Hink and Vail, 1973) and end-point tittering

(Knudson and Tinsley, 1974).  In our studies, determination of the titers of recombinant

baculoviruses was attempted by both assays. According to some data (Hink and Vail,

1973), recombinant virus produced milky/gray plaques of slight contrast visible without

staining or other detection methods.  However, in our study, no plaque formation was

seen under any of the various conditions examined including different cell lines, cell

densities, viral dilutions, replication times, types of agarose gel, percentage of agarose

gels, presence or absence of serum, supplied humidity to the cells, or types of dyes.

Although this information seems to contradict published data, numerous communications

with other researchers working with baculovirus recombinants indicated tittering

recombinant baculoviruses by plaque assay is difficult.  Thus, the titer pfu/ml of each

recombinant virus was calculated after multiplying by 0.69 the TCID50 units/ml based on

the end-point assay results.  In our case, the end-point assay proved to be a simpler

procedure to perform and to yielded more reliable data than did the plaque assay.   In a

previous investigation (Lynn D. E., 1992), a wide variety of procedures - including the

use of Leighton tubes, 60-well and 96-well microplates and three different cell lines –

were described for reproducibly determining results of the endpoint assay to measure
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baculovirus titers.  In that study, three replicate assays were run with each cell line and

each type of plate using the same original virus sample.  The results of the study showed

that the 96-well plates were significantly better (p = 0.05), in other words more

consistent, than the 60-well microplates for each cell line, using analysis of variance and

Duncan’s multiple comparison of means.  In our study, 96-well microplates were

consistently used for titration by the end-point assay.

Another problem with using the baculovirus expression system was the difficulty

of  the scale-up of the insect cell culture with high viability, especially in the beginning

stage, because insect cells are shear-sensitive and are reported to be damaged by gas

production  during adaptation to suspension (Tramper et al., 1986). Tramper et al. (1986)

calculated the shear stress above which cell growth and division were suppressed.  This

value varies according to the cell line, and Sf9 and Sf21 cells have a higher tolerance for

shear stress than do T. ni  cells.  The oxygen demand of insect cells is higher than that of

mammalian cells (Maiorella et al., 1988; Weiss et al., 1982), and oxygen uptake increases

after the viral infection (Streett and Hink, 1978).  Thus, in our studies, stirring speeds

were carefully adjusted for each stage of the cultures to maintain an optimal balance

between less shear stress and more oxygen supply.  When the optimal conditions were

adjusted in the beginning stage of spinner culture, Sf9 insect cell cultures were well

maintained with high viability and cell numbers without any further difficulties.  It was

much more difficult to reach 90% cell viability with T. ni cells than with Sf9 cells.

In the present work, we studied the kinetics of expression of three baculovirus - B.

abortus HSP recombinants.  In preliminary experiments, optimal expression of
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recombinant proteins were evaluated based on two parameters: MOIs (between 1 and 10)

and cell densities (1 x 106 cells/ml, 2 x 106 cells/ml).  Cell density of 2 x 106 cells/ml had

shown higher expression of each recombinant protein (data not shown); therefore, this cell

density was used for further kinetic studies.  In the subsequent studies, MOI, duration of

recombinant virus replication, and cell lines were used as parameters for optimizing

recombinant protein yields for each recombinant protein expression. In the baculovirus

system, a viral titer of between 1 and 10 was highly recommended to yield optimal

recombinant protein production in terms of quantity as well as quality. Thus, we used

MOI between 1 and 10 for maximal expression of three recombinant proteins.  Twenty

four hours through one hundred twenty hours post-infection times were tested to allow

replication of recombinant viruses in each insect cell line.  Different MOIs and replication

times were observed for optimal expression of respective recombinant proteins. T. ni

cells are larger than Sf9 cells and the difference in average cell diameter - 13 vs. 18 mm -

results in a cell volume for T. ni  cells twice that of Sf9 cells (Tramper et al., 1986); T. ni

cells were determined to be much more productive than Sf9 cells for expression of

secreted proteins (Ogonah et al., 1991).  However, there are no published data for non-

secreted protein expression in this cell line.  In our study, these two cell lines were used

for optimal expression of B. abortus HSPs that are non-secreted proteins.  Only B.

