
ABSTRACT

IMMUNOLOGIC RESPONSES OF RABBITS TO

MYCOBACTERIUM BOVIS; CHEMICAL, ELECTROPHORETIC AND

ANTIGENIC ANALYSES OF BACILLARY EXTRACTS

by Gary F. Dardas

Antibody production was studied in experimental models

designed to simulate (a) active tuberculosis, (b) closed

tuberculosis with tuberculoimmunity and tuberculin hyper-

sensitivity, (c) no tuberculosis with tuberculoimmunity and

tuberculin sensitivity, and (d) no tuberculosis with tuber—

culoimmunity and reduced tuberculin sensitivity. Passive

hemagglutination and bacterial agglutination tests were used

for antibody determinations.

Rabbits infected with virulent fl, bgygg (strain 310)

(a) produced negligible amounts of antibody. The antibody

response of rabbits infected with attenuated.fl, boyig

(strain BCG)(b) was comparable to that elicited by killed

cells. Antibody elicited by injections of heat or acetone-

killed cells was greater than was elicited by inoculation

with betapropriolactone-killed cells (c) or when subsequent-

ly extracted with methanol and acetone (d).

A sequential production of mercaptoethanol-sensitive

followed by mercaptoethanol-resistant antibody was detected
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in all rabbits regardless of the antigen preparation.

Mercaptoethanol-sensitive and resistant antibody was detected

in sera from most rabbits for the duration of the experi-

mental period, up to 25 weeks.

Skin testing with PPD-S 14 weeks post-inoculation stimu-

lated antibody production in approximately 50% of the rabbits

tested. Both the absolute and relative amounts of the two

types of antibody produced were changed as a result of skin

testing. Extraction of betapropiolactone-killed cells of

g, bovis with methanol and acetone considerably reduced their

ability to sensitize rabbits to tuberculin (d).

The antigenic and chemical composition of ultrasonic

extracts of viable cells of g, bgyig varied with the length

of incubation of the cells, prior to insonation, and the

intensity of insonation used for extraction. Disc electro-

phoresis effectively separated the greatest number (24) of

constituents in ultrasonic extracts. Both carbohydrate and

protein components were detected using disc electrophoresis.

Antigens were detected in ultrasonic extracts by Ouchterlony

immunodiffusion and immunoelectrophoresis. Ultrasonic ex-

tracts of cells from two and one-half month-old cultures

contained 20-22 separate antigen-antibody systems detected

by immunoelectrophoresis.

Chemical extraction of viable cells with Triton X-100,

sodium desoxycholate, urea, guanidine and phOSphate buffer
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containing ethyl ether yielded antigen preparations of

varying complexity. From 4-15 components were detected in

chemical bacillary extracts by disc electrophoresis. The

number of antigens detected by Ouchterlony immunodiffusion

was usually less than was detected by immunoelectrophoresis.
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INTRODUCTION

Tuberculosis is the single major bacterial disease for

which serologic procedures fail to yield reliable informa-

tion of diagnostic or prognostic significance. Isolation

and identification of the causative agent is troublesome and

time consuming but remains the only reliable proof of active

disease. The tuberculin test fails to differentiate between

infection and disease but serves as a major tool in the

detection of tuberculosis.

Understanding of the role of atypical mycobacteria in

infection and heterologous sensitization to tuberculin

necessitates the use of more specific mycobacterial sensitins

for skin testing (159,227,112).

Very few investigations have been concerned with the

fundamental properties of the antibody response elicited by

mycobacterial antigens. Only recently have such studies been

undertaken (40,42,156). A better understanding of the anti-

body response to tuberculosis may eventually lead to the

development of meaningful serological procedures useful in

diagnosis.

The antigenic composition of different mycobacteria is

largely unknown deSpite much investigation. Mycobacterial

preparations currently available for skin tests, including



“purified protein derivatives" (PPD), are crude and anti-

genically complex mixtures. A need exists for specific

antigens and sensitins from the classical and atypical myco-

bacteria which are of pathogenic and epidemiologic signifi-

cance.

This is a report of studies of antibody production and

induction of hypersensitivity in rabbits to constituents of

M. bovis. Passive hemagglutination and bacterial agglutina-

tion were used to detect antibodies produced in rabbits ino-

culation with virulent, attenuated, or killed M, bovis.

Disc electrophoresis, Ouchterlony immunodiffusion and immuno-

electrophoresis were used to study the chemical and antigenic

composition of bacillary extracts of viable cells of M, bovis

prepared by ultrasonic disruption or chemical treatment.



HICTORICAL REVIEW

The need for a reliable diagnostic test for tubercu-

losis still exists. A prime objective of such a test would

be to differentiate between infection and disease and be-

tween active and closed cases of the disease if it existed.

Despite much investigation, no such test or combination of

tests have been found. The tuberculin test is the most

widely used test for the detection of tuberculosis. This

test also fails to distinguish between infection and disease,

or between present and past infections. Furthermore, it

does not indicate conclusively which species of mycobacteria

has induced sensitivity. The tuberculin reaction has been

reviewed as to the specific and nonspecific immunologic

factors involved (6,157); the general mechanisms (122) and

epidemiologic significance (54). It is an area of consider-

able research activity today but fundamental knowledge is

meager.

Sensitization by many of the well-defined mycobacterial

Species as well as the anonymous (unclassified, atypical)

mycobacteria has been well documented. This imposes many

complications on diagnosis and epidemiology (54,158,112,159,

227,226). The need exists for skin test preparations

(sensitins) with which the causative agent of sensitization,

with or without disease, can be determined more reliably.



Antibodies with specificities for various antigenic

constituents of mycobacteria may be present in sera from

infected individuals. A number of serologic tests for the

detection of antibody in serum from tuberculous individuals

have been used. These tests include agglutination, passive

hemagglutination, passive hemolysis, precipitation and

complement fixation reactions and many modifications.

Middlebrook and Dubos deve10ped a passive hemagglutination

test with which antibodies specific for tuberculopolysaccharide

can be detected (117). Many modifications and conflicting

results on the reliability of the test have been reported

(157,174,98,180,147,195,70,160.88). Treatment of erythro-

cytes with tannic acid (19) decreases their adsorption of

polysaccharides and increases the adsorbtion of protein.

It has been used to detect tuberculoprotein-specific anti-

bodies (20,195). Protein antigens can be coupled to formalin-

ized erythrocytes with bis-diazotized benzidine (50) and has

been used to detect tuberculoprotein-specific antibodies

(28,29). Turcotte and co-workers used the bis-diagotized

modification to examine serums from tuberculous individuals

(205,204,64). Serum to be tested was fractionated by chroma-

tography on DEAE-cellulose or treated with mercaptoethanol

to destroy the activity of macroglobulin antibody, IgM.

The results obtained suggested that only the presence of 7 8

antibody, IgG, was indicative of active disease.



Tuberculophosphatides have been adsorbed to kaolin

particles to detect antibodies specific for the phosphatide

fractions (196,195,194,195). The specific agglutination of

the tuberculophosphatide-kaolin particles are independent

of specific reactions with tuberculoprotein or tuberculo-

polysaccharide (196) . The kaolin-phosphatide test was of no

value in detecting disease or differentiating causative agents

in calves inoculated with different mycobacteria, and phos—

phatides extracted from the different mycobacteria did not

improve the test (155).

Takahashi and his associates described the occurrence

of antibodies of more specificities in patients with tubercu-

losis, antiprotein, polysaccharide and phOSphatide (192).

The sequence of production and the titers obtained of

antiphOSphatide antibody most faithfully reflected the degree

of development of the infection (192). Anti-protein and

anti-polysaccharide antibody was produced for long periods

without regard to the virulence of the infecting organism.

There was no apparent relationship between the occurrence

of antibodies and the presence of delayed type hypersensitiv-

ity to mycobacterial constituents (192).

A combination of an immediate-type reaction and pre-

cipitins (agar double diffusion test) has been used for the

diagnosis of active pulmonary tuberculosis. The antigens

used for both of these tests were either crude extracts or

chromatographic fractions of extracts of mechanically dis-

rupted mycobacteria (71,72,75).



A double diffusion test was developed (152,155,154,155),

which clinical evaluation indicates is a diagnostic aid

(2,119,67,200,108).

Our knowledge of many fundamental properties of anti-

bodies and the immune response has been greatly expanded dur-

ing the past decade. The development of refined techniques

for biochemical analyses has facilitated investigations of

the physical and chemical properties of immunoglobulins

(62). Stelos (184,185,186) detected two molecular sizes of

antibody elicited in rabbits by injections of ovine or bovine

erythrocytes. The different molecular species of antibody

had differences in their serological activity. The production

of at least two different molecular species of antibodies

by rabbits was confirmed and extended (11,12,15,15). There

was a sequential production of the two different antibodies.

The high molecular weight antibody with a sedimentation con-

stant of approximately 19 S (macroglobulin, gammal, IgM) was

produced first and subsequently, a lower molecular weight

antibody (gammag-globulin, IgG) with a sedimentation constant

of approximately 7 S (gammag-IgG). Human serum macroglobu-

lins were sensitive to reductive cleavage by mercaptoethanol

(50) and the reduction was used to distinguish between the

immunoglobulins. Reductive cleavage by mercaptoethanol and

fractionation of serum proteins has aided in determining the

temporal sequence of the kinds of immunoglobulins elicited by

a variety of antigenijldifferent species of animals (25,205,

208.158.206.17.211,121).



When viral antigens were injected into rabbits, the IgM

was first detected four-five hours after a single intra-

venous injection of virus; IgG was detected one-two days

after antigen injection (189,190,191). The rate of formation,

amount and persistence of antibody were antigen-dose depend—

ent. Prolonged production of IgG and transient responses of

only IgM were produced. Approximately 50 times more antigen

was required to induce production of IgG than to induce

production of IgM. Gamma M and gamma G antibody responses

differed in four fundamental properties; (1) the amount of

antigen required for induction and maintenance of antibody

synthesis, (2) the kinetics of antibody synthesis, (5) specific

anamnestic reSponse, and (4) in sensitivity to irradiation.

There have been extensive studies on the effect of

route of injection and dosage of antigen upon the gross

properties of the antibody response (100,156,207,140,189,190,

191,210); variations in antibody response to soluble or

particulate antigens (120,202,155); and variations in the

electrophoretic mobility of the immunoglobulins involved

(218,125,202,142).

' Results of recent investigations using sensitive methods

for antibody detection have indicated that IgG and IgM may

be synthesized simultaneously and not sequentially as had

been previously observed (210,162,5,65). There is evidence

that specific agglutination reactions may be more sensitive

for the detection of IgM than for IgG (15,76,16,210) and



that differences exist between the binding constants of IgG

and IgM (125,75). The IgM is reportedly 750 times more

efficient than IgG on a molar basis as hemolysins or hemag-

glutinins (75); 60-180 times as hemolysins and hemagglutinins

using an anti-azobenzenearsonate antibody system (125); 22

times as bacterial agglutinins, 120 times more potent in

sensitizing bacteria for complement lysis and 500-1000 times

more efficient as an opsonin (152). The production of IgM

and IgG may be independent responses and, depending on the

nature of the antigens, the amount of antigen and the ino-

culation schedule of the antigen, the two antibody types may

be synthesized simultaneously or sequentially (210).

There have been few studies on the kind of antibodies

elicited by the mycobacteria which cause natural or experi-

mental disease. Chronicity and the inconsistency of anti-

body production of relationship to diagnosis or prognosis

is well-established. The mechanism of enhanced resistance

to tuberculosis in vaccinated individuals inoculated with

BDG (Bacillus of Calmette-Geurin; attenuated, viable M, ngis)

has been and continues to be of.major academic and prac-

tical importance. Theories have been proposed but to date

none are universally accepted (52,144,22,172,146,51). The

role of antibodies is controversial. Seibert (172) proposed

a complex and changing balance in the host of tuberculopoly-

saccharides, antibodies and lysozyme (171,172). Generally,

viable cells are necessary to induce tuberculoimmunity.



Delayed sensitivity is also induced. Its role is unknown.

Skin testing has, however, been reputed to stimulate in-

creased antibody production (111,155,174).

The rabbit antibody responses to mycobacteria do not

seem to differ significantly from the responses to other

particulate antigens (40,41,42,45,156,45).

