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ABSTRACT

Several cellular and subcellular fractions were prepared from

Pseudomonas aeruginosa strain PA-7. Those found to. be immunogenic”

in rabbi@é included a heat-stable lipopqusaqcharfde,va protein-
lipdpoleaccharide complex, a cei] wall preparation ahd‘a formalin-~
killéd:whole cell vaccine.  However, a lipopolysaccharide preparation
extracted with'phen§]‘and water was found to be a poor immunogen
in rabbits.: The cell wall fraction proved to be the most effective
immunogen in terms of the amount of antibody evoked, and of the
duration of the serum an?ibody résponse.

Hyperimmune sera prodUcedvagéinst all four antigens.wgre found
to contain a mixed population of 2-mercaptoethanol sensitive and
24meréapt0eth§no]j;ééiétahtvantibodfes;'lGel.filtration and"fon‘ f
exChange;chromafographyéstudies estébliéhed the presence of both
IgM and IgG immunoglobulins in all fo;r“types'of hyperimmune serum.
Whole immune serum, as well as the IgM and IgG .serum . fractioéns,
afforded passive protection to mice chalienged with twenty or more
LDSO,OF viable organisms. There was'an indfca;ion that the IgG fraction
of two of the fout serum‘typ¢5‘proVidgd»better protection than did-
the IgM‘fréctiOn; Bu;'precipitatfoﬁ studies'fndicated that this may
have been dué to greater numbers of 1gG immunoglobulins. In addition,"
serum containing a high préportion of -2-mercaptoethanol résjstant

antibody‘wasvfound-tO»prémoté‘faster clearance of .injected bacteria



, than did serum taken earlier in the résponse.

Immunodiffusion studies indicated that all four antigenic prep-’

arations contained at least one common immunogen; moreover, all
serum types weré able to react with sheep red blood cells coated
with the heat-stable lipopolysaccharide preparation in passive

hemagglutination and hemolysin tests.:
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INTRODUCT [ON

The characteristics of the immune response to various bacteria
has received a great deal of attention in recent years. A humoral
antibody response, involving both'IgM‘and IgG immunoglobulins, has
been demonstrated for a large .number of pathogehiq"bactéria (Pike
and Schulze, 1964; Yoshida and Ekstedt, 1968; Smitﬁ, J.W., et al. 1970).
Both.active and péssive‘immuniZation studies have shown that the immune
serum is able to'proféct the hoSt‘anima] against infection by the
homologous microorganism; one or the other of the two major immuno-
~globulin classes has:been demonstrated to be more effective in this
regard,~debending upon the bacterium involved (Yoshida and Ekstedt,
1968; Dolby and Dolby, 1969). Much of the recent work has been
directed toward the development of protective antigenic fractions
from cell extracts of various bacteria (Alms and Bass; 1967; McGhee
and Freeman, 1970).

Studies by Bass and McCoy (1971) and by Schwarzmann and Boring

(1971) have shown that a fraction isolated from the slime layer.of

Pseudomonas aeruginosa induces the formation of .antibodies which are-

protective against. infection by Pseudomonas aeruginosa. The objéct

of this investigation was to examine several crude fractions prepared

from a strain of Pseudomonas aeruginosa with regard to their ability

to stimulate the production of protective antiserum.. The classes of .

immunoglobulin elicited, theirvactivitieé in several in vitro tests,



the duration of the sesponse, and the relative capacities of the
different fractions to evoke antisera capable of protecting mice
against challenge infections by homologous and heterologous strains

of Pseudomonas aeruginosa. were also investigated.




LITERATURE REVIEW

I. Pseudomonas aeruginosa.as'a Human.Pathogen

In recent years, Pseudomonas aeruginosa strains have approached

or.replaced those of Staphylococcus aureus .in frequency of occurrence.

as the causative.agents of human infeétién in the hospital environ-
ment (Huang, gﬁ;gl;ﬁi961j:Farmer_aﬁd.Hermaﬁ;’T969).' Patients debil-
itated by-djsease processes, burns or surgery, and fndividuals on
antibiotic therapy all seem particularly prone to infection by this
organism (Kefalides, et al. 1964). Victims of cystic fibrosis have
been found to be'particularly susceptible to chronic infections of -
the respiratory‘tract by mucoid variants of common serotypes of "

Pseudomonas aeruginosa (Doggett, 1969; Diaz et al. 1970). Eye

infections caused by Pseudomonas aeruginosa strains are not uncommon,
nor are urinary tract infections involving this organism (Ayliffe,

gt al. 1966; Klyhn and Gorill, 1967).

Numerous ‘sources of Pseudomonas aeruginosa have been found in
hospital surroundings. The organism's ability to exist in moist en-

vironments is well documented; for example, Pseudomonas aeruginosa

has been cultured from soap dishes, hand cream, respirators, sinks,
floors and mops (Wahba, 1965: Wormald, 1970). |In this context,
Emmanouilidou-Afseni and Kommentaleou (1964) showed. that numerous

f

strains of Pseudomonas aeruginosa were able to survive in distilled -

water held at several different temperatures for at least three



hundred days. Findings'such as these point to the great difficulties

still being encountered in attempting to suppress infections in

hospitals. SimilérTy, the discovery that Pséudpmonas aefuginosa is
part of -the intestinal flora of a small percentage of the population
has disclosed another potential source of infection, at least in

the hospital environment ' (Wahba, 1965).

The ‘emergence during the past thirty years of ‘Pseudomonas
aerugihosa'as an increasingly frequent human pathogen is no doubt due
in part to the concomitant increase in antibiotic therapy (Huang et al.
1961; Finland, 1970). Strains of this bacterium not only resist
the inhibitory effects of most antibiotics, but also are unaffected
by many antiseptics in present use (Emmanéuilidou—&rsehi and Kommen=
taleou, 1964; Adair et al. 1971). In vitro studies have shown that
of the clinically available antibacterial agents, only po}ymyxin B,
colistbn; gentamycin and carbenicillin are effective in inhibiting

the growth of PSeudomonés‘aeruginosa'(Hedberg and Miller, 1969;

Lindberg 92_314 1970){ although these antibiotics -are used clinically
to combat Pséudomonas. infections, reservations have been placed upon
their efficacy, due to solubility and toxicity probléms, and to the
development of stfains which are resistant to these drugs (Smith, C.B.
et al. 1970). An excellent summary of the difficulties to be en-=-

countered in antibiotic therapy.of Pseudomonas aeruginosa.infections

can bé found in reports by Smith, C.B. et al. (1970), Lindberg et al.

(1970) -and others in the Symposium on Carbenicillin (Kirby, 1970).



[1. Nature of the Infection

The exact means by which Pseudomonas aeruginosa exerts its

pathogenicity is not completely understood at present. Under certain:
conditions, the organism is known to be inQasive; moreover, pulmonary
involvement ana urinary tract infections encountered subsequent to
primary invasions in other parts of the body,.indicate that Pseudomonas
infections often become systemic (Jones, 1970; Jordan et al. 1970;
Smith, C.B. et al. 1970). Support for these findings comes from

animal experiments which demonstrated that the deaths of mice which

had received an intravenous injection of live cells was due to i
renal failure caused by ingement and mulfiplication of the bacteria

in the kidneys (Klyhn and Gorill, 1967). However, és»yet, insuffi-
cient evidence has been presented to attribute the pathological effects

of Pseudomonas aeruginosa solely to invasiveness, without any con--

sideration of the possible roles of the various cellular and extra-
cellular factors produced by this organism.

Several extracellular enzymes are known to be produced by

strains of Pseudomonas aeruginosa which may aid the organism in its
establishment and subsequent growth in the infected site. These
include a hemolysin, a lecithinase, one or more proteases, and
several others (Berk, 1964; Carney and Jones, 1968). Several of -
these proteins have been partially purified and shown to be lethal
for experimental animals (Berk, 1964; Johnson et al. 1967). Meinke

and coworkers (1970) described localized hemmorhage and necrosis upon



autopsy of mice injected with varying concentrations of a partially
purified protease with elastolytic.activity. Relatively large dosgs
of an enzyme containing fractions obtained from culture supernatant
produced an eye'exudate, hemmorhage and inflammation of the intestine
when injected into mice (Carney and Jones, 1968). Although not all
of ‘the enzymes are necessarily produced by any one strain, qualitative
and quantitative differences in enzyme production by strains of this
organism may influence their pathogenicity (Liu, 196k4; Carney and
Jones, 1968). A further extracellular toxin.has also been implicated
which is believed to be separate from these enzymes, and which is
also lethal for mice (Liu and Hsieh, 1969). The role of .this
fraction in the pathological process has yet to be evaluated.

The extracellular slime or capsular materidl has been shown
to be toxic for mice (Liu et al. 1961; Cetin et al. 1965), especially
after mild acid hydrolysis, or deoxyribonuclease degradation
(Callahan et al. 1964). However, recent evidence has shown that
slime exerted no effect on the viability of leukocytes in vitro

at least (Schwarzmann and Boring, 1971).

The endotoxin moiety of Pseudomonas aeruginosa has been shown
to be somewhat similar in chemical composition to those of the

Enterobacteriaceae (Michaels and Eagon, 1969; Fensom and Gray, 1969).

However, conflicting reports have been published concerning its
importance in the overall infectious process (Liu~g£_§l, 1961;

Klyhn and Gorill, 1967). The protein portion of the molecule is



capable of inducing a Schwartzman reaction, and a pyrogenic response;
on the other hand, the intaet complex appears to be relatively non-
toxic, since large numbers of whole cells have been injected into
mice with relatively little effect on the host (Braun and Elrod,"
19415 Liu et al. 1961; Laborde and de Fajardo, 1965). An important
consideration in the evaluation of the role of the endotoxin and of
the other extracellular products in the disease‘process is the

numbef of bacterial cells actually achieQed;In;the infected animal.
As noted by Roantree (1967) in the case of Salmonella infections,
only if the host's defences are overcome sufficiently to allow the
presence of a large number of bacteria within the body can one expect
to achieve the concentrations of endotoxin, slime, or enzymes which

have -been shown necessary to produce biological effects.

I1l. Host Defences Against Pseudomonas aeruginosa.

Bacterial infections are prevented in various ways by the human
_ body. External and-internal surfaces are protected by the fatty acid
content of the skin, the 1y$ozyme in tears, saliva, and acidic’
secretions, all of which are mildly bactericidal. The resident f!ora
of the body also aids in suppressing the multiplication of potential
pathogens. |If organisms do penetrate these defences, and begin to
multiply within the tissues, the body's inflammatory response may
prevent further spread of the inQading bacteria. Normal human

serum is bactericidal to some bacterial species, including Pseudomonas
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aeruginosa; in the latter case, this antibacterial activity has been
shown to be enhanced at temperatures slightly above 37 C (Muschel et al.
1969). In addition, complement factors of the serum aid in the phago-
cytosis of many bacterial species.

Pseudomonas aeruginosa is known to stimulate antibody formation

in _humans and experimental animals. Normal human serum may contain
agglutinins tQAthe organism (Gaines and Landy, 1955); individuals
who have ‘survived an acute Pseudpmongs infection, as well as those
chronically infected by the organism, have been shown to possess
elevated antibody titers (Gaines 'and Landy, 1955; Diaz et al. 1970;
Young et al. 1970). This response may persist in humans for some
time after recovery from infection (Young et al. 1970), although the

antibody response to Pseudomonas aeruginosa antigens injected into

experimental animals appears‘to be quite transitory (Laborde and de’
Fajardo, 1965; Bass and McCoy, 1971).