abortus HtrA recombinant protein was expressed in this cell line.  T. ni cells did not

express GroEL and GroES recombinant proteins under our conditions.  The reasons could

be toxicity of protein to the cells, protein folding, or degradation, but these are only

speculations. We also observed that T. ni cells grew well after a period of adaptation, but
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the culture could not be maintained at 90% cell viability after about 30 days in suspension

because of their high shear-sensitivity.  We found that Sf9 cells were more suitable for

large scale production of recombinant proteins because of their ease of cultivation, higher

cell viability, and resistance to shear.  In addition to these three parameters, intracellular

protein degradation may be an important factor influencing heterologous protein yields in

the insect cell-baculovirus system.  Such protein degradation exists at all cell levels,

encompassing both prokaryotes and eukaryotes (Goldberg and Dice, 1974; Rechcigl M.,

1971).  Given the cell-virus interactions, intracellular degradation of heterologous protein

in the insect cell-baculovirus expression system is likely to happen. Shortly after

infection, cells are synthesizing foreign proteins, and it is plausible that the cells activate

some defense mechanism (Lacari and Bailey, 1990).  Examples in both bacterial and

mammalian cell systems have demonstrated the ability of a cell to identify a protein as

foreign and target it for degradation (Ciechanover et al., 1985; Platt et al., 1970; Lin and

Zabin, 1972).  In addition to the cell targeting foreign proteins for proteolytic action,

degradative action by the virus may play a role (Lacari and Bailey, 1990).  In our study,

we did not analyze the effect of intracellular protein degradation on optimal protein

expression.

Previous studies reported maximum 50-70% of total cellular proteins as

recombinant proteins in baculovirus systems (Luckow and Summers, 1988).  We could

not reach that high level of recombinant protein expression in this study.   We speculate

that it might be due to the characteristics of protein expressed in this system.
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SUMMARY AND CONCLUSIONS

In spite of the high degree of evolutionary conservation, heat shock proteins

(HSPs) are such effective antigens that they are under consideration as potential

components of subunit vaccines.  Given the observation that immunity is associated with

foreignness, it is paradoxical that HSPs are major immunogens in several parasitic

infections, as examplified by Plasmodium (Dubois et al., 1984; Mattei et al., 1989: Kumar

et al., 1990), Trypanosoma  (Engmann et al., 1989) and mycobacteria (Britton et al., 1986;

Adams et al., 1990). In addition, Hsp70 of Mycobacterium tuberculosis obviously

possesses adjuvant properties when used as a carrier in immunization.  The capability to

induce protection in the case with Brucella HSPs, however, is unknown, although it is

often hypothesized as capable of inducing specific cell-mediated immune responses (Lin

et al., 1992; Phillips et al., 1995; Stevens et al., 1997).

The hypothesis of this study was that B. abortus SOD, L7/L12, or

individual/combinations of HSP recombinants in combination with optimal adjuvant(s), or

by primary immunization with vaccinia virus recombinant(s) could induce and direct cell-

mediated immune responses, so that they conveyed protection against Brucella infection.  

This investigation started by cloning and expression of groEL, groES, and htrA of

B. abortus HSPs in the baculovirus system to yield large quantities of pure recombinant

proteins.  Following the identification of each recombinant HSP using specific antibodies,

a titration for each recombinant virus was performed.  The plaque assay did not work for

viral titration and we obtained much more reliable results by end-point assay.  The effects
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of infection with different MOIs were reflected by the different degrees of cytopathic

effects in infected cells.   We could not understand exactly why recombinant baculovirus

did not form plaques in insect cells in this study.  However, communications with others

working with baculovirus recombinants indicated that this was not an unusual situation.      

Kinetic studies were carried out in order to establish optimal conditions for the

maximum expression of each recombinant protein. Two different insect cells (Sf9, T. ni)

were cultured first in adherent and later in suspension culture using serum free media.

Even though it is established that T. ni  cells yield higher levels of secreted proteins, no

data are published in the case of expression for non-secreted proteins.  For the expression

of B. abortus  HSPs, which are non-secreted proteins, T. ni  cells were not a good choice.