Results from very recent studies with mycobacterial

antigens indicate that the route of inoculation, antigen

concentration and use of adjuvants influence the nature of

the antibody response (40,45). Both IgM and IgG have elicited

in rabbits by viable BCG. The detection of IgG was more indi-

cative of active disease in rabbits than detection of IgM

but was not consistent with active disease in humans (45).

Parlett and Chu (156) detected antibody production earlier

with antigens in cell extracts and culture filtrates than to

viable cell suspensions. They suggested that the availabil-

ity of antigen or the relative dosage received was respons-

ible. The present difficulty experienced in interpreting the

results of serological tests may be due to our lack of knowl-

edge of temporal patterns of antibody production in infected

tuberculous individuals (156).

Immunogenic and Allergenic Constituents

Q§_Mycobacteria

The basis of tuberculoimmunity (enhanced resistance to

tuberculosis) is unknown. The relationship between tubercu-

lin hypersensitivity and antibody production in tuberculosis
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is controversial. Mycobacterial components can be antigenic

(stimulate antibody production), allergenic (induce hyper-

sensitivity), and immunogenic, although these conditions do

not necessarily coexist.

Suspensions of particulate material from mycobacteria

have been shown to induce delayed type hypersensitivity and

induce enhanced resistance in experimental animals to viru-

lent organisms. Ribi and co-workers studied cell wall and

cytoplasmic fractions from mechanically disrupted cells of

various species of mycobacteria (150,99,151). Cell wall

constituents induced delayed type hypersensitivity and caused

dermal lesions in normal rabbits (150,99). Protoplasmic

fractions failed to cause dermal lesions or to induce de—

layed hypersensitivity. A delayed hypersensitivity reaction

was elicited by protoplasmic fractions when injected intra-

dermally into rabbits which had previously been sensitized

with intact cells or a cell wall fraction.

A cell wall constituent other than "wax D" was responsi-

ble for eliciting hypersensitivity (99). This factor con-

sisted of a firmly bound lipid and a peptide composed of

alanine, glutamic acid and diaminopamilic acid. The specifi-

city of the delayed hypersensitivity reaction provoked in

sensitive animals by intradermal injections of cell walls or

protoplasm differed significantly. Cell wall preparations

from different species of mycobacteria elicited reactions in

animals sensitized with heterologous species. In contrast,
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delayed reactions using protoplasmic fractions were greater

in intensity with animals sensitized with the homologous

species. Cell walls from a variety of mycobacterial species

contained closely related constituents whereas protoplasmic

fractions contained more species or strain-specific con-

stituents.

Mice immunized with a killed vaccine consisting of cells

mechanically disrupted in mineral oil were as resistent to

virulent organisms as mice which had been vaccinated with the

Bacillus of Calmette-Geurin (ECG). The potency of this

vaccine was correlated with the presence of cellwall frac-

tions from the disrupted cells. Only oil disruption products

from either ECG or M, tuberculosis (H57Ra) were immunogenic.

Cell walls from several strains of atypical mycobacteria

and ECG had a common factor which was correlated with the

protective potency and virulence of the organism.

Cell wall preparations from various mycobacteria have

been shown to induce enhanced resistance to infection with

other species and genera of bacteria (59,60,61). Myco-

bacterial cell walls extracted with 20% urea yielded a re—

sistance-enhancing factor which represented 15% of the dry

weight of the cell wall (61). The extract was chemically

complex and consisted of protein, carbohydrate, lipid and

nucleic acid. It was not antigenic and when injected into

experimental animals, induced resistence against a variety

of viral and bacterial agents (60).
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Enhanced resistance was induced in animals inoculated

with either whole cells or chemical fractions from various

mycobacteria (215). Vaccination of mice with live or in-

activated acetone, methanol, NaOH-extracted BCG induced

resistance to subsequent infections with virulent staphys

lococci (51). Methanol extracts from live or killed BCG

induced enhanced resistance in mice to subsequent infection

with either Staphylococcus aureus or M, fortuitum. Moreover,

if methanol extracts of BCG or the residue fraction from

methanol extracts were injected simultaneously or shortly

after injection of mice with Staphylococcus aureus or

M, fortuitum, their mean survival time was shortened (161).

Enhanced resistance was attributed to a polysaccharide

present in the methanol extract and was described as being

broadly specific rather than nonspecific (217). Weiss and

co-workers (212,215) found that methanol-soluble fractions

from BCG had little protective effect whereas vaccination

with phenol killed cells extracted with chloroform, methyl-

chlorobenzene or methanol provided enhanced resistance (215).

A highly immunogenic particulate fraction was isolated

from the cytoplasm of mechanically, chemically, or enzy-

matically disrupted mycobacteria (225). Neither soluble

cytoplasmic constituents nor the intracellular particulate

fraction from disrupted organisms induced hypersensitivity

in normal animals although both provoked delayed hypersensi-

tivity reactions in animals which had been previously sensi-

tized with cell walls. Ribosomes obtained from young cells



15

by extraction with sodium dodocyl sulfate were immunogenic

and resembled the intracellular particulate fractions.

The immunogenecity of this preparation was destroyed by

treatment with RNAase.

Crowle (51) reviewed the subject of immunizing constit-

uents from mycobacteria. Of the many chemical fractions

of tubercle bacilli tested for immunogenecity, the lipid

components were thought to be most active. "Antigen

methyleque" obtained from acetone washed, autoclaved, air-

dried cells, increased reSistance in animals to virulent

organisms. Bacillary extracts containing "antigen methyleque"

are antigenic and contain tuberculophosphatide in relatively

pure form although other lipid and nitrogenous components

have been detected (51). Tuberculophosphatide is the single,

chemically defined mycobacterial constituent which has been

shown to be immunogenic. The wax fractions from tubercle

bacilli do not appear to be immunogenic although wax B has

not been thoroughly investigated (51). Water soluble cell-

free extracts from acetone washed, trypsin digested M, EEQEEP

culosis were studied for their immunogenicity (55,54,55,56).

Immunization with the trypsin extract was as effective as

with whole bacilli (55). The level of resistance was great-

est when the homologous strain or Species was used to chal—

lenge the immunity of the animals. Immunization of mice or

guinea pigs with the trypsin extract did not induce hyper-

sensitivity to tuberculin, did not elicit antibody formation
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and did not precipitate with antiserum (56). Chemical

analyses of the extract indicated the active component was

carbohydrate and was normally present in the cell wall (57).

A major disadvantage of vaccination with mycobacteria

or products derived from mycobacteria is the possibility of

inducing delayed type hypersensitivity which eliminates

the use of skin tests for the detection of tuberculosis.

Protein-lipid complexes may be responsible for both immuno-

genicity and allergenicity (214). Components responsible

for these two possibly related phenomenon have not been

chemically separated (175). Extraction of mycobacteria with

neutral solvents have been reported on the one hand to in-

crease their immunogenicity, and on the other hand not to

increase their immunogenicity (65). Progressive removal of

the lipid components from mycobacteria was found to decrease

both the immunogenicity and allergenicity of defatted organ-

isms (65). Lipopolysaccharide fractions from paraffin oil

extracts of killed cells did not induce a Significant level

of resistance in mice to virulent organisms (154).

Raffel (145) demonstrated that neither tuberculo-protein

nor wax constituents alone were capable of eliciting hyper-

sensitivity but that a combination of the two constituents

was necessary. The protein-containing wax fractions would

induce hypersensitivity to several materials including oval-

bumin and picryl chloride. Tuberculopolysaccharides either

alone or with other bacillary components were not immunogenic.
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Hypersensitivity was induced in guinea pigs with tuberculo-

protein but resistance was not enhanced. Raffel concluded

that acquired resistance and delayed sensitivity could not

be attributed to any chemically pure substance of the

tubercle bacillus.

Guinea pigs inoculated with crude protein-containing

fractions from borate buffer extracts of mechanically dis-

rupted cells did not have increased resistance although they

developed hypersensitivity to tuberculin and produced anti-

body specific for tuberculoprotein (51).

Freund and Stone (66) isolated a component from M, Egbegf

culosis which was responsible for the adjuvant effect and

designated it wax D. White and Marshall (216) reported that

either wax D or a cell wall fraction consisting of firmly

bound lipids and a peptide containing glutamic acid, alanine

and diaminopamilic acid was necessary for the development

of hypersensitivity.

A basic failure of much of the research on immuno~

genicity and allergenicity of fractions of mycobacteria is

that these fractions have not been chemically defined and

purified. In order for immunogenicity, antigenicity and

allergenicity to be fully understood, more purified com-

ponents from mycobacteria must be used. Procedures for

evaluating immunogenicity must be standardized.
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Antigens of Mycobacteria

The chemical composition of mycobacteria has been re-

viewed by a number of authors (168,5,185). Despite much

investigation, the chemical and antigenic nature of myco—

bacterial constituents are poorly understood. A character-

istic of mycobacteria is the high percentage of lipid, up to

40% of the dry weight of the cell (7). Lipids may be re-

sponsible for many of the biological and chemical prOpertieS

of the mycobacteria including immunologic adjuvant activity,

induction of antibody formation, induction of delayed hyper—

sensitivity, acid-fastness, their hydrophobic nature and

possibly virulence (7). Although the polysaccharide com-

ponents of mycobacteria are diverse and chemical complex,

there is little or no evidence that strain-Specific poly-

saccharides exist (181). Crowle (51) noted that tubercle

bacilli contain at least nine different proteins, at least

two distinct polysaccharides, three different lipids and a

variety of yet undetermined constituents.

Cell walls from certain Species of Mycobacterium,

Nocardia and Corynebacterium have been found to be similar

in chemical composition suggesting that these three genera

are closely related taxonomically (58,59). The principle

components detected were galactose, arabanose, hexosamine,

glucose, alanine, glutamic acid and diaminopamilic acid.

Tuberculopolysaccharide antigens have been found within

the cell wall (59). Meynell (116) suggested that the outer-

most superficial layers consisted of polysaccharide while



17

those more deeply Situated in the cell envelope were protein.

From defatted mechanically disrupted cells, three anti—

genic components were isolated by salt fractionation from

aqueous extracts and two were isolated by extraction of the

cell debris with neutral salts (114,115). Three different

antigenic proteins were obtained from frozen or vacuum dried

mycobacteria by extraction with acetone and alkaline solu-

tions of different pH (114). The components responsible for

the specificity of mycobacteria resided in the protein con-

stituents of the cells rather than in the carbohydrates.

A protein fraction was obtained from live tubercle bacil—

li by extraction with solid urea for several days at 57°C

(87). The antigenic fraction was 95% homogenous as determined

by electrophoresis, yielded positive complement fixation

reactions with serums from tuberculous patients, and elicited

hypersensitivity reactions in sensitized individuals. A poly-

saccharide component was extracted from the moist, steam-

killed tubercle bacilli by extraction with solid urea (182).

The extract had a single electrophoretic component and

reacted.ig_vitro with sera from tuberculous patients.

A single antigenic protein fraction was extracted with urea

which had an electrophoretic mobility Similar to the C protein

isolated from culture filtrates (196). It was more potent

than C protein in eliciting skin reactions in sensitized

animals. The fraction was pyrogenic but not immunogenic.

Injections of the urea extract in the normal guinea pigs in-

duced delayed hypersensitivity to tuberculin. An interesting
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property of the urea extract was the ability to inhibit the

ig.yi££g migration of polymorphonuclear neutrophils from

tuberculous guinea pigs (196). Analyses of urea extracts by

immunodiffusion detected two or more precipitinogens (170).

Serologic relationships among mycobacteria and related

genera were studied using chemical fractions from intact or

disintegrated cells (95,96,97). Three serologic groups of

mycobacteria were distinguished with the chemical extracts

from the disrupted cells; Group I--Mycobacte;ium bovis,

M, fortuitum, M, avium; Group II--atypical mycobacteria,

and Group III--saprophytic mycobacteria. Seventy-two chemi—

cal fractions from several mycobacteria, actinomycetes and

streptococci were compared with antisera (95). Antigens ob-

tained from the cytoplasmic fractions of the mechanically

disrupted cells of the different groups were related and

cross reacted among various members. However, polysaccharide

antigens from the cell walls of the different organisms

possessed some degree of specificity. Among the myco-

bacteria there were a large number of cross reactions among

the polysaccharides from the cell walls. Two explanations

for the lack of serologic Specificity among the mycobacteria

were offered: (1) the specific components could not be

separated from the nonSpecific or cross reacting materials,

or (2) the specific components, if present, were too low in

concentration to stimulate antibody production.
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Attempts to isolate pure, undenatured specific antigens

from bacillary extracts of tubercle bacilli are not new (77).