The importance of phagocytosis in determining the outcome of
bacterial }nfections'has been the object of a considerable study
in recent years (Cohn and Hirsch, 196:5; Rowley et al. 1968). Re-
sistance to ingestion and destruction by phagocytic ce]ls'of the
reticuloendothelial system seems to be réjated to the virulence
of the bacterial strain for the animal host'(W¢]ls and Hsu, 1970;
Nakamura et al. 1970; Yee énd Buffenmeyer, 1970). Surface anti-
genic composition, as well as lIytic substances'which may be pro-

duced by the microorganisms, can enable bacterial cells to resist



phagocytosis and/or post-phagocytic destruction (Cohn and Hirsch,

1965; Roantree, 1967; Medearis et al. 1968). In vitro studies have

shown that rabbit peritoneal macrophages phagocytose and kill

Pseudomonas aeruginosa célls,lalthqugh the slime produced by mucoid .

variants.ofiPseudomonas strains was found to inhibit ingestion of .the

bacterial cells by the ]eukocyte; (Schwaerann_and Boring, 1971).
Phagocytic efficiency'may be increased in fhe'presence’of-serum

antibodies specific for the microorganism. Salmonella typhimurium

cells have been found to be more suéCeptible to phagocytosis in vitro .
in the presence of immune serum’ (Wells and Hsu, 1970); increased

phagocytosis of Escherichia coli cells in previously immunized animals

has also been reported,(Benecerfaf et-al. 1959; Whitby and Rowley, 1959).
Immune serum was found to counteract the antiphagocytic effect of the

slime of mucoid Pseudomonas aeruginosa variants (Schwarzmann and Boring,

1971) . Thus the correlation between détectable serum antibodies and
protection from infection which has beén observed for several bacterial

species, including Pseudomonas aeruginosa (Jones and Lowbury, 1965;

Roantree, 1967; Rowley et al. 1968), is in all likelihood a reflection
of the increased efficiency of phagocytosis and intracellular destruction
of the organism in the presence'of,specific<antiserqm.E

The liver and spleen appear to be the principal organs of sequest-
ration and eliminétion of bacterial cells injected intraperitoneally
or - intravenously as well as in natural infections which have become

systemic (Benecerraf et al. 1959). Which of the two i§ most active
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in phagocytosing the invading microorganisms seems to be determined

by the amount and class of specific antibody present (Benecerraf, et al.
1959; Schulkind and Rabins, 1971). The liver appears to sequester

the majority ofythe injected organisms in immune animals; in contrast,
ehhanced ‘uptake of the organisms by the spleen is seen in non-immune
animals,; or those in the early stages of the immune response

(Schulkind and Rabins, 1971).

IV. Therapeutic Measures

Because of the obstacles which have been encountered in attempts

to combat''Pseudomonas aeruginosa infections with antibjotics, much

emphasis has been placed upon the development of some form of immuno-
therapy to supplement or replace the use of antibacterial drugs. Both
active and passive immunization procedures have been considered as
possibfe approaches. The preparation of a polyvalent vaccine or of
an.immunogen with a protéctive antigenic determinant common to all of

the frequently encountered serotypes has thus far met with little
success, a fact which tends to argue against the development of -an

active immunization program (de Fajardo and Laborde, 1968; Fisher, et al.
1969). O0n the other hand, antiserum specifically prepared against the
infecting serotype or serotypes (Lindberg et al. 1970) could be passively
administered to help counteract already established infections: A
potential hazard in this type of treatment, of course, is the possibility
of eliciting allergic reactions to the foreign serum or sérum proteins

administered.
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Whole cells, viable or killed by various methods, cell extracts,

culture filtrates and the slime layer of Pseudomonas aeruginosa

have all been shown to be immunogenic in experimental animals.

Liu and his coWorkérs (1961) found that the slime layer and whole
cells evoked antibodies capable of brotecting mice against lethal
numbers of live cells. Alexander and coworkers (1966) and Alms and
Bass (1967) have shown that antiserum specific for an ethanol-pre-
cipitable material in the slime layer is capable of protecting‘mice

against an experimental Pseudomonas aeruginosa infe¢tion. Bass and

McCoy (1971) recently showed that killed cells or the alcohol-pre-
cipitated fraction from the slime layer elicit cross-protection
agafnst infection by various strains which correlates well with the
heat-stable ''0'" serotypes as defined by Verder and Evans (1961).
This finding is in agreement with an earlier proposal that protection
obtained by using whole cells as the immunogen is directed against
a part of the slime layer which cannot be removed from the cells
(Liu et al. 1961), but is in contrast to the results obtained by
Fisher énd coworkers (1969), who found little correlatibn between
protective activity of an antiserum and its '"0' agglutinin content.
Jones (1968) has also found that the antiserum directed against an
enzyme containing fraction from culture filtrates protects burned

mice against colonization by lethal numbers of Pseudomonas aeruginosa

cells; in this case, there was also some cross-protection when strains

of different serotypes were used to infect the serum-protected mice.
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Whole cells of some Gram-negative organisms, as well as their
somatic antigens, have long been known to stimulate humoral antibody
production. The response to a single injection of organisms or of
their ''0" antigen has been found to consist mainly of antibodies of
the IgM class (Pike and Schulze, 1964; Landy et al. 1965; Fukazawa
et al. 1970); IqgG moleéules appear in appreciable quantities only
late in the immune response, if at all. ''0'" antigens from different

strains of Proteus mirabilis, however, have been found to evoke-

either an IgM or an 1gG response after a 'single dose (Smith, J.W.
et al. 1970). Hyperimmunization with whole cel]sﬁéévéométic antigen
preparations, on the other hand, elicits an IgM response, but also
leads to earlier formation of, and, larger quantities of lgG immuno-
globulin (Pike and Schulze, 1964; Landy et al. 1965; Bjornson and
Michael, 1970).

The re]ativevabilities of the two major immunoglobulin fractions
to prevent infection by.bactéria have been compared by a number of
investigators. Yoshida ahd Ekstedt (1968) found that the protective

activity of hyperimmune serum:againsf infection by Staphylococcus

aureus was associated with the IgM fraction. Dolby and Dolby (1969),
however, demonstrated that IgG was more effective in protecting mice

against a lethal intracerebral chal]ehge of Bordetella pertussis than

was the [gM fraction of the serum. Antibodies isolated early in the

immune response to-Salmonelda-typhimurium increased sequestration of

the injected organisms by the spleen; ''late' antibodies seemed to aid
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the liver in taking up the organisms (Schdlkind and Rabins, 1971).

However, the protective abilities of these sera against an experi-

mental Salmonella infection was not reported. Hyperimmunization of
rabbits with the protective antigen isolated from the slime of

Pseudomonas aeruginosa evoked a mixed- IgM and 1gG résponse; igG

antibodies were found to be more effective, on a weight basis, than
1gM molecules in the protection of mice against a lethal intra-
peritoneal challenge of live organisms (Bjornson and Michael, 1970).

No reports concerning the types of immunoglobulins evoked by immuniza-

tion with Pseudomonas aeruginosa cells or somatic antigen are known.
In conclusion, then, there are a::number of factors to consider
in-attempting to develop an antigen which could be used immunothera-

peutically to combat Pseudomonas aeruginosa infections. The amount

of antigen given in a single injection has been shown, in studies with

Serratia marcéscens, to be important in determining the duration of

the antibody responsé (Field et al. 1970). The type of antigenic
preparation administered is known to affect not only the length of
the response, but also the class of immunoglobulin evoked (Laborde

and de Fajardo, 1965; Smith, J.W. et al. 1970). Bass and McCoy

(1971) have found that booster injections of Pseudomonas aeruginosa
antigens fail to produce antisera of higher titer thén that achieved
in the original response, but do maintain the antibody level for a
longer period of time. Sublethal doses of fully virulent live

Pseudomonas aeruginosa cells have been shown to evoke a prolonged
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antibody response (Laborde and de Fajardo, 1965; Young et al. 1970);
but the potential toxicity of this type of vaccine renders it unsuitable
for clinical use. Perhaps immunization with viable cells of relatively"

avirulent mutant strains such as the rough Salmonella typhimurium

strains used in studies by Germanier (1970), might also induce a
relatively long period of antibody production. ‘
The type of immunoglobulin produced in response to a given anti-
gen, as well as the amount of cross-reactivity of the protection
induced, are also important considerations in the development of a
suitable vaccine. Ideally, one would hope to find an immunogenic
fraction which is relatively non-toxic, stimulates the production

of high levels of protective antibody, and which exhibits at least

some cross-specificity in the protection conferred.
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MATERIALS AND METHODS

1. Organisms and Media

The organism used in this study waé‘a strafn of Pseudomonas
~aeruginosa. designated PA-7. This strain was obtained from Dr. P.V.
Liu, of the Department of Micrbbiology, University of Louisville,
School of Medicine, Louisville 2, Kentucky, in 1968. The original
‘stock culture was maintained in the lyophilized state; once a year,
a fresh vial was reconstituted to be used as the working stock.
This culture was kept at 4 C on trypticase soy (BBL) or brain heart
infusion (Difco) agar slants and was.transferred to a fresh slant
every six to eight weeks. At intervals of approximately three
months, this working stock was serially subcultured onto human blood
agar platés to maintain its virulence for mice, and its slime pro-
ducing capacity (personal observation).

Pseudomonas aeruginosa strains PA-1 and PA-479 were also used

in some experiments. PA-1 was obtained from Dr. P.V. Lih, and PA-479
was obtained as a clinical isolate at the Department of Microbiology,
University of . British Columbia.

For the production of the antigenic preparations, PA-7 was grown
in trypticase soy broth (TSB) on a shaking water bath (Metabolyte
Water Bath Shaker, New Brunswick Scientific Co:, Inc., New Brunswick,

N.J.) at 37 C for -12-14 hours.
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Il. Preparation of Antigens

1. Formalin-killed whole cell vadcine. Cells were washed
three times in sterile saline, and resuspended in saline. The
optical density at 660 nm was measured with a Beckman Spectronic
20 (Beckman Instruments, Inc., Fullerton, Calif.). The concentration
of cells was then adjusted to 10 0.D. and formalin was added to a
concentration of 0.3 percent. The vaccine was left at room tempera-
ture for at least 24 hours, after which time sterility tests were
carried out. The cells were then sedimented by centrifugation,
resuspended in sterile saline, and stored at 4 C until needed.

This preparation will be referred to-hereafter as§ Form Vacc.

2. Heat-stable lipopolysaccharide. The method used for
" the extraction of this fraction was one modified from that of Suzuki
and his coworkers (196L4). Broth-grown cells were washed several
times in sterile saline, fhen resuspended in distilled water to a
final concentration.of 0.5 gm wet weight of cells per mi. This
suspension was heated at 100 C for 90 minutes.v After cooling, the
ceilular debris was removed by centrifugation, at 10,000 x g for
20 minutes. The volume of the supernatant was measured, and solid
NaCl was addéd to obtain a concentration of 0.1 M.. Five volumes
of 95 percent ethanol were added slowly with stirring;'and.fhe re;
sulting suspension was left at room temperature for 30 minutes.

The precipitate was collected by centrifugation at 15,000 x g for

20 minutes, redissolved in 0.1 m NaCl, and reprecipitated twice more
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with ethanol. The final precipitate obtained was dissolved in

0.1 M phosphate buffer, pH 7.0, containing 20'pg each of deoxyribo-
nuclease (Worthington Biochemical Corp., Freehold, N.J.) and ribo-
nuclease (Calbiochem, Los Angeles, Calif.); and 2 ﬁg of MgCI2 per
ml. This mixture was incubated at 37 C for one hour, then centri-.
fuged at 25,000 x g for 90 minutes. The pellet was resuspendéd .

in distilled water, washed once with distilled water, and stored

in the lyophilized state in a desiccator at room temperature:

This material was désignated later in the text as H-S LPS.

3. Extraction of lipopolysaccharide with the phenol-
water. The method for the extraction of this fraction was taken
f%ém Nowotny, 1969. TSB grown cells were washed several times
in saline, then resuspended in disti]ied water. The cell suspension
was heated to 70 C, and an equal volume of warm phenol {70 C) was
added. This mixture was maintained at 70 C with stirring for 10
minutes, then cooled and centrifuged at 3,000 x g for 30 minutes.
The two phases of the supernatant were separated, and the phenol
phase was extracted with distilled water twice more, as déscribed
above. The three water phases were combined, and the volume was
reduced by flash evaporatfon. Exhaustive dialysis.of the remaining
material against distilled watér removed the remaining traces of
phenol. Three volumes of cold . methanol containing 0.2 percent
MgCl2 were added to the non-dialysable material. The resulting

precipitate was collected by centrifugation at 3,000 x g for 30



minutes, redissolved in distilled water, and reprecipitated twice
with cold methanol without M90125 Repeated flash evaporations re-
moved the methanol. The material was lyophilized, reconstituted =~
in 0.1-M phoSphate'bufFer, and incubated with the nucleases as
described above for the heat-stable 1lipopolysaccharide fraction.