Only B. abortus HtrA baculovirus recombinant protein, but not GroEL and GroES

recombinant proteins was expressed in this cell line.  Sf9 cells expressed all three

recombinant HSPs.  Because Sf9 cells were much easier to grow and maintain in log phase

due to less shear-sensitivity, this cell line was selected to obtain of recombinant proteins.

To exploit the potential of these proteins in vaccine design, humoral, cell mediated

and protective immune responses were analyzed in BALB/c mice. Humoral immune

response was demonstrated by Western blot using sera obtained from mice injected with

each antigen combined with various adjuvants.  Cell mediated immune (CMI) response

was analyzed by either lymphoproliferation assay, or IFN-γ ELISA and/or flow

cytometry for evaluating the proportion of CD3+CD4+ and CD3+CD8+ T cells in

splenocytes.  Protective immune response was determined by measuring splenic clearance
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of Brucella in mice immunized with various immunogens, and subsequently challenged

with the virulent B. abortus  2308 strain.  The level of protection was determined by the

difference of log cfu/spleen between saline and specific antigen treated groups of mice.  

In order to ascertain whether the Sf9 insect cells expressing recombinant B.

abortus HSPs were capable of inducing specific cell-mediated immune responses, we

started to analyze immune responses using whole insect cells combined with Freund’s

adjuvant as antigens.  Cell mediated immune response of the mice to Sf9 insect cells

antigens masked recombinant protein specific CMI. The lymphoproliferation assays were

not reproducible and exhibited large mouse to mouse variations.  For the subsequent

analysis of CMI responses using purified proteins as antigens and Ribi or IL-12 as

adjuvant, instead of lymphoproliferation, IFN-γ release and the proportions of

CD3+CD4+ and CD3+CD8+ T cells in splenocytes were evaluated.  

To induce CMI and protective immune responses, individual, divalent or trivalent

purified B. abortus  HSP(s) were used with Ribi adjuvant. A preliminary study for the

specific CMI response using two different doses (1, 10 µg) of each purified HSP

combined with Ribi adjuvant showed that splenocytes of mice injected with 10

µg/mouse/injection released more IFN-γ than those inoculated with 1 µg/mouse.  Thus,

10 µg/mouse/injection was used in the following immune studies. When Ribi was used as

adjuvant in conjunction with 10 µg of each purified HSP, none of the recombinant

proteins induced protection.  However, significant level (> 50 ng/ml) of IFN-γ was

released by the splenocytes from the mice injected with purified HtrA protein.
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Relatively high proportions of CD3+CD4+ or CD3+CD8+ T cells/total number of

splenocytes were observed when purified GroEL or HtrA protein was injected combined

with Ribi adjuvant.  These proportions were similar to those of the positive control live

RB51 inoculated mice group.  However, the relatively high proportions of CD3+CD4+

and CD3+CD8+ T cells/total number of splenocytes did not correlate with the level of

IFN-γ release and protection against Brucella infection.

Androstenediol did not increase resistance against Brucella infection.  Injections of

two different GroEL recombinants (live form and subunit form), by priming with live

vaccinia virus recombinant and boosting with subunit baculovirus purified recombinant

protein combined with Ribi adjuvant, did not induce protective immune response against

Brucella infection.  

The benefits of IL-12 as adjuvant, was demonstrated as various levels. Killed

RB51 vaccine strain was injected combined with purified IL-12 and the level of IFN-γ

release was measured two weeks after the second immunization. The highest IFN-γ

release was observed in the splenocytes from mice injected with killed RB51 plus IL-12.

This value was higher than that in the splenocytes from mice injected with positive

control live RB51. The highest level of IFN-γ release, as well as the highest proportions

of CD3+CD4+ and CD3+CD8+ T cells/total number of splenocytes, were observed in the

mice injected with purified HtrA protein plus Ribi adjuvant.  Therefore, this protein was

selected from the heat shock proteins for further evaluation for adjuvanticity of IL-12.  

Besides killed B. abortus RB51 and purified HtrA, B. abortus  SOD recombinant and live
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E. coli cells expressing L7/L12 ribosomal protein were used as antigens in these studies.