Bacillary extracts were chosen for antigen preparations in

preference to concentrated culture filtrate because of the

various stages of degradation in the culture filtrate pro—

teins. Therefore, more homogenous antigen preparations

could be obtained from whole extracts. Mechanically disrupted

mycobacteria were extracted with borate buffer and phosphate

buffer containing ether (80,81). Both removed the same cell

constituents but in different proportions. Phosphate buffer

extracts contained nucleic acid and less protein and carbo-

hydrate than the borate buffer extract. Extracts of young

cells had more tuberculin activity than extracts of cells

from old cultures.

Antigens obtained from mycobacteria by aqueous and

saline extractions of intact viable cells were more Specific

(than those in O.T. (97,98,99). Mycobacterium tuberculosis

and M, bovis were closely related antigenically. There was

considerable cross reactivity among the different Species of

mycobacteria. It was suggested that antigens were stratified

in the cell with cross reacting polysaccharide antigens lo-

cated in the outermost surface of the cell. Antigens with

more strain Specificity were located deeper within the cell

and were only removed by subsequent extractions. Serologic

Specificity was attributed to the protein moiety of carbo-

hydrate-protein complexes. The aqueous extracts contained

precipitinogens.
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Glenchur and his associates examined bacillary extracts

to find a tuberculospecific antigen for serodiagnostic tests

(71,72,75). Chemical and antigenic differences between bacil-

lary extracts and PPD were found using chromatography on ion

exchange resins and gel filtration. Bacillary extracts were

more complex chemically than PPD and contained several addi-

tional components. Stepwise elution of proteins from DEAE-

cellulose with phosphate buffers yielded seven separate protein-

containing fractions from bacillary extracts and only three

fractions from PPD. Fractions from ion exchange chroma-

tography were tested for their ability to elicit delayed hyper-

sensitivity reactions in sensitized animals. A fraction from

bacillary extracts was chosen for testing sera from tuber-

culous humans. A total of seven precipitating antigen-antibody

systems were detected in the bacillary extracts. Pepys and

c0dworkers (158) found antigenic differences between bacillary

extracts and culture filtrates of different mycobacteria.

Antibody elicited in experimental animals by inoculation with

products of the tubercle bacilli were specific for poly-

saccharide but not protein. They suggested that the so-called

chemical impurities in tuberculin may actually be responsible

for potentiating the tuberculin reaction. Tissues used for

the Schultz-Dale test were reciprocally desensitized with

culture filtrate antigens or lipopolysaccharide extracts

from homologous mycobacterial cells.

Culture filtrates obtained from mycobacteria after dif-

ferent growth periods and bacillary extracts prepared by
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mechanical disruption of mycobacterial cells in a pressure

cell were compared (25). The antigenic composition of

bacillary extracts from a single species remained constant

regardless of the age of the culture from which the cells

were obtained. More variation in the antigenic content was

observed with culture filtrates of different ages. Thus,

bacillary extracts were again reportedly superior to culture

filtrates for analyses of the antigen constituents of dif-

ferent strains and Species of mycobacteria.

Precipitinogens in chemical fractions from mechanically

disrupted cells were examined chemically. A polysaccharide

preparation contained two distinct precipitinogens, a lipid

fraction contained only one. In a similar study, bacillary

extracts prepared from meChanically disintegrated cells con-

tained more than six distinct precipitinogens (78). Yamaguchi

(219) isolated protein, carbohydrate and lipid fractions

from both culture filtrates and bacillary extracts. Poly-

saccharide antigens were precipitated in two discrete zones

in immunodiffusion reactions. Lipid and protein antigens

were difficult to detect. The protein fractions from bacil-

lary extracts and the culture filtrates were different.

Bacillary extracts from sonic disruption of tubercle

bacilli with glass powder were fractionated with ion exchange

chromatography on DEAE-cellulose (84,85,86,228). Five major

antigen-containing peaks were obtained. Ion exchange chroma-

tography separated protein components from the nucleic acid
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and carbohydrate components of the extract. Three protein-

containing fractions elicited skin reactions in sensitized

animals equal to protein fractions from homologous culture

filtrates. The tuberculin activity was associated with the

tuberculOprotein which was retained even if the tuberculo-

proteins were denatured.

Few attempts have been made to obtain antigen-containing

bacillary extracts from mycobacteria using ultrasonic dis-

ruption. Serologically active antigens were obtained by

this method which were reportedly not chemically or anti-

genically altered by this extraction procedure (201,187,18).

Soluble and particulate fractions from BCG contained 61.1%

lipids, 21.2% reducing substances, 5% total nitrogen and

0.56% phosphorus (95,94). The principle chemical components

were arabinose, galactose, hexosamine, alanine, glutamic

acid and diaminopimilic acid. Cell walls induced delayed

hypersensitivity. Cell wall and intracellular particulate

fractions were most antigenic but many cross reactions

occurred.

Disc electrophoresis of ultrasonic extracts detected 10

or more discrete components of which four were considered

to be of major taxonomic importance (48,49). Several disc

bands were capable of provoking delayed type hypersensitivity

reactions in sensitized animals without eliciting antibody

production. The skin activity was associated with polysac-

charide-protein complexes. Three disc components were
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detected in extracts which were common to a number of repre-

sentative strains of atypical mycobacteria.

Tuberculin-active peptides have been isolated from

mycobacteria by precipitation with picric acid (177,178).

The peptide preparation did not induce delayed hypersensi-

tivity but provoked delayed reactions in sensitized guinea

pigs. Culture filtrates have been used as a major source of

mycobacterial antigens. Seibert and co-workers developed

methods for obtaining and standardizing a purified protein

derivative (PPD) to be used as tuberculin (165,164,165,167).

From these classical studies the international standard for

PPD, PPD-S, was developed. Using an alcohol fractionation

procedure, Seibert separated PPD into three protein contain-

ing fractions, designated A, B, and C and two polysaccharide

fractions, I and II. Analyses of these fractions proved

that they were chemically complex (107,166,21,1).

Culture filtrates were fractionated by dialysis and

molecular exclusion chromatography (8). Thirteen distinct

precipitating antigen antibody systems were detected in a

nondialyzable fraction from culture filtrates of BCG (8).

Both nondialyzable and dialyzable fractions had tuberculin

activity in sensitized animals. The different components

varied in their chemical composition, sedimentation constants

and electrOphoretic mobility. Tuberculin activity was

associated with precipitating antigens and carbohydrate was

also found to play a role in the delayed type reaction (26,27).
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Identical or closely related antigenic determinants were

shared by molecules of different sizes.

Yoneda and co-workers employed several different pro-

cedures to fractionate culture filtrates from a virulent

strain of M, tuberculosis (221,222,68,69). Salt fraction-

ation with ammonium sulfate separated tuberculoproteins into

three fractions: 0-50% (NH4)ZSO4-insoluble fraction; 50-50%

(NH4)ZSO4-insoluble fraction and 50-80% (NH4)ZSO4-insoluble

fraction. Starch block electrophoresis of these fractions

yielded four apparently homogenous protein components.

Ultracentrifugation and antigenic analyses by immunodiffusion

indicated that these fractions were not homogenous. Ion ex—

change chromatography on DEAE-cellulose improved the purity

of several fractions and freed them from contaminating nucleic

acids and carbohydrates. Two major protein fractions, desig-

nated alpha and beta antigens, comprised approximately 70%

of the total protein released by cells into the culture

medium. Alpha and beta antigens were shown to be type speci—

fic, heat labile, protein antigens representing a major

portion of the protein complement of the cell. Both antigens

could be removed from the cell surface without apparent

damage to the cell. Ouchterlony immunodiffusion was used to

determine the distribution of the alpha and beta antigens in

culture filtrates from 120 strains in mycobacteria (69).

Four serologic groups were established on the presence or

absence of one or both of the antigens.
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Twelve fractions were separated from culture filtrates

of four strains of Mycobacterium tuberculosis by ion ex-

change chromatography on DEAE-cellulose (91,92). Antigenic

analyses by Ouchterlony immunodiffusion indicated that no

fractions were antigenically pure. As many as eight discrete

antigen-antibody systems was detected in a Single fraction.

Twenty distinct antigen-antibody systems were detected in

the fractions from culture filtrates from a single organism.

Twenty percent of the antigens were reported to be strain

specific and of potential diagnostic significance.

A tuberculoprotein fraction from culture filtrates was

separated into four components by column chromatography on

DEAE—cellulose and into three fractions by paper electro-

phoresis (148,149). These fractions differed significantly

in their ability to provoke delayed type hypersensitivity

reactions in sensitized animals. Ion exchange chromatog-

raphy on carboxymethyl cellulose did not provide adequate

separation of antigens from unheated culture filtrates (101).

However, optimal conditions of pH and ionicity of the eluting

buffers may not have been used. Various other electrophoretic

and chromatographic procedures have been used for the separa-

tion and purification of individual components of culture

filtrates of M, tuberculosis, M, bovis, and other myco-

bacteria (148).

Antigens from culture filtrates have been used to study

the antigenic relationships among different strains and



26

Species of mycobacteria (151,152,156,222,188,101,102,105,

104). The results of these studies have contributed greatly

to our understanding of the antigens of mycobacteria and

have supported the idea that different mycobacteria may con-

tain specific antigens. Dardas (44) found that the number

of antigenic components in culture filtrates from M, ngis

was dependent upon the age of the culture from which the fil-

trate was obtained.

Disc electrophoresis is a relatively new method which has

been used for the separation of mycobacterial components on

the basis of electrophoretic mobility and molecular size

(128). Affronti (1) found up to 19 components in various

fractions. Roszman (156) separated 18 to 24 protein compon-

ents and 5 to 8 polysaccharides in unheated culture filtrates

from M, nglg, M, gyigg_and two Group III mycobacteria. The

preparative disc electrophoretic technique was developed by

which larger quantities of components from the disc bands

could be obtained. A Single band after being eluted, and re-

electrophoresed on a different concentration of gel in disc

electrophoresis, contained more than one component. However,

what had appeared to be the original band was still present

in the greatest quantity and the reelectrophoresis may pro-

vide a method of obtaining relatively pure fractions.

Cell Disruption by Ultrasound

The application of ultrasound in bacteriology, immunol-

ogy and biochemistry was initiated by the observation that
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cellular structures could be disrupted by this method of

treatment (79). Grabar and Royer (74), showed that sensi-

tivity to the destructive effects of ultrasound varied among

different species of bacteria and among strains of the same

Species. Mycobacterium tuberculosis was more resistant to

ultrasound than any of the other pathogenic bacteria tested.

The sensitivity of different species and strains of myco-

bacteria to ultrasound differed greatly.

Exposure to ultrasound of sufficient intensity and dura-

tion to kill all the cells of a BCG culture only inactivated

15% of a strain of M, tuberculosis isolated from a clinical

specimen (74). Varying degrees of morphologic disorgani-

zation were observed in mycobacterial cells exposed to ultra-

sound (209). The envelope of some cells was fractured and

cytoplasmic material was released into the medium; in other

cells the damage was at the end or center of the cell. The

effects of ultrasound upon bacteria depends upon the intensity

and duration of insonation as well as the density of the

suspension of cells used (46). Increasing cell densities

(number of cells/unit volume of medium) reduced the bacterio—

cidal effect on various strains of mycobacteria (110). The

effect of ultrasound on bacteria also depends to a certain

extent upon their morphological features and physiological

state (57).

The mode of action by ultrasound on microorganisms is

controversial. Cavitation undoubtedly is a principal agent



28

causing the bacteriocidal effect. Altering the conditions

of the medium to suppress cavitation decreases the bacterio—

cidal action. Although the medium absorbs a substantial

amount of ultrasound energy as heat, temperature is thought

to play a secondary role (58).

Exposure of microorganisms to ultrasound causes damage

to the cell wall and membranes. Since the disruptive forces

of ultrasound are thought to be caused by cavitation, the

distance between a cavitation bubble and its object are im-

portant. The intensity of the shock wave varies inversely

with the square of the distance and acts over a distance of

several microns (55). The nature of the cell wall and mem-

branes are important in this respect. If the cell envelope

is hydrOphobic the formation of cavitation bubbles at the

cell surfacedwater interface is favored and the organisms

should be sensitive to the effects of ultrasound. If the

cell surface is hydrOphilic the formation of cavitation

bubbles at the cell surface-medium interface will be inhibited

and the organisms should be more resistant to the effects

of cavitation. Alterations in sensitivity to bacteriophage,

sensitivity to antibiotics, and disinfectants or ultraviolet

light and altered cell morphology are probably due to sur-

face effects (58).