The lipopojysaccharide material was collected by centrifugation

at 25,000 x g for 90 minutes; the péllet was resuspended and washed
once in distilled water, and lyophilized for storage. This pre-
paration is designated later as P-WLPS.

L. Cell walls. The method followed was essentially that.
of Bobo and Eagon, 1968. Broth-grown cells were washéd several times
in saline, resuspended in 0.1 M phosphate buffer, pH 5.5, and passed
twice through a precooled French pressure cell (Aminco, Silver Springs,
Md.). . The resulting suspension was centrifuged at 3,000 x g for 10
minutes, and the pellet was discarded. The supernatant was centri-
fuged at 15,000 x g for 20 minutes. This pellet was suspended in
phosphate buffer, pH 7.0, with.20 ug of deoxyribonuclease and ribo-
nuclease, and 2 ug of Mg(_ll2 per ml. After 1-2 hours incubation at
37 C, the cell walls were pelleted by centrifugation at 15,000 x g
for 20 minutes, washed twice in pH 7.0 phosphate buffer, twice in
distilled water, and lyophilized for storage. |

5. Protein-lipépolysaccharide complex. The method def
scribed by Rogers et al. 1969, was followed for the isolation of:

this fraction. Cell walls isolated as previousiy described were
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suspended to a concentration of 1.5 mg per ml in 0.033 M Tris-HCl:
buffer, pH 8.0,‘containing 1 ﬁmole of ethylenediaminetetraacetate'(EDTA)
per ml. The suspension was incubated'at.ZS C with stirring for 30
minutes, then centrifuged at 37,000 x g for 60 minutes at 0 C:. The
supernatant was passed thrquéh a 0.45 filter (Millipore Corp., Bed-
ford, Mass.), concentrated by lyophilization, dialyzed for 96 hours

at 4 C against several changes of 0.033 M Tris HC1 buffer, pH 8.0,

and relyophilized for storage.  This preparation is$ later called

Pr-LPS.

I1l. Experimental Animals

A1l animals used were obtained from the Animal Unit, Faculty
of Medicine, University of British Cd]umbia, Vancouver, B.C. White,
female, Swiss-bred mice weighing between 20 and 25 gm were used in
all experiments. White, female rabbits used for immunization with
the Pseudomonas fractions weighed 2-3 kg at the start of the

immunization schedule.

V. Immunization Procedures

Rabbit immunization schedQIes are shown in Table |I. Two
routes of injection were used. For intravenous (i.v.) injections,
the antigens were diluted to the appropfiate concentration in pyrogen-
free saline (Baxter Laboratories of Canada, Ltd., Allisfon, Ont.) and

injected via the marginal ear vein. For subcutaneous (s.c.) injections,



Table |. Rabbit Immunization Schedule for the Various Antigenic

Preparations from Pseudomonas aeruginosa Strain PA-7.

£ Dose?
ln?ZZt?on . , Cell Formf'
H-S LPS P-W LPS Pr-LPS Walls Vacc.
0 10 10 10 10 5 x 10°
4 10 10 - - x 109
5 - - 10 10 -
8 20 20 - - 2 x 109
10 - - 20 20 -
12 20 20 - - 2 x 109
15 - - 20 20 -
16 50 50 - - -
20 ‘ 50 50 - 50 50 -
24 . 100 100. - - -
25 - - 50 50 -
30 - - 100 100 -
Lk - 2 x 103b - - -
57 50- - - - -
63 - - - - 2 x 107
79 . - - - 50 -
96 - - 2 x 103b - -

a- Antigen dose, in ﬂg, except in the case of the formalin-killed
vaccine, where the dose refers to the number of cells injected.

- Subcutaneous injection of the antigen in Freund's complete ad--
juvant. All other injections were intravenous:
Abbreviations: H-SLPS, heat-stable lipopolysaccharide; PsWLPS, phenol-
water lipopolysaccharide; Pr-LPS, protein-lipopolysaccharide;
Form. Vacc, formalin-killed vaccine.
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the saline solution was mixed with an equal volume of complete Freund's
adjuvant (Difco) and 0.2 ml of the emulsion were injected into each

of five sites on the shaved area of the animal's back.

V. Antisera

1. Collection.and Storage

Rabbits were bled from the marginal ear vein or by cardiac
puncture. Blood samples were stored overnight at 4 C to allow for
clot retraction. The sera were separated, cleared of any residual
red blood cells by low speed centrifugation, then heated to 56 C for
30 minutes to inactivate the complement. Sera were stored in smadl'.
vélumes at -20 C.

2. Determination of Antibody Titer

All sera were tested routinely for antibody activity by.
the passive hemagglutination and hemolysin tests; many were also tested
for their bacterial agglutinin content.

Passive hemagglutihation and hemolysin tests were carried out
using the Microtiter dilution technique (Cooke Engineerihg Co.,
Alexandria, Va.). 25 u} samples of serum were serially diluted with
25 ﬁf'of saline in the dilution plates. 25 ul of a 2.5 percent’
suspension of lipopolysaccharidé—coated sheep red blood cells were
then added to each well in the passive hemagglutination-assay; for
passive hemolysis, 25 ﬁl of ‘a 1/30 dilution of guinea pig complement’
were added to each antiserum dilution, and the plate was incubated

at 37 C for 30 minutes before the coated sheep red blood cells were

21
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added. Plates were incubated at 37 C for 2 hours, and at 4 C for
18 hours before the results were read. The highest antiserum dilution!
showing at least 50 percent hemagglutination or hemolysis of the
added red blood cells upon visual inspection was taken as the end
point of the titration.. Appropriate saline and normal red blood’
cellicontrols were included in all assays; normal rabbit serum
controls were occasionally included;'
| Washed sheep red blood cells were coatéd with alkali-modified
heat-stable lipopolysaccharide accérding to the method of Neter ana‘
his coworkers (1956). Lipopolysac;haride was dissolved in saline
to a concentration of 500-1,000 ng per ml. The pH was adjusted to 8.5-
‘9.0 with 0.2 N NaOH. After heating the solution at 56 C for 30 minutes,
“the pH was readjusted to 7.2 with 0.2 N HC1. An equal volume of 5
percent sheep red blood cells was added, and the mixture incubated
at 37 C for 30 minutes with occasional shaking. The red cells were
then collected by low speed centrifugation, washed twice in saline,
and resuspendédAto a concentratfén of 2.5 percent . in saline.
Formalin-killed vac¢cine was used as the antigen in bacterial
agglutinin titrations. Serial two-fold dilutions in saline were
made of the serum under test. The vaccine was diluted with saline
to equal in opacity the third tube of the Brown opacity tube series
(Burroughs, Wellcome and Co.,. London, Eng.); plate counts demonstrated
9

that this opacity is equal to 2-3 x 10” PA-7 cells per ml. A volume

of this antigen equal to that of the antiserum dilutions was added
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to each tube, and to a saline control tube. The highest ‘antiserum
dilution in which visible aggiutination was detectable was taken
as the bacterial agglutinin titer.

3. Fractionation of Antisera

a) Dissociation of Macroglobulin with 2-Mercaptoethanol

The procedure for this step was taken from Nowotny
(1969) . Equal volumes of the serum and of 0.2 M 2-meréaptoethanol
(in saline) were mixed and allowed tb stand at room temperature for
oné hour. Thisimixture was then usedbin the place of serum in the
passive hemagglutination and hemolysin and bacterial agglutination
tests as desc}ibedﬂabbvé;

b) Gel Filtration

Whole rabbit serum was applied in 2-3 ml samples at
4 ¢ to a 2.5 x 45 cm Sephadex G-200 column (Pharmacia, Uppsala, Sweden).
Flow was in the upward'ﬁirection,,at a rate of 0.15 ml per minute.
The buffer was 0.05 M phosphate buffer, .pH 7.3;,¢ontainiﬁg 2.2% NaCl
and 0.2% godium azidé. Fractions of-175 ml weré collected and assayed
for prote{n content by measuring the optical density at 280 nm with
a Beckman'DBG (Beckman Instruments Inc.,'FUjlerton, calif.).

In order to achieve a better éeparation of 1gG and IgM immuno-
globutlins, further fractionation>of the antibody-containing protein
peaks were attempted. The leading front of.the first’peak eluted
(see Figure.8¥5was concentrated to a volume'éf 2-3 ml by ultra-

filtration (Amicon Ultrafiltration Céll, Amicaon Corp., Lexington,Mass.),
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and refractionated on Sephadex G-200 under the conditions deséribéd
above. The leading front of the protein peék thus obtained (Figure 9)
was.again concentrated by ultrafiltration to 2-3 ml. Ring tests
and gel diffusion tests were performed on this fraction with goat
anti-rabbit-y-globulin (Meloy Laboratories, Springfield, Va;) to
check for the presence of any contaminating 1gG antibédies.
| c) lon exchange CHFomatograbhy

The method used was. taken from the procedure of.
Nowotny (1969). Whole rabbit serum which had been dialyzed against
0.005 M Sodium phosphate buffer for 48 hours at 4 C, was applied
in 5 mlvsamples to a 2.5 x 45 diethylaminoethyl (DEAE)-cellulose column,
also at 4 C. The serum was eluted with an 800 ml continuous gradient,
in which the starting buffer was 0.005 M sodium phosphate buffer,
pH 7.0 and the final buffer was 0.05 M NaH, PO, in 0.05 M NaCl. The
flow rate was one m per minute. Fractions of 5 ml were.collected
and assayed for protein content by measuring the optical density-
at 280 nm with a Beckman DBG spectrophotometer. Protein peaks were
pooled,.each was concentrated td the original serum volume by,u]tré-
filtration, and was tested for antibody content by the passive

hemagglutination test.

Vi. Passive Protection Studies

The method adopted for these studies was modified from those used

by Bass and McCoy (1971) and Jones and his coworkers (1971). Mice’
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that had received an intraperitoneal injection of 0.2 mi of whole
or fractionated rabbit serum, or of saline, were challenged by the
same route 4 hours later with various numbers of viable bacteria
suspended in 10 percent TSB in saline. The serum fractions were
dialysed against saline before use, and all serum dilutions were
made in pyrogen-free saline,. Groups of 10 mice were used for each
dilution tested.

The challenge organisms were grown in TSB on a shaking water
bath at 37 C for 6 hours, sedimented by centrifugation, and resus-
pended to the original volume in 10 percent TSB-saline. All further
dilutions of the organisms were also made in 10 percent TSB-saline.
A plate count waé performed on the washed bacterial suspension in
all experiments to determine the number of organisms injected.

Mortality was recorded in most experiments only for the 72
hour period following injection of -the challenge bacteria; in some
cases, however, deaths were recorded for periods of up to 2 weeks

post-challenge.

VII. Clearance Studies

To determine the effect of the rabbit antiserum on the persist-
ence of the injected organisms in passively protected mice, those
animals which had survived the 72 hour test period were sacrificed
at various intervals thereafter, and samples of their heart blood

and peritoneal washings were plated on trypticase soy agar to check
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for the presence of viable organisms. The liver and spleen of each
animal were also removed aseptically, cut into small bieces,'and
spread on trypticase soy agar~piates;vlThe plates were incubated
at 37 C for 24 hours , after which time they were inspected for
typiéal colﬁkia] morphology. Representative colonies were tested
by slide agglutination with rabbit anti-éseudomonas serum to ensure
that the organisms isolated were PA-7.

To confirm thé validity of the assay method used, in some ex-
periments samples taken from the mice were divided; .one half was’
treated as described above, and the other half was added to TSB in

. tubes, and incubated at 37 C for at -least 48 hours. Growth in these

tubes was plated, and the resulting colonies were tested as above.

VIII. In Vitro tests

. 1. Bactericidal Assay
The method for this assay was developed from one described

by Bjornson and Michael (1970). Cells were grown in TSB on a shaking
water bath at 37 C for 6 hours, sedimented by centrifugation, wéshed
once in sterile saline, and resuspended in saline to the original
volume of the culture. The concentration éf cells per ml of this
suspension was determined by.a surface plate count.