CMI response studies and challenging for protection were performed six weeks after the

second immunization to reduce backgrounds of responses due to IL-12 itself.  IL-12 itself

did not induce non-specific activation of lymphocytes, but it appears that IL-12 acted to

stimulate immune responses along with antigen, inducing significant IFN-γ release.  Mice

injected with live RB51 showed the highest level of IFN-γ release which was higher than

in the mice injected with killed RB51 plus IL-12.  Much lower levels of IFN-γ release

were observed in the splenocytes from all groups of mice by stimulation with HtrA as

well as SOD protein compared to stimulation with killed RB51.  No antigen specific IFN-

γ release was induced by stimulation with HtrA or SOD protein.  No differences were

observed in the proportion of CD3+CD4+ or CD3+CD8+ T cells/total number of

splenocytes either between positive control and antigen plus IL-12 treated group or

between antigen without IL-12 and antigen plus IL-12 treated group.   A direct correlation

was not demonstrated between IFN-γ release in splenocytes and the proportions of

CD3+CD4+ or CD3+CD8+ T cells.  A significant level of protection was induced when

mice were inoculated with B. abortus SOD protein combined with IL-12.

The correlation between IFN-γ release in splenocytes and induction of protective

immunity was not always straightforward.  For example, no correlation was observed

between IFN-γ release in splenocytes and protection in SOD immunized mice.

Furthermore, no direct correlation between the proportions of CD3+CD4+ /CD3+CD8+

and protective immunity was observed.
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In conclusion, protective immunity was not observed in any cases using B.

abortus HSPs combined with various adjuvants or two different types of recombinants;

vaccinia virus and baculovirus recombinant.  Based on the results of these studies, we

conclude that B. abortus HSPs do not have the capability to induce appropriate cell-

mediated and protective immune responses against Brucella infection.  It could be argued

that the doses employed are either insufficient to produce an immune response or that

presentation of the antigen in these killed vaccines does not mimic the situation obtained

with a living vaccine strain.  The prospect of observing the induction of a high level

immune response still remains by using these antigens along with IL-12 by performing

assays at the suitable time point.   However, although HSPs alone did not induce

protective immunity, it may be possible to use these proteins as carriers to deliver

protective antigens in vivo.  

A significant finding of this study was that B. abortus Cu/Zn SOD and L7/L12

recombinant proteins induced protection against the challenge with Brucella virulent

strain.  IL-12 does appear to direct immune responses to Th1 subtype, and protective

immunity was induced when this adjuvant was used with the appropriate B. abortus

antigens.
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APPENDIX

Procedure for Gel electrophoresis

I.  Samples to be prepared.

1.  Lyse recombinant protein expressing insect (Sf9, T. ni) or E. coli cells.

2.  Centrifuge (3X) and discard pellet.

3.  Aliquot, label, and freeze at -70oC.

4.  Use these as stock antigens.

5.  When ready to use:

       ---  Thaw 1 tube.

       ---  Add 100 µl 2X Sample buffer and the antigens.

       ---  Boil 10 minutes.

6.  Run 30 µl/lane in small gels.

II.  Recipe for 2X Sample buffer.

       4% SDS

       20% glycerol

       10% 2-mercaptoethanol

       0.004% bromophenol blue

       0.125 M Tris HCl, pH 6.8

III.   Recipe for 15% resolving gel (2 gels).

  4.68 ml  40% acrylamide

  1.9 ml  resolving gel buffer
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  0.15 ml 10% SDS

  7.57 ml  HPLC-grade water

  0.75 ml  1.5% ammonium persulfate

   7.5 µl  TEMED

IV.   Recipe for stacking gel (2 gels).

  0.94 ml  40% acrylamide

  2.5 ml stacking gel buffer

  0.1 ml  10 % SDS

  5.96 ml  HPLC-grade water

  0.5 ml  1.5 % ammonium persulfate

  10 µl  TEMED

V.  Recipe for Resolving gel buffer;

      3M Tris-HCl (pH 8.8)

VI.  Recipe for Stacking gel buffer;

      5M Tris-HCl (pH 6.8)

VII.  Recipe for Reservoir buffer stock (10X);

        0.25M Tris, 1.92M glycine, 1% SDS (pH 8.3)

VIII.  Recipe for Coomassie Blue solution (1L)

         3g Coomassie Brilliant Blue R., 100 ml acetic acid (CH3COOH), 450 ml ethanol

          (CH3CH2OH), 450 ml distilled water (dH2O)
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IX.  Recipe for Gel Destainer (1L)

         650 ml H2O, 250ml 100% ethanol, 100 ml glacial acetic acid

X.  Procedure:

1.  Wash glass plates and spacers with 70% ethanol.  Make sure that the plates are dried

before putting together.