Cavitation is not thought to occur within the cytoplasm

of cells due to its high viscosity (57). However, a number

of changes are induced within the cytoplasm of cells (56).
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Alterations in the physicochemical state of the cytoplasm

may lead to various degree of degradation or death.

An important aspect of the application of ultrasound

to microbiology is the possibility of extracting biologically

or chemically active soluble or particulate constituents

from cells. Biomacromolecules are extracted from viable

cells by ultrasound with very little alteration in their

physical or chemical state (57). Live and co-workers (106)

obtained protective antigens in soluble extracts from ultra-

sonically disrupted cells of Brucella s3. The sedimentable

fraction from ultrasonically disrupted Brucella cells con-

ferred protection to mice against subsequent infection with

virulent organisms (115).

Ultrasonic extracts from various microorganisms have

been used as a source of antigens for serological tests and

antigenic analyses (225,118,89). Nine distinct precipitat—

ing antigen were detected by immunoelectrophoresis in

ultrasonic extracts of Brucella abortus (22). Thirteen

antigen were detected in ultrasonic extracts of intact cells

of Brucella Eggs, Ten of the antigens were precipitated with

antiserum elicited with intact cells (14). Three additional

antigens were detected using spheroplast-specific antiserum.

Four antigens were associated with the cell surface. Highly

specific and very sensitive allergins were isolated from

extracts of Brucella brucei and Pasteurella tularensis

prepared by ultrasonic disruption (150). Cells of the yeast

stage of Histoplasma capsulatum were disrupted by ultrasound
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for the purpose of obtaining a specific antigen for sero-

logic testing (141). The soluble extract contained

constituents which were more antigenic than components found

in the sedimentable fraction of the disrupted cells. Two

antigens were detected in ultrasonic extracts from cells

of Corynebacterium hofmanii (10). A study was made of the

antigenic changes which accompanied sporulation in Bacillus

cereus (9). Immunoelectrophoresis detected seven thermal-

resistant and 8-10 thermal sensitive antigens in ultrasonic

extracts from intact vegatative cells. Five thermal-

resistant antigens present in Spore extracts were absent in

extracts of the vegetative cells. Changes in the antigenic

composition of different developmental stages of slime molds

were detected using sonic extracts of cells at different

ages (179). Ultrasonic extracts from cells of Mycoplasma

pneumoniae were fractionated by gel filtration (176,145).
 

One lipid fraction, three protein fractions and four poly-

saccharide-containing fractions were obtained. Antigens

detected by component-fixation tests were associated with

the lipid components of the extract; precipitnogens were

associated in polysaccharide-containing fractions (145).

Ultrasonic disruption has been Shown to be an effective

means of obtaining antigens from a variety of bacterial

Species. Thus far, however, very few attempts have been

made to prepare antigens and sensitins from mycobacteria.

This technique has great promise for obtaining undenatured

mycobacterial constituents.



MATERIALS AND METHODS

Mycobacterial Inoculums for Rabbits and

Inoculation Protocol

Mycobacterium bovis, 510-2, was isolated from a natural-

ly infected, tuberculin-positive, gross lesion cow. It was

identified by morphologic, cultural, biochemical and patho-

genicity tests.

Mycobacterigm bovis (510-2) was grown three weeks at

55%2in 20 ml tubes containing 1 ml of modified Proskauer Beck

medium (224). The supernatant fluid was removed after centri-

fugation (1500 x g, 15 min). The cells were washed with 0.15

M phosphate buffered saline (PBS) solution, pH 7.2. Portions

of the cells were resuspended in PBS-solution to contain 0.1

mg wet weight/ml. The remainder of the cells were killed

by the procedures indicated below.

Cells were killed with betapropriolactone (BPL)1 (126).

Washed cells were suspended in triple distilled water, 1.0

mg wet weight/ml. The pH was adjusted to 8.4 with 0.5 M

NagHPO4. A 250 ml centrifuge bottle containing the suspension

was placed in an ice bath and cold BPL added Slowly with

constant agitation to a concentration of 0.4%. The mixture

was incubated in a constant-shaker water bath at 570C for

two hours. The pH was adjusted to 7.6 at 15 minute intervals

 

1Betaprone, Testagar and Co. Inc.
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with 0.5 M NagHPO4. After incubation, the mixture was

centrifuged and the supernatant fluid removed. The cells

were washed four times with sterile distilled water and

suspended in isotonic saline solution to a concentration

of 1.5 mg wet weight/ml.

Acetone-killed cells were prepared by adding acetone

to washed, packed cells, one mg wet weight cells/ml acetone,

and incubating at 4°C for seven days with daily changes of

acetone. The cells were washed and resuspended in 0.15 M

PBS-solution pH 7.2.

Cells were killed by moist heat, 100°C for 50 minutes.

The heat-killed cells were resuspended in 0.15 M PBS-solu-

tion pH 7.2.

A portion of the BPL-killed cells were extracted with

methanol and acetone. Ten mg of BPL-killed cells were sus-

pended in 10 ml of acetone and shaken for three hours at

570C. The mixture was centrifuged and the supernatant fluid

removed. The cells were suspended in methanol overnight.

This procedure was repeated three times, after which the

cells were washed and resuspended in 0.15 M PBS-solution pH

7.2.

The attenuated strain of M, ngig, BCG, was prepared as

described for M, bovis, 510.

Six groups of adult Dutch rabbits, three rabbits per

group, were inoculated with preparations of mycobacterial

cells according to the protocol in Table 1.
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Table 1. Protocol for rabbit inoculations of live and killed

Mycobacterium bovis.1

 

 

Rabbit Preparation Cells

Group of M. bovis mg/ml Adjuvant2 Schedule

I Live M, ngis 0.01 - Single3

II Live BCG 0.6 + Multiple4

III A-killed M, ppgigé 9.0 + Multiple

IV BPL-killed M, ppyggs 9.0 + Multiple

v BPL-killed Ma7 9.0 + Multiple

extracted M, bovis

VI Acetone killed M, bovis

 

1Virulent strain of Mycobacterium bovis 510-2 except Group III

which received BCG, attenuated M, bovis.

2Adjuvant--incomplete Freunds adjuvant (Difco)

3Single-—a single subcutaneous injection.

4Multiple--six sub cutaneous injections given at separate

sites on the first day.

sMoist heat--100 C, 50 min.

6BPL--betapropriolactone (Betaprone, Testagar Co.)

7Ma—extracted--BPL-killed cells extracted with methanol and

acetone.
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Each rabbit in Group I received a Single subcutaneous

injection of 0.01 mg wet weight of live M, ngig (510-2)

without adjuvant. Each rabbit in Group II received multiple

injections containing a total of 0.6 mg (wet weight) of

attenuated, viable M, ngig (BCG) emulsified in adjuvant.

On the same day, each rabbit in Groups III-VI received

Six subcutaneous injections of killed cell preparations,

9.0 mg (wet weight) of cells in adjuvant. The inocula were

prepared by emulsifying equal parts of killed cells in 0.15

M PBS-solution pH 7.2 with incomplete Freunds adjuvant.

Antibody Titrations

Blood was collected from the marginal ear vein from

each rabbit in Groups I-VI prior to and weekly for at least

eight weeks post-inoculation. Sera were decanted from the

clotted blood, centrifuged, and decanted. Sera from rabbits

in Group I were filtered1 before being centrifuged.

Approximately three ml of each serum were dispensed into

sterile brucella tubes, merthiolate was added (1:10,000),

and the sera were stored at -70°C. Sera to be tested by

passive hemagglutination were inactivated and adsorbed twice

for 50 min each at 57°C with sheep red blood cells prior to

storage.

Polysaccharide-specific antibody was measured by a modi-

fication of the Middlebrook-Dubos passive hemagglutination

 

1Seita pad supported on a Swinney filter.
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test (HA) (111). Sheep blood was collected aseptically in

an equal volume of modified Alsevers solution and stored at

4°C for not more than ten weeks. Erythrocytes were washed

three times in PBS-solution before being used. One tenth

ml of packed, washed erythrocytes were mixed with 6.0 ml of

Old Tuberculin,l diluted 1:15 with buffered saline-solution

pH 7.2 and incubated in a water bath at 57°C for two hours.

The suSpenSion was centrifuged at 550 x g for four minutes

and the supernatant fluid discarded. The sensitized cells

were washed three times and resuspended in 0.5% in PBS-

solution. The cell suSpenSion was used within 24 hours.

Serial dilutions of serum were made in 0.15 M PBS-solu-

tion pH 7.2 beginning with 1:10 dilution. Three drops of

the 0.5% sensitized erythrocyte suspension were added to

one ml of the serum dilutions in 12 x 75 mm tubes and shaken.

The tubes were incubated in a water bath at 57°C for two

hours, at room temperature for two hours and at 4°C over-

night. Tubes were observed for settling patterns and visible

clumping of erythrocytes when the tubes were shaken gently.

The titer was recorded as the reciprocal of the highest

dilution of serum which caused hemagglutination.

Bacterial agglutinins were measured with BPL-killed

M, ngig, A uniform suspension of the cells in PBS-solution

pH 7.2 was prepared by dispensing cells in a tissue grinder,

 

1Agriculture Research Service, U. S. Dept. Agriculture.

U. S. Vet Licence No. 107.
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and centrifuging at approximately 250 x g for four minutes.

The supernatant fluid was removed and diluted to an absorb-

ency of 0.5 at 525 mu.1 Twenty-five hundredths ml of the

antigen suspension was mixed with an equal volume of twofold

serial dilutions of antiserum. The mixtures were incubated

12 hours at 57°C. The titer was recorded as the reciprocal

of the highest dilution of serum which caused agglutination.

Bacterial agglutinin and hemagglutinin titers were

determined before and after treatment of the sera with

2-mercaptoethanol (ME). Equal volumes of 0.2 M ME and serum

were mixed and incubated for 8-12 hours at room temperature.

The difference between titers obtained before and after

treatment of the serum with ME were recorded as the titer

of ME-sensitive antibody.

Statisticalggpalyses

The results of antibody titrations were analyzed using

the multiple range test developed by Duncan (55). The

analyses were made with the number of the dilution tube of

the titer as follows:

1:10 = 1 1:80 = 4 1:640 = 7

1:20 = 2 1:160 = 5 1:1280 = 8

1:40 = 5 1:520 = 6 1:5120 = 9

The significance of the variance between treatment means

was determined at the 95% level.

 

1Bausch and Lamb "Spectronic 20" Spectrophotometer.
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Tuberculin Tests

Rabbits in Group I, IV and V were tested intradermally

14 week post-inoculation with 0.1 ml of second strength

PPD-S.l- The diameters of palpable induration at the Site of

injection were observed and recorded at 50 minutes, 5, 24,

48 and 72 hours post-inoculation.

Cultures for Extraction of Cellular Components

Mycobacterium ngig, 510-2, was grown in diphtheria

toxin bottles on the surface of 500 ml or 1 liter of modified

Proskauer Beck (PB) medium (224). The medium was prepared

in 26 liter lots as follows:

 

Reagent Amount Final Concentration

Lasparagine 125.0 gm 0.5%

KH2P04 125.0 gm 0.5%

K2504 .12-5 gm 0.05%

Glycerol 500.0 ml 0.15%

Dissolve each ingredient sequentially and completely

in the order listed in 17.5 1 of distilled H20. Adjust

the pH to 7.0 with 40% of NaOH. Dispense 700 ml in

each diphtheria bottle. Sterilize (121 C, 50 min).

For each bottle of 700 ml, dissolve 1.5 gm.Mg titrate

(final concentaation—-0.15%) in 500 ml of water, and

sterilize (121 C, 50 min). Aseptically, add the con-

tents of one flask to each of the bottles.

The medium was incubated at room temperature several

days before seeding with M, bovis. To seed, portions of con—

fluent, surface growth was transferred with a small wire

 

J'Parke Davis and Company.
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screen on an inoculating wire. The protions were deposited

on the surface of the medium in the horizontal bottles.