The cell suspension was diluted by a factor of 10_6, and various
volumes of the diluted material were added to mixtures of whole or

fractionated antiserum and guinea pig complement (Hyland).. Normal
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rabbit serum and saline controls were also included. The mixtures’
were incubated at 37 C for one hour, then 0.1 ml volumes were plated
in duplicate for counting.

2. tmmunodiffusion Tests

Double diffusion plates were prepared according to the
method of Campbell et al. (1964). The plates contained 0.85 percent
lonager No. 2 (0Oxoid) in borate-saline, pH 8; 0.1 percent Merthiolate:
(E1i Lilly and Co., Indianapolis) was added to the borate-saline
solution, but the trypan blue stain was omitted. Antigen preparations
and antisera were diluted in borate-saline, and 0.1 ml volumes were
added to each well,

The plates were incubated in a moist chamber at 37 C for at least
one week, and were observed daily for the deVelopment of precipi-
tation lines. When the development of the lines was complete, the
plates were rinsed‘with several changes of saline to remove unreacted
protein and antigen, sealed and stored at 4 C until photographed.

3. Quantitative Precipitation Tést

The aﬁount of antibody in each type of purified fraction
was quantitatively determined by the precipitation test. Equal
volumes of undiluted serum fractions from serum prepared against
the cell wall fraction, and of saline dilutions of heat-stable
lipopolysaccharide were mixed, and incubated at 37 C for 1-2 hours.
The tubes were then refrigerated for 48-72 hours; -after this time,

the tubes were centrifuged in the cold at 2500 rpm, and the
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supernatant carefully removed and testea for antigen or antibody
excess by ring tests. The precipitated material was washed twice
in cold saline to remove any unreacted protein, and_dissolved in
0.1 N NaOH to the original volume of the mixture. The protein
contént of these solutions was determined by‘the method of Lowry

and coworkers (1951).:

IX. Electron Microscopy

Cell wall suspensions which had been treated with deoxyribo-
nuclease and ribonuclease as described above were suspended in dis-
tilled water and frozen until needed for electron microscopic studies.
In addition, samples of the cell wall preparation were subjected to
further:enzymatic treatments for comparative purposes. One set of
cell walls was incubated at 37 C for 3 hours in 0.05 M sodium
phosphate buffer, pH 8.0, with 500 ﬁg/ml of trypsin (Calbiochem,

Los Angeles, Calif.), sedimented by centrifugation, washed several
times in distilled water, and stored as an aqueous suspension at

-20 C. The other sample was suspended in 0.1 M sodium acetate buffer
to which 500 ug/ml of lipase (Miles Laboratories, Inc., Elkhart; Ind.)
had been added, and was incubated at 37 C for 3 hours. These céll
walls were then washed as described above, and frozen.

Cell wall preparations were fixed and stained by-several dif-
ferent methods. One set was fixed in 2.3 percent glutaraldéhyde

in phosphate buffer for 30 minutes, then in 1 percent 0504 in phosphate
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buffer for 15 minutes, and lastly in uranyl acetate in sucrose-

acetate buffer for 30 minutes (Pease, 1964; Silva et al. 1968).

Another sample was fixed in 0s0,, and post-fixed in uranyl acetate

(Silva et al. 1968). A third set was fixed in glutaraldehyde,

and posﬁ—fixed in 0s0, (Pease, 1964). Samples were dehydrated

in ethanol and propylene oxide, and embedded in Epon.
Sectiéns"were stained with a saturated alcohol solution of

uranyl acetate for one minute, rinsed with distilled water, and

stained for 2 minutes with lead citrate (Fahmey, 1967). After

drying, the preparations were examined in a Phi]]fps 300 electron

microscope at 60 KV.
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RESULTS AND DISCUSSION

Thevpurpose of this study was to prepaﬁed an antigenic_fractiOn_
from‘PA-7 which would be capable of‘stimulating-the produ;tion of
‘ protective antiserﬁm in éxperimental animals. Although other workers
have been successful, by the injection of whole cell vaccinés,
in stimulatfng an agglutinin re;ponge (Laborde ‘and de Fajardo,
1965) and protective serum (Jones EEJEl: 197])'in’mice, we fai]gd
to. evoke markedly elevated passive hemaég]Utinin levels in thése
animals. The rabbit, however; was found to be more suitable for-
the production of antiserum containing high levels of passive

hemagg]Utinéting antibodies. -

[. Antiboqy_Response“to fhe,Antigenic PreParationS‘

The passive hemagg]utinin and hemolysin responses to each of
the preparations injéctea‘intolfabbifghére'shdwn in Figures 1 - 5.
All of fhe preparations tested were found to be immunogenic with
the typé of injéqtién_stheddie‘used:(seé Table | of the Materials:
and Méthods) and no thi¢jeffects‘weré‘noted in the rabbits at any
time. |

Humoral antibody levels elicited by all of ‘the preparations, .

with the exception of ‘the phenol-water extract, were qufte high

(peak passive hemagglutinin titers of 1/2048 or greater). - The most



12

10 =
8 ]

L

He i

—

I 4 a

O

" 2

O

—J

lJJ12 —

>

}_

<(10 -

O

L

z 8 _
6 —
4 -

| 1

1 I
5, 10 20 30 40 50

TIME (DAYS)

Rabbit antibody response to cell preparations from
Pseudomonas aeruginosa strain PA-7.

Rabbits were injected with the cell wall preparation according
to the schedule shown in Table | (Materials and Methods).
Titers shown refer to A, passive hemolysin and B, passive
hemagglutinin levels.
Symbols: -1, rabbit 1; 0—=0, rabbit 2; °

a - first injection of series.
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Rabbit antibody response to heat-stable lipopolysaccharide

preparation from Pseudomonas aeruginosa strain PA-7.

Rabbits were injected with the heat-stable lipopolysaccharide
preparation according to the schedule shown in Table |
(Materials and Methods). Titers shown refer to A, passive
hemolysin, and B, passive hemagglutinin levels.
Symbols: [@--{3, rabbit 1; 0—0, rabbit 2;

a - first injection of series.
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Rabbit antibody response to phenol-water extracted lipo-
polysaccharide from Pseudomonas aeruginosa strain PA-7.

Rabbits were injected with the phenol-water 1ipopoly-
saccharide preparation according to the schedule shown
in Table I (Materials and Methods). Titers shown refer

to A, passive hemolysin and B, passive hemagglutinin levels.
Symbols: ([~--3, rabbit 1; 0—0, rabbit 2;

a - first injection of series.
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Rabbit antibody response to protein~lipobolysaccharide
from Pseudomonas aeruginosa strain PA<7..

Rabbits were injected with the protein-1lipopolysaccharide
preparation ‘according to the schedule shown in Table 1
(Materials and Methods). Titers shown refer to A, passive
hemolysin and B, passive hemagglutinin levels.
Symbols: (--{J), rabbit 1; O0—0, rabbit 2;

a - first injection in series.
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Rabbit antibody response to formalin-killed vaccine of
Pseudomonas aeruginosa strain PA-7.

Rabbits were injected with formalin-killed cells according
to the schedule shown in Table | (Materials and Methods).

Titers shown refer to A, passive hemolysin, and B, passive

hemagglutination levels. ,
Symbols: O==-(, rabbit 1; O===0, rabbit 2,
a - first injection in series.
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prolonged response of High titer antibodies was stimulated by the
céll wall preparation (Figuré 1).  The reason for the poorer ‘re-
sbonse'to the pHenol-Qater éxtract'(Figure 3) fs not known, ‘although
the relatively low protein content of this preparation in comparison
with that of the other lipopolysaccharide preparations may be'a
factor.: Other”workers'(Whéng~g£;§l:-]971) have also noted that
ﬁheno]—watef extracted lipopolysacchérides are poor' immunogens, and
have mentioned the lack .of aggregation of the moleCule; as a
contributing factor.

Although the antibody.responses to the recall injections'
(Table 1) are not shown in Figures 1 --5, the intravenous boosters
of ‘the cell wall and heat-stable lipopolysaccharide preparations,
and of the formalin-killed vaccine resulted in rapid rises in the
titers of both the passivé hemagglutinating and hemolysing ahti—

-bodies.‘ Peak ffters equalled or exceedéd those achieved during fhe
earlier hyperimmuhizatioh regime; only the cell wall preparation,
however, stimulated a Fesponse which persisted for longer:than two
weeks after the booster fnjection.

The reéall injections of the phenol-water extracted 1ipo-
polysaccharide andﬁthe protein-lipopoiysaccharide preparations
were administeredvsubcutaneously'in FFeunde'complefe ad juvant
in order:to.determine the effectfof'this.type of injection upon
the response to a relaffvel? good and.a relétively poor immunogen.

~Neither preparation stimulated the production of detectable antibody
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for approximately six weeks after the injection.: After this time,.
the lTevel of serum antibodies rose slowly for about a month in the .
rabbits whigh had beén fnjected with‘protein-]ipopolyséccharide;

the level obtained was close to the peék.titér of the earlier-
.response, ahd“remafnedrconstént for over two months. . No appreciable
rise 'in antibody.titer waSynotéd.over.a’Z month period,.in the

serum of rabbité'injeCted‘with'a booéfer”dqse of the phenol-water
extract in Freund's adjuvant.

Because of the ldw;leVel,of'an;Ibody'synthesis stimulated by
the‘ﬁhenol-Water extract, no further work was done on this serum.
The antiéerqm prepared against the cell wall fraction was used
in all sUbsedUent tests, since jt:was felt“that.this fraction would
conhtain antigens most representative of those that would be en-'
countered in the natural sitUatfoﬁg Antiséra specific for ‘the heat-
stable 1[popolysaccharide and protein-Tipopolysaccharide preparations,
and for the formalin-ki‘lled vaccine were also uSed for comparative -

purposes.

I, . Pnggertiéé;of the Antigen Preparations.

The average yield of the antigenic fréctidns cafcu]ated as a
percentage of the dry weight of the célls used in their preparation
was 2 - 3 percent for the heat-stable and phenol-water 1ipopoly-
saccharfde preparations, 0.5 percent f§f the protein-Tipopolysac-

charide fraction, and 8 percent for ‘the cell walls. Thus, not only
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éoes the cell wall preparation appear to be the most effective
immunogen, but also it is the most efficient fraction to.produce
in terms of ‘yield per unit wefghp'of cells, Inradditidn; toxicity
Studies'haVe indicated that the.lethal doses for the heat-stable’
lipopolysaccharide, protein-lipopolysaccharide, and cell wal} pre-
parations ‘are all greater than 8 mg per kg of mouse body weight;
however, this dose level was found to: be toxfc in all cases, with
diarrhea, eye exudates, a hunched position, and immobility of the
affecged‘animals_being'noted. Therefore, it was concluded from
thése studies -that the amounts of -each preparation used for the
immunization did not approach' the lethal dose; furthermore, no
obvious adversé affects on the rabbits were noticed, even when

they received the recall injections.

The reason for the low toxicity of Pseudomonas aeruginosa.
cells, cell walls and lipopolysaccharide preparations is not known.

Fensom and ‘Gray (1969) showed that the chemical composition of ‘the

lipopolysaccharide molecule of Pseqddmonas_aerugjnosg is basically

‘ similar to that of the Enterobacteriaceae. The cell walls were also
found té'resemb]e, qualitatively and quantitatively,the cell walls
of»other Gram-negative bacteria (Clarke et al. 1967). However, for
the Enterobaéteriaceaé, LD50 levels of 0.1 - 0.2 mg of endotoxin
(lﬁpopolyéaccharide) per kg of body weight ‘have been reported for
mice (Davis et al. 1967)j'sinCe our. preparations are only.partially
.purified, however, caution mist be used in attempting to compare

these values.
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Immunodiffusion analyses of antigenic preparations are pre-
sented in Figuré 6. Schematic representations are -presented in
addition to photographs, since some of the lines disappeared very
qufékly, and others are very faint.