2.  Assemble and check leaking with dH2O.

3.  Make the resolving gel solution, adding the TEMED only when ready to pour.  Add

the TEMED and pipette resolving gel solution between the glass plates --- make sure

that does not leak.  Leave enough room at top of plates for the stacking gel to be

poured.  Carefully add 70% ethanol to the top of the resolving gel before it

polymerizes.  This will help the gel polymerize more evenly and prevents any

evaporation.

4.  Make the stacking gel solution, again waiting until ready to pour to add the TEMED.

Draw the distilled water off the resolving gel and place the comb between the top of

the plates.  Add the TEMED to the stacking gel solution and pipette around the comb

--- do not allow air bubbles to form around the comb, because they will prevent even

migration.  Let stand until the stacking gel polymerizes well.  Carefully pull the comb

straight up and out from between the plates.

5.  Wash the wells carefully with distilled water three times.  Fill the wells and the back

of the plates with reservoir running buffer after placing the apparatus in its tray.

6.  Prepare and load the samples as described on above.
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7.   Add reservoir running buffer to the apparatus tray.  Place lid on the apparatus,

making sure that the reservoir buffer level is well above the samples.  If the reservoir

buffer level drops below the level of the top of the wells, the samples will not run.

8.  Plug the apparatus into a power supply and run at 50 volts/gel until the leading dye

reaches the bottom of the gel.  The run on an average takes around 2 hours.

9.  Place one gel to be stained into a dish containing Coomassie Blue dye.  Gel that is

being stained needs to remain in the dye 1 hr.  Then, destain it with the destain

solution until most of the background is gone.  This takes as long as overnight.

10. The other gel is used for Western blot.

Procedures for Western Blot

I.   Recipe for transfer buffer;

     25 mM Tris,

     192 mM glycine

     20% methanol

II.   Recipe for TBS (Tris Buffered Saline);

     0.15 M NaCl

     20 mM Tris

     pH 7.5

III.   Recipe for TBST (TBS-tween 20) ;

     0.15 M NaCl

     20 mM Tris
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     pH 7.5

     0.05% Tween 20

IV.   Recipe for blocking buffer;

     5% non-fat milk in TBS

V.   Recipe for substrate;

     Mixture of 60 mg 4-chloro-1-naphthol in 10 ml MeOH and 60 µl 30% peroxide in 100

     ml TBS

VI.   Procedure:

1.  Electrophoresis gel by previous procedure.

2.  After gel electrophoresis, remove the gel from glass plates and cut off stacking gel.

3.  Equilibrate the gel in transfer buffer for 30 minutes.

4.  Prewet 4 pieces filter paper, and 1 piece of nitrocellulose membrane per gel in transfer

buffer.

5.  Transfer the proteins on the gel to the membrane by using semi-dry transfer cell (Bio-

Rad, Hercules, CA) at 30V for 30 minutes.

6.  Place the membrane into a blocking solution for 1 hour with agitation at room

temperature.

7.  Dilute primary antibody in TBS.  Place the membrane in desired antibody with

appropriate dilution and leave agitating for 1-2 hrs at room temperature.

8.  Wash the membrane 3X in TBST.  Place membrane in fresh TBST each time and

agitate for 5 minutes.
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9.  Place the membrane in secondary antibody of appropriate dilution in TBS --- Use an

anti-antibody IgG conjugated with horseradish peroxidase. Agitate for 1 hr at room

temperature.

10.  Wash the membrane 3X in TBST as in step 8.

11.  Develop the membrane by using substrate.

12.  Stop developing step with distilled water and dry at room temperature.
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