The bottles were carefully transferred to the 55°C incubator

and incubated for the periods of time indicated in the appro—

priate sections.

After incubation, the contents of the bottles were re-

moved by suction into 250 ml centrifuge bottles, centrifuged

at 1500 x g for 50 minutes, and the supernatant fluid and

cells removed separately.

Extraction of Cells with Ultrasound

Four ultrasonic extracts (USE) were made differing in

the age of the culture from which cells were derived, cell

suspension density and duration of insonation. The different

ultrasonic extracts are described in Table 2.

Table 2. Ultrasonic extracts obtained from viable cells of

Mycobacteriumlbovis.

i t

_ 4—

Amount of Suspension Insonation

Cells Age of Density Duration

Designation (mg wet wt) Culture Percent W/V (min)

 

USE-A 51 6 mo. 10 20

USE-B 45 6 mo. 7 55

USE-C 47 6 mo. 7 60

USE-D 25 2% mo . 7 20
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A Biosonikl 20 kilocycle ultrasonic apparatus was used

for cell disruption. The apparatus consisted of an air

cooled 400 watt generator, transducer housing and a solid

magnetostrictive type transducer. The transducer was

attached to a stainless steel insonation chamber which could

be detached and sterilized separately. The system was

"tuned" before use by placing approximately 50 ml of water

in the chamber and adjusting the electronic circuit to maxi-

mum power output. Insonation was performed in a ventilated

bacteriological hood fitted with an ultraviolet light.

Sixty ml of a pre-cooled cell suspension in 0.002 M

phosphate buffer (PB) pH 7.2 were placed in the insonation

chamber. The gasketed top was made secure with four wing

bolts and the entire chamber was covered with cheesecloth

saturated with 5% phenol solution. The transducer housing,

coolant reservoir and circulating pump were covered with

plastic bags to prevent chance contamination of internal

components. The chamber was cooled by an oscillating pump

circulating ice water from an insulated reservoir through a

cooling coil within the chamber. Preliminary experiments

were performed to determine the maximum temperature reached

during different intervals of insonation. The cell sus-

pension was allowed to reach thermal equilibrium in the

chamber before insonation was begun.

 

lBronwill Scientific Division, Will Corporation,

Rochester 1, N. Y.
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Following insonation, the chamber was unopened for

approximately twenty minutes. The cell suspension was

transferred aseptically to 250 ml centrifuge bottles and

centrifuged at 2°C for 50 minutes at 1,500 x g. The super-

natant fluid was decanted and the cell debris washed once

with approximately 70 ml of sterile 0.002 M PB at 40C.

The original extract and the supernatant fluid from the cell

washing were combined and stored in 250 ml centrifuge bottles

at 4°C. The cell debris was washed again following the

same procedure and saved for further extraction.

Ultrasonic extracts were sterilized by filtration

(size 6, S-1 Seitz filter Sheets and Millipore filter mem-

branes, pore size 0.45 u). The extracts were concentrated

approximately ten-fold by pervaporation and stored at -700C.

Chemical Extraction of Mycobacterial Cells

Cells were harvested from six—month-old cultures and

washed three times with either 0.002 M tris-HCl buffer pH

8.6 or 0.002 M PB, pH 7.4. Ten percent suspensions of

washed cells were placed in 250 ml plastic centrifuge bottles

containing the appropriate concentration of extractant. The

extractants were as follows: 1.5% sodium desoxycholate in

the tris-HCl buffer; 1:520 dilution of Triton-X-100 in tris-

HCl buffer; 4.5 M urea in PB; and 4.5 M quanidine-HCl in PB.

The sodium desoxycholate (SDE) and triton extracts (TE) were

prepared by continuous agitation of the cell suSpenSion in

extractant for 18 hours at 2-60C. The urea (UE) and
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guanidine-HCl extracts (GE) were prepared by continuous agi-

tation of cell suspensions in extractant for 18 hours at

room temperature. All extractions were performed in a

bacteriological hood.

Following extraction, the cell suspensions were centri—

fuged at 1500 x g for 45 minutes at 4°C and the supernatant

fluids were decanted. The cell debris were washed once

with 50 ml portions of the suSpending buffer and supernatant

fluids from these washings were combined with the original

extracts. Extracts were sterilized by filtration through

Seitz and Millipore filter pads and dialyzed for 72 hours

at 4°C against daily changes of the suspending buffers.

Extracts were concentrated approximately ten-fold by pervapor-

ation and frozen.

Cellular debris from the ultrasonic disruption of

bacterial cells from six-month—old cultures were extracted

with PB containing ethyl ether (80). Approximately 14 gm

wet weight of cell debris contained in 150 ml of 0.002 M

PB pH 7.2 were placed in a 250 ml plastic centrifuge bottle.

Fifty ml of ethyl ether at —70°C were added and the mixture

was shaken vigorously to achieve a stable emulsion. The

mixture was frozen at -70°C and remained frozen for approxi-

mately six hours. It was thawed and centrifuged at 4°C to

separate the organic and aqueous phases. The aqueous phase

was decanted and sterilized, dialyzed, concentrated and

stored as described for the other extracts.
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Acetone, Ethanol and Trichloracetic Acid

Extractions of Ultrasonic Extract C

Carbohydrates from USE-C were precipitated by slowly

adding 40 ml of cold acetone with constant stirring to 20

ml of the extract (90). The mixture was allowed to stand

overnight at 4°C and the precipitate was collected by centri-

fugation at 4°C for 50 minutes at 2,000 x g. The precipitate

was washed three times with a cold solution containing one

part of distilled water and two parts of acetone. After

washing, the precipitate was dissolved in five ml of 0.002 M

PB pH 7.2 and dialyzed for 72 hours at 40C against several

changes of the same buffer. Twenty ml of USE-C were treated

with 60 ml of 95% ethanol by the method described for acetone.

A trichloroacetic acid precipitate of USE—C was prepared

following a procedure previously described (4). Ten ml of

the extract was slowly mixed with an equal volume of 0.5 M

trichloroacetic acid at 0°C. After standing for three hours

at 4°C, a slight precipitate formed which was removed by

centrifugation at 2,000 x g for 50 minutes at 40C. The

supernatant fluid was decanted and dialyzed for 48 hours

at 4°C against 0.002 M phosphate buffer pH 7.2. The extract

was concentrated approximately two-fold by pervaporation

and stored at -70°C.

Production of Uigrasonic Extract-Specific

Antisera

One-half ml of a 10% solution of AlCla was slowly added

with continuous stirring to each ten ml portion of USE-A.
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The pH of the mixture was adjusted to 6.5 with 20% NaOH.

The inoculum was stored at 40C and was used within 14 days

of preparation.

Four adult rabbits were each inoculated on days one

and 14 with Six ml of the inoculum containing approximately

six mg of protein. Each rabbit was inoculated intraperi-

toneally on day 14 with one ml (4.0 mg protein) of USE-A with-

out adjuvant. The rabbits were bled by carbiocentesis on

days 49 and 51. Serums were decanted from the clotted blood

and centrifuged for 50 min at 1000 x 9. Each antiserum was

tested for precipitins by Ouchterlony gel diffusion and

satisfactory antisera were pooled. Merthiolate was added

(1:10,000) and three ml portions of serum stored in brucella

tubes at -700C.

Zone Electrophoresis in Cellulose Acetate

Membranes

Zone electrophoresis was performed in a Shandon migration

chamber with a Vokam DC power supply. Oxoid 12 x 2 1/2 cm

cellulose acetate membrane strips were used as the supporting

medium. A 0.007 M barbital buffer pH 8.6 was used (129).

The composition of this buffer was as follows:

 

Ingredient Quantity

Sodium diethylbarbiturate 5.0 gm

Sodium acetate (anhydrous 5.25 gm

Hydrochloric acid (0.1N) 54.20 ml

Calcium lactate* 0.58 gm

Distilled water to 1,000.00 ml

*

Omitted for electrophoresis of bacillary extracts.
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Five microliter samples were dispensed from a lambda

pipette onto a buffer impregnated cellulose acetate mem-

brane strip. Sample application was facilitated by placing

a ruler across the cathode reservoir. The sample was

applied as an even line using the ruler edge as a guide.

Serum samples were not concentrated for electrophoresis.

Bacillary extracts were concentrated 20—50 fold. A constant

current of one ma per strip was applied for 1 1/2-2 hours at

4°C. Following electrophoresis, the protein was stained

with 0.2% Ponceau S in 5.0% aqueous trichloracetic acid.

Serum protein distribution was measured by a double beam

recording and integrating microdensitometer1 and the serum

gamma-globulin concentrations computed.

Discfiglectrophoresis

Disc electrophoresis was performed using the procedures

and apparatus described by Ornstein and Davis (127), and

later modified by Davis (47). The composition of stock and

working solution are given in Table 5.

Samples to be electrophoresed were applied to the top

of the Spacer gel by displacement. No sample gel was used.

Bacillary extracts were concentrated approximately 20-50 fold

to contain approximately 280 micrograms of protein in 0.1-0.2

ml. Electrophoresis was performed at room temperature using

a Vokkam DC power supply. A constant current of three ma

 

1N and L—-Joyce Chromoscan.
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Table 5. Stock and working solutions used for disc electro-

 

 

 

 

 

 

 

 

 

phoresis.

STOCK SOLUTIONS

Reagent A Reagent E

IN HCl 48 ml IN HCl approximately 48.0 ml1

TRIS 86.6 gm TRIS 5.98 gm

TEMED 0.25 ml TEMED 0.46 ml

DHOH to 100.0 ml DHOH to 100.0 ml

pH 8.9 pH 6.7

Reagent C Reagent D

Acrylamide 28.0 gm Acrylamide 10.0 gm

BIS 0.755 gm BIS 2.5 gm

DHOH to 100.0 ml DHOH to 100.0 ml

Reagent E Reagent F

Riboflavin 4.0 mg Sucrose 40.0 gm

DHOH to 100.0 mg DHOH to 100.0 ml

1pH adjusted by titrating with IN HCl

TRIS--Tris (hydroxymethyl)aminomethane

TEMED-—N,N,N1,N1-tetramethylethylenediamine

BIS--N,N'-methylenebis acrylamide

DHOH-~distilled water

Small pore

Solutiongfii

1 part A

2 parts C

1 part DHOH

pH 8.9

(8.8—9.0)

WORKING SOLUTIONS

Stock buffer

   

Small pore Large pore solution for

Solution #2 solution electrode reservoir

Ammonium 1 part B TRIS 6.0 gm

persulfate 2 parts D Glycine 28.8 gm

0.14 gm 1 part E DHOH to 1 liter

4 parts F pH 8.5

pH 6.7

(6.6-6.8)
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per tube was applied for a length of time sufficient to allow

the migration of bromphenol blue to within 5 mm from the

anodic end of the gel column.

Gel columns were stained for protein by immersion in a

0.5% solution of Amido Swarz 10 B in 5% acetic acid for 50

minutes at room temperature. The unbound stain was removed

by electrOphoreSis in 5% acetic acid. Polysaccharides and

glycoproteins were stained by the periodic acid-Schiff (PAS)

procedure described by Canalco (24). Following electrophore—

sis, the gel columns were immersed in 7.5% acetic acid for

one hour at room temperature. The gel columns were removed

and placed in a 0.5% solution of periodic acid and allowed

to stand for one hour at 4°C. Excess periodic acid was

removed electrophoretically for one hour in 7.5% acetic acid.

Following treatment with periodic acid, the gel columns were

immersed and stored in Schiff reagent at 4°C.

Schiff reagent was prepared by the method described by

Crowle (52).

The stained disc columns were observed under indirect

fluorescent light and diagrammatic representation of line

patterns were drawn as composited from several columns run

Simultaneously. Rf valves were compiled as the ratio of the

migration distance of individual lines to the most anodic

component detected.



47

Immunoelectrophoresis

Immunoelectrophoresis was performed using a modifica-

tion of the Hirschfeld procedure (85). Semi-purified agar

was prepared by washing solidified one inch square cubes of

2% Difco agar in distilled water for several months. A bar-

bital buffer system was employed for immunoelectrophoresis:

Electrode vessel

   

Constituents buffer Agar buffer

Diethylbarbituric acid 1.58 gm 1.66 gm

Sodium barbital 8.76 gm 10.51 gm

Distilled water to 1,000.00 ml 1,000.00 ml

A solution of buffered agar was prepared by mixing two parts

of agar buffer with one part of distilled water and heating

to approximately 70°C. Three parts of melted two percent

agar were then added to the heated buffer solution and two

and one-half ml of this mixture containing merthiolate

(1:10,000) were layered on each 1 x 5 in thoroughly cleaned

microscope slide. The agar slides were incubated three-five

hours in a humidified chamber at room temperature before use.