Figuré 6 A shows the reaction of antiserum prepared against
the heat-stable 1lipopolysaccharide preparation with difFerent
concentrations of heat-stable 'lipopolysaccharide, phenol-water
1ipopolysaccharide, and protein*lIpopolysacCharide;'lineé of
identity between the heat-stable 1ipopolysaccharide and the
phenol-water lipopolysaccharide (Wells, 1 & 2, 4 & 5); and between
the heat-stable lipopolysaécharide and the proteih—]ipopolysac-
charide (Wells, 3 & L), indicate that there aré common antigenic
determinants ‘in these preparations. Figure 6 B-D show that each
6f the three lipopolysaccharide preparations is able to react with
antisera prepared against the heat-stable‘lipOpolysaccharide; the
protein lipopolysaccharide, and the cell walls; although antiserum
prepared against the formalin-killed yaécine reacts only with the
protein-lipopolysaccharide here, other studies have demonstrated
that it is also able to react with the heat-Stablé and phenol-water
lipopolysaccharide preparations (Figure 6E). The cross-reactivity
seen in these figures is to be expected because of the nature of
the ‘antigen fractions; however, the lack-of correlation between
antjgenicity and immunogenicity in the‘caSe of 'the phenol-water

extract_ié*intefesting. It may be that the antigen shared by the



Figure 6A.

Figure 6. Ilmmunodiffusion analysis of lipopolysaccharide preparations

from Pseudomonas aeruglnosa.

Plates contaln 0.35 percent lonager Ho.2 In borate-saline
buffer, pH 8.0. Antlaens and antlsera were added to the
wells In 0.1 M volumas., Plates were Incubated at 37 C
for 7 - 10 days.

A. Antiserum (AS) was prepared agalnst heat-stable 1ipo-
polysaccharide. Well 1 contalns 1 mg/ml of heat-stable
lipopolysaccharide; well 2, 1 mg/ml of phenol-water 1lpo-
polysaccharide: well 3, 1 mg/ml of proteln-lipopoly-
saccharide; wells 4-6, 0.5 mg/ml of heat-stable 1ipo-
polysacchartde, phenol-water lipopolysaccharide, and
protein-lipopolysaccharide respectively.

B8:D. Well 1 contains anti-heat-stable llpopolysaccharide
antiserum; well 2, antl-cell wall serum; well 3, antl-
protein-1ipopolysaccharide serum; well &, anti-formalln~
killed vaccline antiserum; well 5, normal rabblt serum;
well 4, sallne. Antlgens (Ag) are heat-stable lipopoly-
saccharide (B), protein-lipopolysaccharide (C), and
phenol-water 1ipopolysaccharlde (D), at 1 mg/ml

E. Antlserum (AS) was prepared agalnst the formalin-killed
vaccine. 1. Antlqgen (Ag) Is heat-stable 1llpopolysacchar-
Ide at a concentration of 1 mg/ml. 11. Antigen (Ag) Is
phenol-water llpopolysaccharide at a concentration of
1 mg/ml.

Symbols: A~A |, DIilfuse lline; ———— , sharp llne.
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Figure 6C.

b1



Figure 6D.
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Figure 6E.
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protefn-lipopolysaccharide'and the heat—staBle ]Tpopo1ysacqharide,
but missing from the phenocl-water preparatidn'(Figureb6 A, Wells,

3 - 5) is the immunOQenfc moiety. It is of course, also:possible .
that the two lines at well 4 of Figure 6 A merely ‘represent
different degrees of aggregation of the molecule, and that only the
more aggregated species of the'heat-stablevlipopolysaécharide:
molecule (outer line) is capablé‘of.acting'a5~an‘Immuno§en (see .
Whang et al. 1971).

Electron micrographs of the cell wall preparations are shown
in Figuré‘7. Hubert and'hfs coworkers (1971) have published
electron micrographs showing the appearance of the cell wall and
cell ﬁembrane in cross-sections of whole ce}is of Pséudomonas
aeruginosa. They showed the external triple layered cefl,wall and
the triple layered pla;ma membrane which are typical of Gram-
negative organisnms. Kéi]ogg and cowbrkefs t197]); in a study of.

the particulate fractions of Neisse}ia'gondrrheae, show cell wall "

fragments which resemble closely those shbwn in Figure 7 B of our
preparations.

A triple layered structure with two electron dense layers
(as described by Hubert et al. 1971) is seen only in .those pre--
parations in which the cg]] waIIS'Were tréated wifh the hucleaées,.
followed by lipase digestion (Figuresv7AE & F). Nuclease treat-
ment alone résultedxintthe isolation of a structure containing

‘three electron dense layers (Figures 7 A & B)'while'trypsfn appeared



Figure 7.

Electron micrographs of cell wall preparations from

Pseudomonas aeruginosa.

Isolated cell wall preparations were fixed and stained
as outlined in the Materials and Methods.

A. Fixed in osmium tetraoxide, post-fixed in uranyl
acetate. The various sizes of cell wall fragments
can be noted. x 15,250.

B. Fixed in osmium tetraoxide, post-fixed in uranyl
acetate. Note the three electron dense layers.

x 58,000.

C-D. Fixed in 2.3 percent glutaraldehyde, then post-
fixed in one percent osmium tetraoxide. Note the
loss of organized structural layers. C- x 73,200;
D- x151,000.

E-F. Fixed in 2.3 percent glutaraldehyde, post-fixed
in one percent osmium tetraoxide. Note the loss
of one electron dense layer. E- x 73,200;

F- x 151,000.
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to have simply caused a disorganization of the structural layers
(Figures 7 C & D).

It was decided, on the basis of these photographs, to employ
in further studies -the cell wall preparation, which had undergone
onry.nuc1ease;digestion. This was felt to be the most represent-
ative antigenic sample, since trypsin appeared to. disorganize the
natural structure of the cell envelope; while it was not possible,
without further chemical anéfysis, to determiﬁe'whether the electron-

dense layer removed by the lipase digestion, was part of the cell -

membrane or of ‘the cell wall.

I1l. . Fractionation of Rabbit Antisera

a) Sensitivity to Z-Mercaptoefhano]

The sequence of appearance of 2-mercaptoethanol sensitive
(2-MES) and Z-mercaptoethanol resistant (2-MER) passive hemag-"
glutinins in 'the serum of rabbits immunized with the cell wall
preparation (Table 1) is shown in Figure 8.‘ A]iquots of -the
serum samples taken during the coursé of the response (Figuré 1)
were treated with 2-mercaptoethanol as described in the Materials’
and Methods in order to determine the proportion of Z-Eercapto--
'ethanol resistant antibody at various étages during the response.
-The 2-mercaptoethanol résistant activity was found in appreciable

quantities only late in the response to the hyperimmunizing series

of injections; in this regard, the results are very similar to data
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Detection of 2-mercaptoethanol resistant antibody
activity in rabbit serum.

Aliquots of antiserum from rabbits injected with the cell
wall preparation according to the schedule shown in
Table | (Materials and Methods) were mixed with equal
volumes of 0.2 M 2-mercaptoethanol, incubated for one
hour at room temperature, and used as the serum source

in the passive hemagglutination test. Original titers
are shown in Figure 1. :
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obtained by Landy and his coworkers (1965) and by Pike and Schulze
(1964) in analogous studies with- other Gram-negative organisms.
The reéall?injeCtion, on the other hand, was found to stimulate
not only an increasé in the rate.of overall antibody synthesis,
but also in the rate of idcreése.bf the 2-mercaptoethanol resis-
tant fraction of the antfbbdy'actifity.

In addition to the above studies, antisera directed against
the‘other‘three antigenic fractions were also treated with 2-
mercaptoethanol to detérmiﬁe:the‘pgrééntége of 2-mercaptoethanol-
sensitive and meeréaptoethaaol resistant antibody activity. A
large percentage of the passive hemagglutinating activity.in sera’
obtained late in the responsé to all of these antigenic fractions
was also found to be resistant to Z—mercaptoéthano] treatment.
Although sensitivity and resistance .to 2-mercaptoethanol may not
be a complete]y‘vaiid meaSuré of the IgM or TgGvcontent'of an
immine ‘serum, the results obtained in these studies were helpful
in estimating the periods during the antibody responses which
would yield the most IgM or IgG antibody upon fractionation of the

sera.

b) Fractionation of Rabbit Serum Proteins by Gel Filtration
and lon Exchange Chromatography -
Attempts were made to separate the IgM and IgG,Immunoglobulfn
fractions of whole rabbit serum by passage of serum samplés through .

Sephadex G-200. A typical elution profile, expressed as the optical
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densities of the fractions measured at 280 nm is shown in Figure 9.
Each of the three protein peaks, when pooled and concentrated to~
the original serum volume, was found to contain some paséive hema-
gglutinating'activityﬁ A large proportion of this activity was
located in the first protein peak, and was mainly 2-mercaptoethanol
sensitive antibody.

Interfacial tests performed with goat=anti-<rabbit y-globulin
and the concentrated material from the shaded area of the ffrst
protein.peék~(Figuré 9) demonstrated that there was some g6
globulin contaminating this fraction. Accordingly, this material
was refractionated on Séphadex G-200, and the elution profile
illustrated in Figure 10 was obtained. The leading front of the
protein peak (shaded area) was again coﬁcentrated, and ring tests
with goat anti-rabbityy-globulin did not détect any remaining‘IgG
in the fraction. Passive hemagglutination tests performed on
samples:of this fraction, with and without prior treatment with
2-mercaptoethanol, indicated that not all of the antibody activity
was sensitive to thevéétfdn”of 2-mercaptoefhénol(Table L); however, .
this material was uéed as the IgM fraction in subsequent tests.

Since the IgG "immunoglobulins appeared to be eluted from the
Sephadex G-200 column in a broad band, whole rabbit-serUm.which had
been shown to be rich in 2-mercaptoethanol resistant antibody
activity was chromatographed on .DEAE-cellulose, and the IgG was

eluted by means of a continuous gradient. A typical elution pattérn
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Elution profile of whole rabbit serum from Sepﬁadex G-200.

A 2 - 3 ml sample of whole rabbit serum, taken early in
the response, was applied to a 2.5 x 45 cm Sephadex G-200 '
column at 4 C. The flow rate was 0.1 ml per minute and
the column void volume was 70 ml. 3 ml fractions were
collected, and the optical density at 280 nm measured .
with a Beckman DBG-spectrophotometer. Fractions within
the cross-hatched area were pooled and concentrated for
refractionation. '
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Figure 10.
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Elution profile of IgM-containing serum fraction from
Sephadex G-200. '

The first protein peak eluted when whole serum was
passed through Sephadex G-200, was concentrated by
ultrafiltration and repassaged through Sephadex G-200
at 4 C. The column void volume was 70 ml. Fractions
within the shaded area of the protein peaks were pooled,
concentrated to a volume of 2 - 3 ml, and used as the
IgM fraction.
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is shown in Figure 11. Material unden.the‘first protein peak was
pooled and concentraféd to the ofiéinal seérum volume; interfacial
tests with goat anti-rabbit y=globulin demonstrated the présence.
of "IgG mélecules in the ffactiqn, and-pasSive hemagglutfnation
tests showed that all of the antibody activity was resistant to
2-mercaptoethanol treatment. This material was used as the IgG

fraction in. the subsequent tests.

IV. Passive Protection Tests

a) Whole Serum.

Passive protection tests were performed with mice, using
rabbit antisera prepared against the four antigenic preparations
(heat-stable lipopolysaccharide, protein-lipopolysaccharide, cell
wé]ls and formalin-killed vaccine) to determine their ‘capacity 'to
elicit antisera’protective against a lethal challenge of PA-7.

The challenge dose of 20 LD50 (3 x 108 cells) was chosen after
prelimfnary experiments ‘showed that this dose was lethal to all

mice injected with normal rabbit serum, whereas at least 50 percent
of groups of mice protected by low dilutions of immune rabbit

serum survived the challenge. The data presented in Table |l shows’
that ‘each of the four types of whole antiserum.-was able to protect
mice against this challenge dose. In most cases, experiments were
terminated after 72 hours; since simultaneous virulence tests dem-

onstrated that all of the unprotected animals died within ha hours
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Figure 11, Elution profile of whole rabbit serum from the
DEAE-cellulose column.

A 5 ml sample of whole rabbit serum was applied to a
2.5 x 45 DEAE-cellulose column at 4 C. The serum was
eluted with an 800 ml continuous gradient from 0.005 M
sodium phosphate buffer, pH 7.0, to 0.05 M NaHyPQ, in
0.05 M NaCi. The column void volume was 120 ml; 6 ml
fractions were collected and monitored at 280 nm for
protein content.
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Table Il. Protection conferred by the passive immunization of mice
with rabbit antisera directed against various fractions

from Pseudomonas aeruginosa.?