An LKB1 gel punch was used to cut two, 2 1/2 mm diameter

sample basins in the agar approximately 44 mm from the anodic

end of the slide and equidistant between the edges of the

slide and a centrally located 1 1/2 mm wide antiserum trough.

A Shandon migration chamber was adapted to accommodate

slides by inserting a 6 x 8 1/2 inch plexiglass casette across

 

1LKB Instruments, Inc., Rockville, Maryland
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the chamber bridge. Electrical connections were established

with filter paper wicks impregnated with electrode vessel

buffer. Two rows of 4-8 slides each were positioned on the

casette connected by a filter paper wick. Slides on the

anode Side of the casetts served as "blanks." Antigens were

added to the sample basins using 26 gauge needles on one—half

ml syringes. Bacillary extracts were concentrated 20-fold

or greater for immunoelectrophoresis. Serum samples were

used without concentration.

A constant current of 1.25 ma per Slide was applied for

90 minutes at 4°C using a Volkam DC power supply. Following

electrOphoresis, the antiserum was added. Slides were incu-

bated in a humidified chamber at 28 C for 72 hours with one

replenishment of a 1:5 dilution of antiserum, 12 hours after

the start of incubation. Following incubation, the slides

were washed in 0.015 M PB-solution pH 7.2 for 72 hours and

in distilled water for 12 hours. The slides were then dried

and the protein was stained with triple stain (52).

 

Ingredient Amount

Thiazine Red R 0.1 gm

Amidoswarz 10 B 0.1 gm

Light Green SF 0.1 gm

Acetic acid 2.0 gm

Mercuric chloride 0.1 gm

Distilled water to 100.0 ml
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Ouchterlony Immunodiffusion

Ten ml of a melted, buffered agar solution were layered

on thoroughly cleaned 5 1/4 x 4 inch glass microscope slides.

The composition of the buffered agar solution is given below:

 

Ingredient Amount

Difco Agar 0.5 gm

0.15 M KH2P04 7.5 ml

0.15 M NagHPO4 17.5 ml

0.15 M NaCl 25.0 ml

Merthiolate 0.02 %

PH 7.2

After solidification of the agar, the slides were "aged"

for three to five hours in a humidified chamber. Six mm

sample basins were made in the agar using a template placed

beneath the slide as a guide. Several patterns were employed

using inter-basin diffusion distances of six-seven mm.

Reactants were added to the sample basins using dispos-

able pipettes and the slides were incubated at 280C in humidi-

fied, six in diameter plastic Petri dishes. Preliminary

experiments were performed to determine optimum antigen and

antiserum concentrations for immunodiffusion. The protein

concentration of bacillary extracts and their fractions were

adjusted to 1.8-2.0 mg/ml for immunodiffusion analyses.

Plates were incubated for four days with daily readditions of

antigen and antiserum diluted 1:5 with sterile saline solu—

tion. Immunoprecipitate patterns were observed and recorded
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daily. When incubation was completed, the slides were im-

mersed for three days in daily changes of 0.15 M PBS solution,

pH 7.2. They were rinsed in distilled water, dried to a thin

agar film by evaporation through Whatman filter paper and

stained with Crowle's triple stain (52). Immunoprecipitates

were observed under indirect fluorescent light against a

black background.

Chromatography

Molecular exclusion chromatography was performed using

superfine dextran beads (Sephadex)l and acrylamide beads

(BioGel).2 Dry beads were swollen in distilled water for

varying lengths of time depending upon the degree of cross

linkage of the beads.

Unjacketed Sephadex laboratory columns3 1.5 x 50 cm and

2.5 x 45 cm were coated with a 1% solution of dimethyl-

dichlorosilane prior to packing. The coating solution was

heated to approximately 60°C and poured into a clean, dry

column and allowed to stand for several minutes. The column

was emptied and dried in a hot air oven. This procedure

was repeated. Swollen beads were gradually added to a column

bed height of approximately 52 and 57 cm in the two column

sizes, respectively. The gel beds were washed under low

hydrostatic pressure with ten or more void volumes of eluent.

 

1Pharmacia Fine Chemicals, Inc., Piscataway, N. J.

2Calbiochem, Los Angeles, California

3Pharmacia Fine Chemicals, Inc., Piscataway, N. J.
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The gel bed was stabilized and 0.2% Blue Dextran 20001 was

used to determine the void volume of each column and the

homogeneity of packing.

The volume of material to be chromatographed varied

with the size of the column and the protein concentration of

the material. Samples were carefully added to the top of

the gel and allowed to "soak" into the gel bed. The sides

of the column and the sample pad were washed with several

two-four ml portions of eluent before the eluent reservoir

was connected to the column for continuous operation.

Chromatography was performed at room temperature with

flow rates adjusted to 15-18 ml per hour. Three-five ml

portions of eluate were collected on an automatic, rotating

drum fraction collector fitted with a time drop unit.2

The eluate was analyzed for adsorption at 280 or 260 mu by

3 The corresponding elution diagrama ultraviolet analyzer.

was automatically recorded with a recording unit integrated

with the analyzer. Tubes containing fractions corresponding

to discrete areas of the effluent diagram were identified by

an event marker attachment on the recorder. Tubes containing

fractions registered under the same peak in the effluent

diagram were pooled, concentrated by lyophilization and re-

dissolved to the original sample volume. Rf values were

 

1Pharmacia Fine Chemicals, Inc., Piscataway, N. J.

2Vanguard.

3Ibid.
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determined for individual fractions by computing the ratio

of the void volume (V0) to the eluant volume of the re-

spective fraction (Ve).

Ion exchange chromatography was performed using selected

Type 20 DEAE cellulose:L capacity 0.62 meg/gm as the adsorbent.

vThe adsorbent was prepared for use following procedures

described by Peterson and Sober (159). Dry powder was allowm

ed to sink into 1 N NaOH and become thoroughly saturated.

After mixing, the suspension was filtered through a Buchner

funnel using Whatman No. 1 filter paper. The adsorbent was

washed with 1 N NaOH until the filtrate was clear. It was

suspended in a small volume of 1 N NaOH, acidified with 1 N

HCl, immediately washed with distilled water, resuSpended

in 1 N NaOH, and washed with distilled water. The adsorbent

was suspended in starting buffer and "fines" were removed

by decanting the supernatant fluid after the adsorbent had

settled. The pH of the adsorbent was adjusted to that of

the starting buffer and washed thoroughly before the columns

were packed.

A suspension of adsorbent in starting buffer was slowly

poured into dry, "coated" 1.5 x 50 cm Sephadex laboratory

columns to a bed height of approximately 25 cm. The adsorbent

bed was washed for several days under low hydrostatic pres-

.sure with the starting buffer.

Ultrasonic extracts were concentrated approximately 20-

fold for ion exchange chromatography. Seven ml of ultrasonic

 

1Carl Schleicher and Schuell Co., Keene, N. H.
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extract B were dialyzed against the starting buffer for 24

hours at 4°C before application to a column. A continuous

concave gradient of decreasing pH and increasing molarity

was used to elute proteins from the adsorbent. The gradient

was prepared using a modification of the cone sphere method

(159). A 500 ml round-bottomed flask containing 450 ml of

the starting buffer was connected by thin rubber tubing

to a 250 ml Erlenmeyer flask containing 225 ml of the limit

buffer. The composition of the buffers were as follows:

 

Buffer Composition

Starting 0.005 M TRIS-phOSphate pH 8.6

Limit 0.5 M TRIS-phosphate in 1.7 N NaCl pH 5.0

The flask of starting buffer contained a magnetic stirrer.

The sample was applied to the top of the adsorbent bed, washed

into the column with small portions of starting buffer and

buffer reservoirs were connected to the column for continuous

elution. Five ml portions of eluant were collected, analyzed

and recorded. Fractions were pooled, dialyzed for 24 hours

at 4°C against 0.015 M PBS solution pH 7.2 and concentrated

to the original sample volume.

Chemical Analyses

Protein determinations were made using the Lowry modi-

fication of the Folin-Ciocalteu method (109). The reagents

were: 4.9% sodium potassium tartrate, 4.0% sodium carbonate

and 2.0% copper sulfate 5H20. Reagent A was prepared by

mixing one ml of the copper sulfate solution, one ml of the
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tartrate solution and 100 ml of the carbonate solution.

Reagent B was prepared by the addition of one part of Folin

reagent to two parts of distilled water. One ml of the

protein-containing sample was added to 10 ml of Reagent A

with thorough mixing and the mixture incubated 45 minutes at

room temperature. After incubation, one ml of Reagent B

was added, mixed immediately and incubated 15 minutes at

room temperature. Absorbancy was determined in a one ml

cuvette at 660 mu using a Beckman DU Spectrophotometer.

A standard protein curve was made with bovine serum albumin.

Carbohydrate determinations were made using the thymol

sulfuric acid reaction described by Shetlar (175). The

following reagents were used.

Thymol reagent: 10 gms dissolved in 100 ml of abso-

lute ethanol.

Sulfuric acid reagent: 77% by volume, Specific

gravity 1.84.

Add 770 ml of sulfuric acid at 150C to 250 ml dis-

tilled water.

Seven ml of the sulfuric acid reagent were dispensed

into fifteen ml st0ppered glass centrifuge tubes and cooled

to 4°C. One ml of the test solution containing between

five and 100 micrograms of carbohydrate/ml was layered on the

chilled sulfuric acid and incubated for 50 minutes at 40C.

The tubes were stoppered and shaken after adding 0.1 ml

of the Thymol reagent and 0.9 ml of distilled water, and
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placed in a boiling water bath for 20 minutes. They were

cooled at 4°C for five minutes and at room temperature 25

minutes. Absorbancy was determined in a one ml cuvette at

500 mu using a Beckman DU Spectrophotometer.

Nucleic acid concentrations were estimated from absorb-

ancy measurements at 280 and 260 mu using a one cm light

path in a DU spectrophotometer. The nucleic acid concen-

tration was read from a standard nomograph based on the

ratios of absorbancy at the two wave lengths. Ultraviolet

absorption spectra of ultrasonic extracts and fractions

were obtained by absorbancy measurements at wave lengths of

200-520 mu using a one cm light path in a Beckman DB Spectro-

photometer.

Dialysis

Fifty ml portions of ultrasonic extract A were dis-

pensed into wetted dialysis tubing (Visking Co.) and di-

alyzed Six days against 0.01 M PBS solution pH 7.2. The

dialysate and retentate were collected and lyophilized.



RESULTS

[Aptibody Responses Elicited by Cells

of Mycobacterium bovis

Antibody titers were low and inconsistent in sera from

rabbits inoculated subcutaneously with 0.01 mg wet weight of

virulent M, nggg cells, strain 510, without adjuvant (Group I).

Tuberculous lesions were present in the rabbits at necropsy

8-12 weeks post-inoculation.

Antibodies produced by rabbits in Groups II-III during

the first two weeks post-inoculation were exclusively ME-

sensitive (Figs. 1-10, Tables 4-7). Thereafter, increasing

amounts of ME-resistant antibody were detected which decreased

the ratios of ME-Sensitive/Me-resistant antibody (Tables 8 and

9). Mercaptoethanol-resistant bacterial agglutinins were

detected in sera from most rabbits by three weeks post-inocu-

lation; ME-resistant hemagglutinins were detected by four

weeks post-inoculation. Most of the rabbits produced ME-

sensitive hemagglutinins and bacterial agglutinins until the

sixth week post-inoculation.

At the first and second weeks post-inoculation, mercapto-

ethanol-sensitive hemagglutinin titers were significantly

higher in sera from rabbits in Groups II, III and IV than in

sera from rabbits in Groups V and VI. Thereafter, rabbits

in Groups II, III and VI produced significantly more
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ME-resistant hemagglutinins than rabbits in Groups IV and

V. Rabbits in Group II produced significantly more ME-

resistant antibody by the third week than rabbits in Groups

II and VI. Hemagglutinins were not detected in sera from

any of the rabbits in Group V at one week post-inoculation.

The ratio of ME- sensitiv’e /ME-resistant hemagglutinins

decreased to less than one by four weeks post-inoculation

in all groups except Group III. The ME-sensitive/ME-

resistant bacterial agglutinin ratio decreased to less than

one in all Groups by the fifth week. Mercaptoethanol-

sensitive hemagglutinins were detected in sera from some

rabbits in all Groups for at least eight weeks post-inocu-

lation and in sera from rabbits in Groups IV and V until the

25rd week. Sera from rabbits in Groups III and VI were not

tested past the eighth week. Mercaptoethanol-resistant

hemagglutinins were detected in sera from rabbits in all

Groups tested at 25 weeks post-inoculation.

ME-sensitive bacterial agglutinins were detected in serum

from rabbits in all Groups five weeks post-inoculation but

only in sera from rabbits in Groups IV and VI at the eighth

week. Mercaptoethanol-resistant bacterial agglutinins were

detected in sera from rabbits in all Groups tested at 25

'weeks post-inoculation.

Skin testing of rabbits in Groups II, IV and V with 0.1

ml of second strength PPD-S 14 weeks post-inoculation simu—

lated antibody production (Figs. 1-2 and 5-8). Mean hemagr

glutinin titers were elevated at the fifteenth week in
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Groups II and V but remained unchanged in Group IV. Mean

bacterial agglutinin titers were higher at the fifteenth

week in Group II but remained unchanged in Groups IV and V.

Ratios of ME-sensitive/ME-resistant hemagglutinins were

correspondingly increased at the fifteenth week in Groups

II and V but decreased in Group IV. The ME-sensitive/ME-

resistant bacterial agglutinin ratio was higher at the fif-

teenth week than at the eighth week in Groups II and V.

No reactions were detectable in rabbits in Groups II,

IV and V, five hours after skin tests. Delayed reactions

occurred which reached their maximum diameters 24 hours post-

inoculation. The mean diameters of palpable induration at

the skin test sites were greatest in rabbits of Group II

and smallest in rabbits of Group V (Fig. 11).

Precipitins Specific for culture filtrate antigens were

detected in sera from most of the rabbits in Groups II-VI

by five weeks post-inoculation. One immunoprecipitate was

usually detected in the Ouchterlony double diffusion test,

occasionally, two lines occurred.

Serum from normal and immunized rabbits was separated

into six to eight fractions by zone electrophoresis in

cellulose acetate membranes (Fig. 12).

Gamma-globulin concentrations increased above normal

levels one week post-inoculation (Table 10). A decrease

frequently occurred at the second week, and subsequently,

a progressive increase.
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Chemical Analyses of Bacillary Extracts

Prepared by Ultrasound

Ratios of absorbancy at 280 and 260 mu and the amounts

of protein, carbohydrate and nucleic acid in ultrasonic

extracts (USE) are listed in Table 11. Ultrasonic extracts

A and B were very similar in chemical composition. There was

approximately 4 mg of Folin-reactive material (protein),

0.18 mg of carbohydrate and 0.42 mg of nucleic acid per ml

of concentrated extracts. Ratios of absorbancy at 280 and

260 mu were between 0.55 and 0.6. Ultrasonic extract C con-

tained significantly more Folin-reactive material, carbohydrate

and nucleic acid than USE A or B; 0.5 mg of carbohydrate,

7.8 mg Folin-reactive material and 0.68 mg of nucleic acid

were detected/ml. Ultrasonic extract D contained more protein,

approximately the same amount of carbohydrate and a somewhat

higher concentration of nucleic acid than USE-A or B. Ultra-

violet absorbancy ratios at 280 and 260 mu of USE—C and D

were similar, and higher than USE-A or B.

Bacillary extracts were clear and slightly yellow in

color. Some precipitation occurred when frozen extracts were

thawed.

Chromatography of Ultrasonic Extracts

Molecular exclusion chromatography of ultrasonic extracts

in Sephadex G-25 separated three major fractions on the basis

of absorption at 280 mu or 260 mu (Figs. 15-16). Fraction I

was eluted in the external volume of the column and consisted
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of a single peak except in USE-C, where fraction one con-

sisted of at least two subfractions contained in three dis-

crete peaks (Fig. 15). Fractions II and III were eluted

within the internal volumes of the columns. In USE-B,

fraction II consisted of a single peak. Fraction II from

USE-A and C was composed of at least two subfractions (Figs.

13 and 15). Fraction II from USE-D consisted of at least five

subfractions consisting of one major peak with four closely

associated sholders (Fig. 16). Fraction III usually con-

sisted of a single, rather broad 280 mu—absorbing peak.

In USE—D, fraction III had two subfractions with a very small

peak associated with the major fraction. Fractions I and III

were white and readily dissolved. Fraction II was yellow-

brown, granular and difficult to dissolve.

The distribution of carbohydrate, nucleic acid, Folin-

reactive material and 280 mu-absorbing material in chromato-

graphic fractions from different ultrasonic extracts are

listed in Tables 12-15. Ultrasonic extracts differed in the

relative distribution of 280 mu-absorbing material in the

three major chromatographic fractions from Sephadex G-25.

Fractions I, II and III from USE-A contained 65.4, 22.4 and

14.2% of the 280 mu—absorbing material respectively (Table 12).

Although similar in chemical composition, the distribution

of 280 mu absorbing material in USE-A and B differed.

Ultrasonic extract B contained less fraction I and II and

more of fraction III than USE—C (Table 15). Ultrasonic
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extract C contained substantially less fraction I and more

of fraction II and fraction III than USE-A or B. Only

approximately 10% of the total amount of 280 mu-absorbing

material detected in USE-C was in fraction I. Fraction I,

II and III from USE-D contained 42.0, 56.4 and 22.1%

respectively of the total amount of 280 mu—absorbing material

detected.

Ultrasonic extracts differed in the distribution of

nucleic acid in the three major chromatographic fractions

eluted from Sephadex G-25. In general, elution profiles

based upon absorbancy at 260 mu overlayed corresponding pro-

files based upon absorbancy at 280 mu although some differ-

ences in peak amplitude and width were observed. Nucleic

acid concentrations in fraction I from USE-A and B were

similar and somewhat lower than in USE-D (Tables 12, 15 and

15). Considerably less nucleic acid (10.1%) was detected

in fraction I from USE-C (Table 14). The percent of nucleic

acid detected in fraction II was similar in different ultra—

sonic extracts and varied between 57 and 60.3%. More vari—

ation was observed in the relative distribution of nucleic

acid in fraction III from different ultrasonic extracts.

Fraction III from USE-D contained 4% of the total nucleic

acid. Eight and 10% of the total nucleic acid were detected

in fraction III from USE—B and A respectively. Almost one-

third of the nucleic acid detected in USE-C was found in

fraction III.
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Carbohydrate was detected in both fractions I and II

from USE-C and D and only in fraction I from USE-A and B.

The majority of the carbohydrate detected in ultrasonic

extracts was present in chromatographic fraction I.

The distribution of protein (Folin—reactive material)

in the three major chromatographic fractions from Sephadex

G—25 varied among the different ultrasonic extracts.

Fraction I from USE-A contained 62.5% of the total amount of

Folin-reactive material detected in the sample (Table 12).

Somewhat lower values were detected in fraction I from

USE-B, C and D; 48.8, 45.8 and 41.0% reSpectively were de-

tected. Fraction II contained the majority of the remain-

ing Folin-reactive material. From zero to 4% of the Folin—

reactive material was detected in fraction III. Good cor-

relation was observed between the relative percentage of

280-absorbing material and Folin-reactive material in

fraction I from USE-A, B and D. No correlation existed

between these values in fractions II and III.

Rf values were computed for each of the three major 280

mu-absorbing fractions separated from ultrasonic extracts by

chromatography in Sephadex G-25 (Tables 12-15). Fraction I

had an arbitrary Rf value of 1.0. Fraction II from dif-

ferent ultrasonic extracts had Rf values ranging from 0.42—

0.50. Rf values for fraction III varied from 0.29-0.52.

Representative ultraviolet absorption Spectra from un—

fractionated ultrasonic extract (USE-B) and major chroma-

tographic fractions I, II and III eluted from Sephadex G—25
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are shown in Figures 17 and 18. Absorption spectra of the

unfractionated extract and fraction I were virtually identi-

cal (Fig. 17). Two broad absorption peaks were observed,

one between 280 and 260 mu and a second between 240 mu and

280 mu. Chromatographic fraction II had a single continuous

peak with maximum absorption beginning at approximately 260

mu (Fig. 18). Fraction III had two absorption maxima,

approximately 250 and 200 mu (Fig. 18).

Representative chromatograms of fraction I from ultra-

sonic extract B obtained by chromatography in Sephadex G-25

and rechromatographed in BioGels P-100, P-150 and P-200 are

shown in Fig.19. Fraction I (G-25) from USE-A was separated

into two subfractions in BioGel media on the basis of absorp—

tion at 280 mu. Each subfraction consisted of a single peak.

In each case, the first subfraction was eluted within the

external volume of the column and the second was eluted with-

in the internal volume of the column. The percent distribu-

tion of 280 mu—absorbing material in each of these sub-

fractions from the different BioGels is given in Table 16.

Eighty-four percentcxffraction I G-25 from USE-B was eluted

in the first subfraction from BioGel P-100. The remaining

16% was eluted in the second subfraction. rApproximately

82% and 18% of fraction I G-25 from this extract was eluted

in the first and second subfractions from BioGel P-150

reSpectively. Fifty-nine percent of the 280 mu-absorbing

material contained in fraction I G-25 was eluted within the
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external volume of columns of BioGel P-200. The remaining

(41%) was eluted as the second subfraction. Twenty-two

percent of fraction I G-25 from USE-C was eluted in the ex-

ternal volume of BioGel P—200 columns. Twenty percent of

the 280 mu-absorbing material in fraction I G-25 from USE-D

was eluted within the external volume of BioGel P-200

columns.

Representative chromatograms of USE—B, C and D in Bio-

Gels P-100, P-150 and P-200 are presented in Figs. 20-22.

Chromatography in BioGel yielded two major fractions. Both

fractions consisted of single 280 mu-absorbing peaks.

Fraction I was eluted within the external volume of the

columns in every case. Fraction II from BioGel columns was

excluded within the columns internal volume. The percent

distribution of 280 mu-absorbing material in chromatographic

fractions from ultrasonic extracts is listed in Table 17.

The percent distribution of fraction I from chromatography

of USE-A, C and D on Sephadex G-25 and BioGel P-100 were

considerably different. No significant differences were

noted in concentrations of fraction I from BioGel P-100 and

BioGel P-150. Differences were noted in the concentration

of fraction I from BioGel P-150 and BioGel P-200.

Ultrasonic extract A was separated into dialyzable and

nondialyzable components. Representative elution profiles

of these two components from Sephadex G-25 columns are shown

in Fig. 25. No dialyzable components were found in fraction I
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but considerable amounts of fractions II and III were de-

tected. Small amounts of fractions II and III were detected

in the nondialyzable component but it consisted primarily of

fraction I.

A representative elution profile from ion exchange

chromatography of USE-B on DEAE-cellulose is presented in

Fig. 24. Seven protein-containing peaks were eluted from

the adsorbent using a continuous concave gradient with a

phosphate-NaCl buffer system.

Immunodiffusion Analyses of Ultrasonic Extracts

Between 1.8 and 2.0 mg of protein/ml was optimal for the

development of immunoprecipitates using ultrasonic extracts

and reference antisera in Ouchterlony immunodiffusion. One

percent agar in phosPhate buffered 0.15 M NaCl solutions pH

7.2 was a suitable medium for immunodiffusion analyses of

Inycobacterial antigens. Immunoprecipitate formation was not

enhanced by incubation at 4 or 37°C, or by the use of poly~

‘valent sheep anti-rabbit serum. Incubation for four days

eat 28°C with daily replenishments of antigen and antiserum

cfliluted 1:5 produced the maximum number of immuno-precipitates

i_n the reference system.

The number of precipitinogens detected by Ouchterlony

ixnmunodiffusion in the different ultrasonic extracts is

listed in Table 18. Diagrammatic immunograms showing com-

parative analyses of ultrasonic extracts and chromatographic
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fractions from Sephadex G-25 are presented in Figs. 25-28.

The number of antigen-antibody systems detected in the ultra-

sonic extracts were as follows: 15 in USE-A and B (Figs. 25

and 26); 15 in USE-C (Fig. 27); and 16-17 in USE-D (Fig. 28).