Immunizing Antiserum Antiserum Challenge Percent

Agent Titer Dilution Dose Survival

(LD 50)
PHA ~ BA

Heat-stable 1/1024  1/640 1/2 20 67
Lipopolysac- 1/10 20 58
charide
Protein-1ipo- 174096 1/640 1/2 20 92
polysaccharide 1/10 20 80
(serum from day -
30) .
Protein-1ipo- 1/512 1/5120 1/2 20 85
polysaccharide _ 1/10 20 69
(serum from day " 1/50 20 23
160) 1/100 _ 20 8
Cell Walls 1/1024 1/640 1/2. 20 93
(serum from day 1/10 20 73
11) 1/20 20 ) 66
Cell Walls 174096 1/640 1/2 20 77
(serum from day 1/50 20 6L
31)
Formalin- 1/2048 1/1280 7 20 100
killed 1/10 20 43
vacc'ine - 1/102h 17256 1/10 20 30

-b - - /1. 20 0

@ Mice were injected intraperitoneally with 0.2 ml of rabbit serum dil-
uted in sterile, pyrogen-free saline. Four hours later, viable PA-7
cells suspended in 10 percent TSB-saline were injected intraperiton-
eally. Deaths were recorded for a 72 hours period post-challenge.

Normal rabbit serum was injected in place of the.immune serum as
described above.
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of challenge; moréovef, very few deaths in the groups of serum-.
protected animals o;cUrred after the initial three-day period
post-challenge.

The ‘results show that the degreée to which an antiserum sample
can be diluted before a significant loss in the protection afforded
is incurred, can be estimated'on~the‘basis of the passive hema-
gglutinating antibody c0ntent~qf'the serum (with fhe exception of
the antiserum prepared againSt-the'formalin;killed vaccine). In
addition, the time-during the response from which the antiserum
was obtained did not seem to affect the relationship between
passive hemagglutinin contént and passive protection ability.

This is evident from the data for serum prepared against cell walls
and protein-lipopolysaccharide. The lower protective capacity

of serum directed against the formalin-killed vaccine is *puzzling;
it might be suggested that formalin adversely affects the immuno-
genicity of the protective antigen alone, wftﬁout altering other
immunogenic structures in the cell responsible for the stimuiation
of agélutinating and passive hemagglutinating -activities. This
seems unlikely, however, in view of the relationship be}ween passive
hemagglutination and protection noted above.

Some experiments also involved the injection of different sizes
of challenge dosés :into mice passively protécted as previously de-
scribed. Table Il shows results obtained when mice were given

various numbers of cells after injection of antisera prepared against



57

N

Table IIl. Passive protection in relation to the size of the

challenge dose.@
Immunizing Titer of Challenge Percent
Agent Antiserum Dose (LD 50) Survival
PHAD — BA
Cell Wall 1/204 1/32 20 77
50 ' 60
100 0
Heat-stable - /102 1/6k 10 90 |
lipopoly= 20 58
saccharide 1/52 1/32° 20 80
100 8

aLMi;efwere'paSSIVely immunized with-0.2'ml immune rabbit serum’
diluted in saline, then challenged with viable PA-7 suspended
in 10 percent TSB-saline. Deaths wer¢ recorded for a 72 hour
period after challenge. .

Original serum titer was divided by the serum dilution peFFormed.
Cell wall antiserum was diluted 1/20, heat-stable lipopoly-
saccharide sera diluted 1/10. '



cell walls or heat-stable Iipopolysaéchaﬁide.\vAs expected, ‘the degree
of protection afforded by a given aqtiserum was inversely related

to the size:of the cha]]enge-dose{" These data demonstrate that

all of ‘the four types of antisera’can afford protection against
moderately large challenges (20 - 50 LD 50).of PA-7, but are of

little use against very sevére challenges (100 LD 50).

It was also of some interest to determine whether the immune
rabbit serum prepared against PA-7'antigens could provide pro-'
tection for mice against challenée by two other‘strains of Pseudomonas
aér@ginosa.‘ Bacterial agglutfnétion tests with the formalin-killed
vaccines of étraihs-PA-7, PA-1 aﬁd PA*ﬁ?é'aS'antigené, showed that
none of the four méjof éntigenic préparatidns used stimulated the
producfion of intibodfes which agglutinated PA-1 or PA-479 vaccines.
Morebver,,passive'protection studies -in which antiserum directed.
against the cell wall preparation was .used to protect the mice,
showed that antiserum dilutions which‘profected 60 - 75 percent.of
the mice challenged with PA-7 protected less tﬁan 20 percent of -
the mice challenged with PA-1 or -PA-479. Fisher and his coworkers
(1969) have shown a. lack of correlation between agglutination and

protection among different strains -of Pseudomonas aerugfnosa; how-

ever, our results seem to-agree more closely with the findings of
Bass and McCoy (1971), who showed that cross-agglutfnatidn-and
érQSSfprotection were analogous.

b) ~ Fractionated Serum

IgM and 1gG serum fractions’purifiéd'as described in the Materials
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and Methods were also used in passive protéction'stddies with mice.
The results presented in Tables IV and V (IgM and lgG.fraétiohs
respectively) demonstrate that'both immunpglobulin’types provide
passive protection against infeétion by PA-7. When the passive"
hemagglutination titers of the fractions were considered, neither
of the two fractions from cell wall or protein-lipopo]ysaécharide
appeared to be more efficient than the other; the data obtained -
from sera prepared against the heat-stable 1ipopolysaccharide and
formalin-killed vaﬁciné, however, indicate that IgG globulins inv
these sera provide better protection than do the IgM globulins,
Bjornson and Michael (1970), working with immunogTobqlin_fractions‘
obtained from the serum of rabbits immunized with purified muco-
polysaccharide frqm the slime layer, also showed that the IgG
fraction offered superior protection to mice against infection by

Pseudomonas. aeruginosa.

Bécause of the ‘well-known superiority of IgM globulin in.
participating in agglutination-type reactions, the -increased
efficiency,éf protection afforded by the IgG fract@Gh of immune
serum may simply refieqt a much larger number of [gG molecules than
there are IgM molecules in a given.volume of their ‘respective fractions.
The precipitin results obtained with IgM and IgG serum fractions
from a sample of anti-cell wall serum (day 44) support this hypo-
thesis, since there was found to‘be substantially greater amount of -

tgG than IgM antibody; on a molar ratio, in the two fractions, which
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Table .IV.. Passive protection of mice provided by the IgM-containing
fraction of [ immune rabbit sergm.a
Immunizing Titer of IgM Dilution -of Challenge Percent
Agent Fraction Fraction Dose (LD 50)  Survival
PHA _2-MePHAP
Cell 1/6k - 1/1 20 60
Walls 1/10 20 60
Protein- 1/16 - 1/2 20 60
lipopoly- 1/10 20 20
saccharide
Heat-stable 1/512 1/32 1/2 20 10
1ipopoly- 1/10 20 10
saccharide 1/50 20 0
Formalin- 1/256 1/6h 1/2 10 60
killed 1/10 10 60
vaccine

® Mice were injected intraperitoneally with 0.2 ml of the IgM-con-
taining fraction of immune rabbit serum diluted in sterile, pyrogen-

Four hours later, viable PA-7 cells suspended in 0.2

ml of 10 percent TSB-saline were injected intraperitoneally, Deaths

free saline.

were recorded for a 72 hour period post=-challenge.

Aliquots of the serum fractions were incubated with equal volumes

of 0.2 M 2-mercaptoethanol immediately before use in the passive
hemagglutination test (PHA) as described in the Materials and Methods.



Table V. Passive protection of mice provided by the lgG-containing

fraction of immune rabbit serum.@

’

Titer of IgG

Challenge

Mice were injected intraperi

ing fractions diluted in sterile, pyrogen-free saline.
later, the animals received the challenge organisms suspended in 0.2
Deaths were recorded for a 72-hour

ml of 10 percent TSB-saline.
pefiod after the challenge injection.

Immunizing Dilution of ‘ Percent
_ Agent Fraction Fraction Dose (LD 50) Survival
PHA 2-MePHAP
Cell walls 1/256°  1/256 1/2 20 83
1/10° 20 70
1/30 20 50
1/1024 171024 1/10 20 100
1/25 20 67
1/50 20 25
Protein 1/512 1/512 1/10 20 67
. lipopoly~ 1/50 20 0
saccharide
Heat-stable 1/32 1/32 1/2 20 Ly
lipopoly- 1/10 20 56
saccharide -
Formalin- 1732 1732 172 20 78
killed 1/10 20 78
vaccine
a toneally with 0.2 ml of the lgG- contain-

Four -hours

Aliquots of the serum fractions were incubated with equal volumes’

of 0.2 M 2-mercaptoethanol immediately before use in the passive

hemagglutination tést (PHA) as described in the Materials and Methods.
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afforded'simiraf‘degrees of protection to mice against a Pseudomonas

aeruginosa infection. Figure 12 shows the precipitin curves ob-

tained when heat-stable lipopolysaccharide was precipitated by these

serum fractions. At the zone of -equivalence, 66 ﬁg of IgG antibody
was precjpitated while only .16 ﬁg'of'lgM antibody was precipitated
at the équivalence point; since the mdlecular’weight_of the IgM
g]obufinS'is approximately 6 fimes'that’of-lgG'molecules, the

above values show that the IgG serum fraction contains 15 - 20 times
as many immunoglobulin molecules per unit volume, as does the IgM
fraction. " Thus it seems réasonable to suppose that a larger number
of immunoglobulins iﬁ the 1gG fraction may be responsible for the

enhanced protective effect noted generally for the IgG fractions.

V. Clearance Studies -

Preliminary clearance tests were performed on mice which had
survived (for 72 hours) an intraperitoneal challenge of viable
cells numbering less .than, or equal to, the LD50. The 'spleen,
liver, peritoneal fluid, and heart bloodbwefe assayed for the
presence of viable PA17. Previous studies have shown that the
majority of bacterial cells injected intraperitoneally into mice
are sequestered and cleared by .the liver and spleen (Benecerraf
et al. 1959). Organisms isolated from the peritoneal fluid in our

studies were considered to indicate persistence and probably

multiplication of the injected bacteria, while Pseudomonas aeruginosa
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Precipitation analysis of purified lgG and lgM serum
fractions.

Serum prepared against the cell wall preparation was
fractionated on Sephadex G-200 and DEAE-cellulose as
described in the Materials and Methods to obtain
purified immunoglobulin fractions. These fractions
were used in the precipitation tests as described in
the Materials and Methods.

Symbols: O—Q, I[gG; O, lgM.
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in the heart blood was thought to indicate inadequate clearance

of the injected organisms, allowing for seeding of the bacteria
from the periténeal fluid, and possibly from the spleen and liver,
with'generalféed"spreéd throughout the body. Most of. these control
mice were found to be cleared of injected cells by 3 - 5 days after
the challenge.

The passive protection data presented earlier had shown that
most deaths in the immune serum-protected groups occurred within
the first three day 'post-challenge period; it was thus considered
of interest to determine whether or not the challenge organisms

were cleared from the survivors of this 72 hour period. Table VI
presents the results obtained when mice passively protected by
immune rabbit sera were'sacrifice& at different time intervals after .
the challenge ‘injection, and their organs ‘assayed for PA-7. Al-
though -there is a certain amount of variation in.the c]eérane
patterns among different animals within the same‘grbup, definite
trénds were seen. Experiments invdlving cell wall antisera were
interesting because of the faster rate of clearance of organisms
from animals protected by serum taken later in the response (day
Lk), as opposed to that observed.in mice protécted by antiserum
taken at an earlier date (day 11). Figuné 8 showed that no 2-
mercaptoethanol résistant antibody was detectable in serum obtained
on day 11, whereas approximately 50 percent of -the passive hemag-

glutinating -antibody was resistant to the action of 2-mercaptoethancl



TFable V1. Clearance of challenge organisms from mice passive

protected by immune rabbit serum.®

Immunizing

Antiserum Challenge

Agent Dilution Dose Clearancéb
(Lb 50) - :
| | Days Organ
Post -
Challenge Spleen Liver PF HB
Cell 1/2 20 3 o/5 0/5 3/55/5
Wall 6 Ly b7 1/4 3/4
(serum from 1/20 20 3 0/4 o/4h  2/4 L/4
day 11) 6 Lyk Ly 374 L/k
Call 1/2 20 3 L/h Ly h/h Ly
Wall
(serum from 1/10 20 3 Lsh by 4L Lk
day L) : .
Protein-1ipo- 1/2 20 5 3/5 2/5 4/5 5/5
polysaccharide 8 2/5 2/5 3/5 4/5
Formalin-killed 1/1 20 Lk Lyh  L/h Lk
vaccine 1/2 20 0/h4 0/4  NDC€ ND
1/2 10 7 h/h ND ND

L/h

@ Organs-and flujds were removed from survivors of the 72-hour test
period in the passive protection tests, and qualitatively assayed
for the presence of PA-7 cells.

b Reported as the number of the particular organ free of viable PA-7,
over the number .of mice assayed.

[of

Abbreviations:

N.D. - not determined

PF - peritoneal fluid; HB - heart blood
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in the serum obtained on day 44. It is unclear why the later anti-
serum promoted 'an increased rate of clearance, particularly since
Bjornson and Michael (1970) have reportéd that IgM molecules appear
to be at least as efficient as IgG globulins in an'opsonobhagocytosis‘
éssay. This data does corrélate well, however, with passive pro-
tection'studfes involving the purified immunoglobulin fractions
(Tables 1V and~V)»in which the IgG fractions were found generally

to offer better protection. '

Data from experiments in which antiserum prepared against .
the formalin-killed vaccine was used as the source of protecting
antibodies (Table VI) would appear to indicate that both the size
of the challenge dose and the -antiserum dilution affect the rate
of clearance of the injected bacterial cells, .suggesting that there
is an optimal ratio of organisms to antibody molecules within the
body of the mbuse for maximum clearance.

The reason for the poor clearance of PA-7vfrqm mice protected
by .serum prepared adainst the protein-lipopolysaccharide fraction, -
in spite of the good protective ‘ability of this serum, is not known. '
It is possible that this serum is lacking in specific opsonins, and’
simply exerts a delaying action on the lethal activity of the in-
jected bacteria; an effect of this sort was noted by Laborde and
de Fajardo (1969) when some of a group of mice which had been pro-

tectéd by immune rabbit serum prepared against whole cell vaccines

died 10 - 20 days after challenge with Pseudomonas aéruginosa.
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’The-poorer‘clearing potential of this serum may also have been due
to a lack of bactericidal activity. Bjornson and Michael (1970)
~and Muschel et al. (1969) have reported that some strains of -

Pseudomonas aeruginosa are serisitive to a complement dependent

bactericidal activity in»normal and "immune serum. However, using
the methods outlined by these workers, we were unable to ‘demonstrate
significant bacteficidal_agtivity; even with undiluted whole serum
(prepared adainst the cell wall fractiqn). . Thus, 'we were not able
to test the hypothesis'proposed above, and thus unable to offer an
explanation for -the lack.of cleardnce of injected organisms in- the

mice protected by serum prepared against the protein-lipopolysaccharide.
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GENERAL D [SCUSS{ON

Four antigenic fractions, namely the heat-stable lipopoly-
saccharide, protein-lipopolysaccharide, and cell wall preparations,
and the formalin-killed vaccine, were prepared from a strain of

Pseudomonas aeruginosa and compared, not only in terms of their

ability to stimulate serum antibodiés, but also in terms of their
capacity to elicit the production of protéctive antiserum.. All
Fouf antigens were found to be immunogenic in'rabbifs, although
differences 'in the level and duration of the response elicited
weré noted. In addition,. antisera prepared in rabbits against all
four fractions were found to be protective for mice challenged
with the homologous strain.

Studies by Jones and his coworkers (1971) have demonstrated
that antiserum taken from mice three days after immunization with

a fraction from the culture filtrate of Pseudomonas aeruginosa

were able to protect mice against challenge by the homologous
strain. No agglutinating antibody activity was demonstrable in
this serum, although the protective activity could be removed

from the serum by absorption with bacterial cells of the homologous
strain. It geems likely then, that the protection afforded by the
early mouse serum was due to antibody, but that the titer was- too

low to be detectéd by the bacterial agglutination test. In fact,
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because the protective faptor was associated with the macro-

globulin serum fraction, Jénes'and coworkers proposed that early

fgM production was responsible for the protective effect. Bass

and McCoy (1971) also demonstrated that the protective ability of

a serum was directly related to’ifs*anti-Pseudomonas.antibody éontént.'
The results presented in this'study-show a direct relationship

between the antibody.content of a serum, and its -protective ability;
moreover, this antibody activity can be most easily and sensitively
measured by means of the passive hémagglutination test. -

There is some question as to the mechanism by which immune
serum exerts its protective effect and also és to which of the two
major immunoglobulin classes is the more important.in this;regard.
IgM globulin molecules have been reported to be more efficient,
on a molar basis, in ig_xiEEQ_tests such as opsonophagocytosis,
complement-dependeént bactericidal reactions, and agglutination-
type reactions (Pike and Chandler, 1969; ij?;son and Michael,
1970), and thus might be expécted to Béﬂmore\efficient in promoting’
the elimination of injected organisms by the reticulo-endothelial
system. However, at the samebtime, the IgGiah£ib0dies appear tq
be better gble to protect mice against expeﬁimental bacterial in-
fections (Dolby and Dolby, 1969; Bjornson and Michael,.]910);

- One explanation which has been offered for this anomaly is that
the sma]ler‘IgG‘molecules are able to diffuse more rapid]yfthén

IgM globulins, and thus enter the circulation much more quickly



to help counteract the spread of organisms from the infection site,
(Bjornson and Michael, 1970). Our results lend support to this
hypothesis, since they indicated that serum containing a high pro-
portion of 2-mercaptoethanol fesistant anfibody activity was more
effective in eliminating injectéd organisms than was serum taken
earlier in the response and containing mainly IgM antibody.

Laﬁdy and his coworkers (1965), working with Sa]mqnélla
enteritidis éntigens in rabbits, have reported that, whereas a
single-injection of antigen stimulated serum'antibody production, .

a hyperimmunizing series of injections was necessary to stimulate

an 1gG response. The data presented in this report also shows that

IgG antibodies make up a signifiéant portion of the antibody re-
sponse to the cell wall antigenic fraction (and’seemingly to the
other antigenic preparations as well) only late in the response
to the series of injections; recall injections, however, stimulated
a'much'more rapid rise in the IgG titer.

On the basis of the results obtained by Bjornson and Michael
(1970), and upon consideration of our data which suggests that,
for two of the four types of antisera at least, IgG globulins may
be more protective, it would appear that antigens capable of
stimulating the production of IgG antibody may be desirable fqr
further studies. All four of our antigenic fractions could thus

be considered to be useful antigens, since all were found to stimu-

late the production of both IgM and IgG antibodies in rabbit serum;.
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in addition, aI] four‘preparations’are relatively non-toxic for
experimental animals.

The cell wall fraction might be considered to be the most’
complete ‘antigen, rendering {t useful for ﬁomparafive purposes with -
the soluble antigenic preparations. In fact, immunodiffusion
analysis has indicated that there is at least one common antigen
in all of these preparatidnsl That this antigen may-be identifiable
with the heat-stable lipopolysaccharide fraction which coats .onto
sheep red blood célls 'is suggested by the ability of all four'anti-
serum types to react with this-antigen. [t is as yet unclear,

- though, whether or not this common aﬁtigen is protective, and also,
what, if any, is its relationship to the protective antigen of

Pseudomonas aeruginosa which can be isolated from the slime layers

(Alms and Bass;, 1967) .



10.

72

BIBLIOGRAPHY

. Adair,.F.W;, S.G: Geftic and.J. Gelzer. 1971. Resistance of

Pseudomonas to quateruary ammonium compounds. Appl.
Microbiol. 21: 1058-1063.

Alexander, J.W., W. Brown, H. Walker, A.D. Mason and J.A.
Moncrief. 1966. Protection studies done with various
fractions of Pseudomonas aeruginosa. Surg. Gynec.

Obstet. 123: 965-977.

Alms, T.H. -and J,A. Bass. 1967. Immunization against Pseudomonas
aeruginosa. I. Induction of .protection by an alcohol-
precipitated fraction from the slime layer. J. ‘Infect.

Dis. 177: 249-256.

Ayliffe, G.A.J., D.R. Barry, E.J.L. Lowbury, M.J. ‘Ropes and-
W.M. Walker. 1966. Postoperatlve infection with

Pseudomonas aeruginosa in an eye hospital. Lancet
11 1113-1117.

Baség'J.A; and J.C. McCoy. 1971. Passive immunization against
experimental Pseudomonas infections: correlation of
protection to Verder and Evans ''0'" serotypes. Infect.

Immun. 3: 51-58.

Benecerraf, B., ‘M.M. Sebestyen and S. Schlossman. 1959. A
quantitative study of the kinetics of blood clearance
of P32-1abelled Escherichia coli and staphylococci in
the reticuloendothelial system. J. Exp. Med. 110: 27-48.

Berk, R.S. 196L4. Partial purification of the extracellular
hemolysin of Pseudomonas aeruginosa. J. Bacteriol. 88:'599-565.

Bjornson, A.B. and J.G. Michael. 1970. Biological activities:
of rabbit immunoglobulin M and immunoglobulin G anti-
bodies to Pseudomonas aeruginosa. Infect. Immun. 2: 453-L61.

Bobo, R.A. and R.G. Eagon. 1968. Lipids of cell walls of
Pseudomonas aeruginosa and Brucella abortus. Can. J.
Microbiol. 14: 503-513.

Braun, A.C. and R.P. Elrod. 1941. A phytopathogenic bacterium
fatal to laboratory animals. Science 2&; 520-521.



12.

13.

14,

15.

16.

17.

18.

19

20.

21.

22.

23.

1.

73

4
Callahan, W.S., B. Beyerlein and J.D. Mull. 1964. Toxicity of
Pseudomonas aeruginosa slime. J. Bacteriol. 88: 805-806.

Campbell, D.H., J.S. Garvey, N.E. Cremer and D.H. Sussdorf. 1964,
Methods ' in Immunology. W.A. Benjamin, Inc., New York.

Carney, S.A.‘ahd R.J. Jones. 1968. Biological and immuno-
chemical properties of culture filtrates of virulent
and avirulent strains of Pseudomonas.aeruginosa.
Brit. J. Exp. Pathol. 69: 395-410.

Cetin, E.T., K. Toreci and 0. Ang. 1965. Encapsulated
Pseudomonas aeruginosa.(Pseudomonas aeruginosa mucosa)
strains. J. Bacteriol. 89: 1432-1433."

Clarke, K., G.W. Gray and D.A. Reaveley. 1967. The cell walls
of Pseudomonas aeruginosa. General composition. Biochem.

J. 105: 7L49-754.

Cohn, Z.A. and J.G. Hirsch. 1965. Phagocytic cells in
Dubos, R.J. and J.G. Hirsch, (editors). Bacterial and
Mycotic Infections of Man.' J.B. Lippincott Co.,
Montreal. pp. 215-237.- ‘

Davis, B.D., R. ﬁulbecco, H.N. Eisen, H.S. Ginsberg and W.B.
Wood. 1967. Microbiology. Hoeber Medical Division,
Harper & Row, New York.

de Fajardo, C.L. and H.F..Lébdrdé.f’1968. Pseudomonas vaccine.
I11. Evaluation of a polyvalent vaccine. J. Bacteriol.

95: 1968-1969.

 Diaz; F., L.L. Mosovich and E. Neter. 1970. Serogroups of -

Pseudomonas aeruginosa and the immune response of patients
with cystic fibrosis. J. Infect. Dis. 121: 269-274,

Doggett, R.G. 1969. Incidence of mucoid Pseudomonas aeruginosa
from clinical sources. Appl. Microbiol. 18: 936-937.

Dolby, J.M. and D.E. DOTby. 1969. The antibody activities of
19S and 7S fractions from rabbit antisera to Bordetella .
pertussis. Immunology 16: 737-747.

Emmanouilidou-Arseni, A. and |. Kommentaleou. "196k4. Viability
of Pseudomonas aeruginosa. J. Bacteriol.‘§13 1253.

Fahmey, A. 1967. An extratemporaneous lead citrate stain for
electron microscopy. In Arceneaux, C., ed., Proc. 25th
Ann. Meeting Electron Microscopy. Soc. Am: 148-149,



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

7h

Farmer, J.J., 1ll, and L.G. Herman. 1969. Epidemiological finger-
printing of Pseudomonas aeruginosa.by the production of
and sensitivity to.pyocin and bacteriophage. Appl.
Microbiol. 18: 760-765.

Fensom, A.H. -and G.W. Gray. 1969. The chemical composition of
the lipopolysaccharide of Pseudomonas aeruginosa. Bio-
chem. J. 114: 185-196.

Field, C., J.L. Allen and H. Friedmén. 1970. The immune re-
sponse of mice to Serratia marcescens LPS or intact
bacteria. J. Immunol. 105: 193-203.

Finland, M. 1970. Changing'eCOIOgy of bacterial infections
as related to antibacterial therapy. J. Infect. Dis."
122: 419-431.

Fisher, M.W., H.B. Devlin and'#,J. Gnabasik. 1969. New immuno-
type schema for Pseudomonas aeruginosa based on protective
antigens. J. Bacteriol. 938: 835-836.

Fukazawa, Y., T. Shinoda, T. Yamoda and T. Tsuchiya. 1970.
Antibody response to bacterial antigens. Characteristics
of antibody response to somatic antigens of Salmonella
typhimurium. Infect. 'Immun. 2: 309-315.

Gaines, S. and M. Landy. 1955. Prevalence of antibody to
Pseudomonas in normal human sera. J. Bacteriol. 69: 628-633.

Germanier, R. 1970. Immunity in experimental salmonellosis.
I. Protection induced by rough mutants of Salmonella
typhimurium. [Infect. Imm. 2: 309-315.

Hedberg, M. and J.K. Miller. 1969. Effectivenss of acetic
acid, betadine, amphyll, polymyxin B, coliston and
gentamycin against Pseudomonas aeruginosa. Appl.

Microbiol. l§5 854-855,

Huang, N.E.; E.L. van Loon and K.T. Sheng. 1961. The flora of
the respiratory tract of patients with CFd of the pancreas.
J. Pediat. 59: 512-521.

Hubert, E.G., C.S. Potter, T.J. Hensley, M. Cohen, G.M. Kalmanson,
and L.B. Guze. 1971. L-forms of Pseudomonas aeruginosa.
Infect. Immun. 4: 60-72.-




35.
36.
37.
38.
39.
Lo.

41.

42,
43.
L.

k5.

6.

Johnson, G.G., J.M. Morris and R.S. Berg. 1967. The extra—
cellular protease from Pseudomonas aeruginosa exhibit-

ing elastase-activity. Can. J. Microbiol. 123A7]]-7]9.

Jones, R.J. 1968. Protection against Pseudomonas aeruginosa
infection by. immunization with fractions of culture
filtrates of P. aeruginosa: Brit. J. Exp. Path.

69: h11-420.

Jones, R.J. - 1970. Passive immunization against Gram-negative
bacilli in burns. Brit. J. Exp. Pathol. 51: 53-58.

Jones, R.J. and E.J.L.‘Lowbury. 1965.. Susceptibility of man
to Pseudomonas aeruginosa. Lancet II: 623-625.

Jones, R.J., H.A. Lil]y'and E.J.L. Lowbury. 1971. Passive
protection of mice agalnst Pseudomonas aeruginosa by

serum from recently vaccinated mice. Brit. J. Exp.
Pathol. 52: 264-270.

Jordan, M.C., H.C. Standiford and W.M. Kirby. 1970. In
Symposium on Carbenicillin: A Clinical Profile.
J. Infect. Dis. 122: $96-S103.

Kefalides, N.A., J.A. Arana, A. Bazan, N. Velardi and S.M.
Rosenthal. 196L4. Evaluation of antibiotic prophyl-
axis and gamma globulin plasma albumin and saline
solution in therapy in sevére burns: bacteriologic
and immunologic studies. Ann. Surg. 159: 496-506.

Kellog, D.S:., Jr., E:M. Turner, C. Callaway, L. Lee and J.E.

Martin, Jr. 1971. Particulate fractions of Neisseria

gonorrheae. Infect. lmmun. 3: 624-632.

Kirby, W.M.M. 1970. (Chairfman). Symposium on Carbenicillin:
A Clinical Profile. J. Infect. Dis. 122: (supplement)
116 pp. '

- Klyhn, K.M. and R.H. Gorrill. 1967. Studies on the virulence

of hoéspital strains of Pseudomonas aeruglnosa J.
Gen. Microbiol. 47: 227 235,

Labordé, H.F. and C.L. de FaJardo. 1965. Pseudomonas vaccine.

{. Preparation and assay. J. Bacteriol. 90: 290-291.

Laborde, H.F. and C.L. de Fajardo. 1969. Obtention and assay
of rabbit antl—Pseudomonas serum. J. Bacteriol. 99:

992-995.

75



L7.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

76

Landy, M., R.P. Sanderson and A.L. Jackson. 1965. Humoral
and cellular aspects of the immune response to the somatic ’ )

antigen of Salmonella enteritidis. J. Exp. Med. 122:
483-504. '

Lindberg, R.B.; P.W. Curreri and B.A. Pruitte, Jr. 1970.
In Symposium on. Carbenicillin: A Clinical Profile.
J. Infect. Dis. 122: S34-S39.

Liu, P.V. 1964; Factors ' that influence the toxigenicity
of Pseudomonas aeruginosa. J. Bacteriol. 88: 1421-1427.

Liu, P.V., Y. Abe and J.L. Bates. 1961. The roles of various
fractions of Pseudomonas aeruginosa in its patho-
genesis. J. Infect. Dis. 108: 218-228.

Liu, P.V. and H.S. Hsieh. 1969. I[nhibition of protease
production of various bacteria by ammonium salts.
Its effect on toxin production and virulence.
J. Bacteriol. 99: 402-413.

Lowry, 0.H., N.J. Rosebrough, A.L. Farr and R.J. Randall.
1951. Protein measurement with the folin phenol
.reagent. J. Biol. Chem. 193: 265-275.

McGhee, J.R. and B.A. Freeman. 1970. Fractionation of
phenol extracts from Brucella suis: separation of
multiple biologically active components Infect.
Immun. 2: 244-249, '

Medearis, D.N., Jr., B.M. Cametta and E.C. Heath. 1968.
Cell wall composition and virulence in Escherichia’
coli. J. Exp. Med. 28: 399-h41k,

Meinke, G., J. Barum, B. Rosenberg and R. Berk. 1970. In VIVO
stud|es with partially purified protease (elastase)
from Pseudomonas aeruginosa. Infect. Immun. 2: 583-589.

Michaels, G.B: and R.G. Eagon. 1969. Chemical characterization
of endotoxic lipopolysaccharide from three strains of
Pseudomonas aeruginosa. Proc. Soc. Exp. Biol. Med.

131: 1346-1349.

Muschel, L.M., L.A. Ahl and M.W. Fisher. 1969. Sensitivity
of Pseudomonas aeruginosa to normal serum and to
polymyxin. J. Bacteriol. 98: L53-457.




58.

59.

60.
61,
62.

63.

6k.

65.

66.

67.

.68,

77

Nakamura, M., K.E. Jackson and W.R. Cross. 1970. Corrélation
between pathogenicity of Shigella, and intraperitoneal
survival in mice. Infect. Immun. 2: 570-573.

Neter, E., 0. Westphal, D. Luderitz, E.A. Gorzynski and E.E.
Eichenberger. - 1956. Studies of enterobacterial
lipopolysaccharides; - Effects of heat and chemicals
on erythrocyte-modifying, antigenic toxic and pyrogenic
properties. J. Immunol. 76: 377-385.

Nowotny, A. 1969. Basic Exercises in Immunochemistry.
Springer-Verlag, New York, Inc. pp. 10-13, 26-28.

Pease, D.C. 1964. Histological Techniques for Electron
Microscopy. 2nd ed., Academic Press, New York.

Pike, R.M. and M.L. Schulze. 196h. Production of 7S and 19S
antibodies to the somatic antigen .of Salmonella.

typhosa in rabbits. Proc. Soc. Exp. Biol. Med. 115:
29-033.

Pike, R.M. and C.H. Chandler. 1969. Agglutinating and
bactericidal properties of fractions of rabbit anti-
Vibrio cholera serum. J. Bacteriol. 98: 956-962.

Roantree, R.J. 1967. Salmonella 0 antigens and virulences -
Ann. Rev. Microbiol. 21: 443-466.

Rogers, S.W., H.E. Gilleland, Jr. and R.G. Eagon. 1969.
Characterization of a protein-lipopolysaccharide complex
released from the cell walls of Pseudomonas aeruginosa
by ethylene diamine tetraacetic acid. Can. J. Microbiol.

15: 743-748.

Rowley, D., I|. Auzins, and C.R. Jénkin. 1968. Furthef-studies
‘regarding thé question of cellular immunity in mouse
typhoid. Aust. J. Exp. .Biol. Med. Sci. 46: 447-463.

Schulkind, M.L. and P. Rabins. 1971.  Effect of purified
“ rabbit anti-Salmonella typhimurium antibodies on the
fate of intravenously injected bacteria. Infect.

Immun. 3: 154-158.

Schwarzmann, S. and J.R. Boring, Ill. 1971. Anti-phagocytic
effect of slime from a mucoid strain of Pseudomonas '
aeruginosa. Infect. Immun. 3: 762-767.



69.

70.

71.

72.

73.

7h.

75..

76.

77.

78.

79.

78

Silva, M.T., F.C. Gnerra and M.M. Magalhaes. 1968. The
fixative action of uranyl acetate in electron-
microscopy. Experentia 24: 1074."

Smith, C.B., J.N. Wilfert, P.E. Dans, T.A. Kurrus and M.
Finland: 1970.- In Symposium on Carbenicillin: A
Clinical Profile. J. Infect. Dis. 122: S15-525.

Smith, J.W,, J.A. Barnett and J.P. Sanford. 1970. Hetero-
geneity of immune response to the somatic (0) antigens
of Proteus mirabilis. J. lmmunol. 105: 404-410.

Suzuki, T., E.A. Gorzynski and E. Neter. 1964, Separation by
ethanol of common and somatic antigens of entéro-
bacteriaceae. J. Bacteriol. 88: 1240-1243.

Verder, E. and J. Evans. 1961. A proposed antigenic schema
for the identification of strains of Pseudomonas
aeruginosa. J. Infect. Dis. 109: 183-193.

Wahba, A.H. 1965. Hospital infection with Pseudomonas pyocyanea.
An investigation by combined pyocine and serological
typing methods. Brit. Med. J. 1: 86-89.

Wells, P.S. and H.S. Hsu. 1970. Interactions between macro-
phages ‘of guinea pigs and Salmonellae. |l. Phagocytosis
of Salmonella typhimurium by macrophages of normal
guinea pigs. Infect. Immun. 2: 145-149,

Whang, H.Y., H. Mayer and E. Neter. 1971. Differential effects
on immunogenicity and antigenicity of heat, freezing
and alkali. treatment of -bacterial antigens. J. Immunol.
106: 1552-1558.

Whitby, J.L. and D. Rowley. 1959. The role of macrophages
~ in the elimination of bacteria fromsthe mouse peritoneum.
Brit. J. Exp. Pathol. L40: 358-370.

Wormald, P.J. 1970. The effect of a changed environment on
bacterial colonization rates in an established burns
center. J. Hyg., Camb. 68: 633-645.

Yee, R.B. and C.L. Buffenmeyer. 1970. Infection of cultured
mouse macrophages with Shigella flexneri. Infect.

fmmunol. 1: 459-463.




79

80. Yoshida, K. and R.D. Ekstedt.. 1968. Antibody response to
Staphylococcus aureus in rabbits; Sequence of immuno-
globulin synthesis and its correlation with passive
protection in mice. J. Bacteriol. 96: 1540-1545,

81. Young, L.S., B.H. Yu and D. Armstrong. - 1970. Agar-gel
precipitating antibody.in Pseudomonas aeruginosa
infections. Infect. Immun. 2: L95-503.