Several of the immunoprecipitates were faint. Immuno—

precipitates frequently occurred in clusters and individual

lines could only be reliably distinguished as the different

immunoprecipitates developed. No immunoprecipitation occurred

when either normal rabbit serum or saline solution was sub-

stituted for antiserum. No antigens were detected in any

of the unfractionated extracts which were absent in fraction I

from chromatography in Sephadex G-25 although the same line

in different preparations frequently varied in density and

displacement. ‘Immunoprecipitates were not detected in

either chromatographic fractions II or III from ultrasonic

extracts.

The number of immunoprecipitates detected in chroma-

tographic fractions from ultrasonic extracts in common

identity with the original extract is listed in Table 19.

Fewer immunoprecipitates were detected in fraction I from

different BiOGels asthe molecular exclusion limit of the

chromatography medium increased. .

Unheated filtrate from two-month-old cultures of

Mycobacterium bovis and USE—D were antigenically undis:

tinguishable using anti-USE serum (Fig. 29). However, using

anti-filtrate serum prepared against antigens in filtrate
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from six-month-old cultures, only ten antigens were detected

in USE-D (Fig. 29).

Eleven immunoprecipitates were detected in immunograms

of ethanol or acetone precipitates of USE-C (Fig. 50).

These preparations were antigenically indistinguishable.

Three immunoprecipitates were detected in immunograms of an

antigen preparation obtained by TCA precipitation of USE-C

(Fig. 51).

Electrophoretic Analyses of Ultrasonic Extracts

Optimal protein concentration for disc electrophoresis

of ultrasonic extracts was between 250 and 500 ug in a sample

volume of 0.1-0.2 ml. Schematic disc electrophorograms of

different extract preparations are presented in Figs. 52-35.

The number of protein-containing components and carbohydrate-

containing components in the different ultrasonic extracts

are listed in Table 18.

Disc electrophorograms of USE-A and B both contained 1B

amido black-positive components (Figs. 32 and 55). They

differed in only one component having slightly different Rf

values. Sixteen and 24 protein components were detected

in disc electrophorograms of USE-C and D respectively (Figs.

35 and 54). Sixteen components were common in the four

ultrasonic extracts. A nonstained, yellow component in

ultrasonic extracts migrated with or preceded the most anodic

component. No protein bands were detected in the spacer gel.

Rf values for amido-black positive components in disc electro-

phorograms of ultrasonic extracts are listed in Table 20.
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120

Carbohydrate or glyc0protein components were detected

in all of the ultrasonic extracts. Some PAS-positive com-

ponents were very faintly stained. Many of the PAS-positive

components were correlated with amido black-positive com-

ponents. Both the Spacer gel and the lower gel contained

PAS-positive components from ultrasonic extracts. Schematic

disc electrophorograms stained with PAS-strain are presented

in Figs. 52-55. The number of PAS-positive components and

their Rf values in the different ultrasonic extracts is

givenin.Table 21. PAS-positive components were detected in

disc electrophorograms of USE-A and B. Seventeen and eighteen

components were detected in USE—C and D respectively.

Disc electrophorograms of unfractionated ultrasonic

extracts and fraction I from chromatography in Sephadex G-25

were identical although the density of individual lines in

the different preparations sometimes differed. Fraction II

from chromatography in Sephadex G-25 contained no amido black-

positive components. Two very faintly stained PAS-positive

components may have been present in very low concentration

in several preparations of peak II. What may have been the

PAS-positive bands were located at the top and bottom of the

lower gel. A non-stained, yellow component frequently ob-

served in unfractionated ultrasonic extracts was also de—

tected near the anodic end of the lower gel.

Disc electrophorograms frequently contained sharply de-

fined opalescent lines which did not stain with either

carbohydrate of protein stains.
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Zone electrophoresis of ultrasonic extracts in cellulose

acetate membranes separated four-five components (Fig. 56).

Five protein-stained components were detected in USE-D, four

each were detected in USE-A, B and C. The density and mobilm

ity of the same line in different extracts varied somewhat.

Immunoelectrophoretic Analyses of Ultrasonic

Extracts

Immunoelectrophorograms of USE-A and B were very similar;

eighteen immunoprecipitates were detected (Table 18).

Differences were noted in the density and displacement of the

same immunoprecipitates in the two extracts (Figs. 57 and 58).

Nine immunoprecipitates were detected in immunoelectrophoro-

grams of USE-C (Fig. 59). Between 20 and 22 immunoprecipitates

were observed in immunoelectrophorograms of USE-D (Fig. 40).

Some immunoprecipitates were very lightly stained. No dif-

ferences were detected in immunoelectrophorograms of un-

fractionated ultrasonic extracts and fraction I from chromam

tography in Sephadex G-25. Immunoprecipitates did not stain

using carbohydrate-specific or lipid-specific stains.

Immunoprecipitates were formed on both sides of the

sample basin in the axis of migration although more precipi—

tin arcs were detected in the anodic region of the slide.

A.diffuse immunoprecipitate was frequently observed approxi-

Inately one cm anodically and at the same level as the sample

basin. Individual immunoprecipitates were difficult to dis~

tinguish in this area. The use of sheep—anti-rabbit antiserum
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following development of the slides did not increase the

number of detectable immunoprecipitates or increase the

clarity of those which were originally present. Immuno-

precipitation did not occur when normal rabbit serum was

used in place of anti-ultrasonic extract antiserum.

Immunodiffusion, Electrophoretic and Immuno-

electrophoretic Analyses of Chemical

BacillaryrExtracts

The number of components detected in chemical bacillary

extracts by immunodiffusion, disc electrophoresis and

immunoelectrOphoresis is listed in Table 22. Schematic

immunograms of the different chemical bacillary extracts with

anti-ultrasonic extract antisera are presented in Figs. 41-45.

The number of immunoprecipitates detected were: 11 in

desoxycholate extract (SDE) (Fig. 45): 11 in Triton extract

(TE) (Fig. 41); 5—7 in guanidine extract (GE) and urea ex~

tract (UE) (Figs. 44 and 45); and three in ether extract (EE)

(Fig. 42). Immunograms of TE and UE from heatrkilled cells

contained three-four and two components respectively (Fig. 46).

Schematic immunoelectrophorograms of the different

chemical bacillary extracts are presented in Figures 47-50.

The number of components detected using anti-ultrasonic

extract serum.was as follows: 11 in SDE (Fig. 48); 15 in TE.

(Fig. 47); three+ in GE (Fig. 50); and at least eight in UE

(Fig. 49). The protein concentration in EE was insufficient

for immunoelectrophoretic analyses.
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Schematic disc electrophorograms of the different chemi-

cal bacillary extracts are presented in Figs. 51-54. The

number of detectable amido black-positive and PAS-positive

components in chemical bacillary extracts were six amido-

black and four PAS-positive components in TE (Fig. 51); 15

amido black and six PAS-positive components in SDE (Fig. 52);

four amido black and three PAS-positive components in UE

(Fig. 55); and six amido black and three PAS-positive com—

ponents in GE (Fig. 54). Rf values for the disc components

detected in chemical extracts are listed in Tables 25 and 24.

Zone electrophoresis in cellulose acetate membrane

separated each of the chemical bacillary extracts into at

least three protein-stained zones (Fig. 55). The relative

amounts in each of these fractions differed among different

extracts.

Schematic immunograms showing comparative analyses of

chemical bacillary extracts are presented in Figs. 56-59,

common antigens were detected among many of the chemical

extracts. Comparative immunodiffusion analyses of chemical

bacillary extracts and filtrate from six—month—old cultures

demonstrated the presence of common antigens: six in SDE

(Fig. 60) and seven in TE (Fig. 60) .

Skin Testing with Ultrasonic and Chemical

Bacillary Extracts

Unfractionated ultrasonic extracts and chromatographic

fraction I G-25 elicited dermal reactions in normal rabbits
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Table 23. Distribution of amido black-positive components in disc electro-

phorograms of chemical bacillary extracts obtained from viable cells

of Mycobacterium bovis.

 

 

Chemical Bacillarv Extract

 

Rf TE' $052 UE3 GE“

0.l5 x x x

0.l7 x x

0.2l x

0.3l x x

0.33 x x x x

0.08 x x x

0.60 x x

0.65 x x x

0.75 x x

0.77 x

0.8l x

0.87 x

1.0 x x x x

 

1

TE = Triton extract

2SDE - Sodium desoxycholate extract

3UE = Urea extract

4GE = Guanidine extract
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Table 20. Distribution of PAS-positive components in disc electrOphorograms

of chemical bacillary extracts obtained from viable cells of

Mycobacterium bovis.

 

 

Chemical Bacillary Extract

 

.RF 1:] $052 UE3 GELl

0 4 x x

0.15 x

0.17 x x x x

0.28 x x

0.3l I x

0.33 x x

1.0 - x x x x

 

TE - Triton extract

2SDE = Sodium desoxycholate extract

3UE B Urea extract

46E - Guanidine extract
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detectable three hours post-inoculation. The erythermatous

reactions usually subsided within 24-48 hours. Unfraction-

ated ultrasonic extracts and chromatographic fractions I

and II G-25 elicited immediate reactions in rabbits sensi—

tized with heat-killed fl. bovis, strain 510. Slight re—

actions were detected with chromatographic fraction III in

sensitized but not in normal rabbits. Reactions elicited

in sensitized rabbits were greater and persisted longer than

in normal rabbits.

Slight reactions were detected in normal rabbits skin

tested with the chemical bacillary extracts. All of the

chemical bacillary extracts elicited immediate reactions in

sensitized rabbits which were greater than in normal rabbits.



DISCUSSION

Antibody production was studied in experimental models

analogous to (a) active tuberculosis, (b) limited (closed)

tuberculosis with tuberculoimmunity and tuberculin sensi-

tivity, (c) no tuberculosis with tuberculoimmunity and

tuberculin sensitivity, and (d) no tuberculosis with tuberculo-

immunity and reduced sensitivity. Mycobacterium bovis of

different strains or prepared by different methods were in-

jected into rabbits to simulate these conditions as follows:

(a) active tuberculosis: Group I: viable, virulent

g, bovis (strain 510)

(b) limited tuberculosis with tuberculoimmunity and

tuberculin sensitivity: Group II-—attenuated

La. bovis, BCG

(c) no tuberculosis with tuberculoimmunity and tubercu—

lin sensitivity:

Group III heat inactivated.fl, bovis (strain 510)

Group IV—BPL inactivated g. bovis (strain 510)

Group VI-acetone inactivated g, bovis (strain 510)

(d) no tuberculosis with tuberculoimmunity and reduced

sensitivity: Group V-betaprone inactivated g, bovis

(strain 10) treated repeatedly with acetone and

methanol

Antibody production in infected individuals is generally

considered to be of little diagnostic or prognostic signifi-

cance in tuberculosis or tuberculoimmunity. The role of

delayed hypersensitivity in either is not known.

Virulent g, bovis (strain 510) infects and produces

tuberculosis in rabbits. Therefore, a small inoculum

154
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administered subcutaneously was used to avoid a rapidly

progressive, fulminating and fatal disease in rabbits of

Group I. It was hOped that the antibody response would vary

during the prolonged period of disease. Antibody production

by these rabbits was negligible. Antibody was detected in

very low amounts and was irregular in occurrence. The

irregular occurrence of antibody in diseased individuals is

a general characteristic of tuberculosis (159).

Sufficient experimental precedent has established the

use ME-sensitivity to differentiate IgM from IgG. Myco-

bacterial cells elicited first IgM and then IgG in the

experimental rabbits. This general pattern existed in all

the groups tested, although variations occurred in the

temporal and quantitative relationships of hemagglutinins

and bacterial agglutinins. Antibody produced during the

first two weeks was exclusively IgM. Thereafter IgG was

produced in increasing amounts. The IgM persisted through-

out the duration of the experimental period (8-25 weeks) in

all groups tested except Group I. This is consistent with

other reports of prolonged IgM synthesis in rabbits immun—

ized with inactivated mycobacteria. This is undoubtedly

associated with the relatively slow degradation of myco-

bacteria in the host thus providing a prolonged exposure to

the antigen. This is in contrast to the reaction elicited

by a more rapidly metabolized antigen in that the IgM is

produced for a relatively short period of time.
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The antibody response to infection with BCG (Group II)

was comparable to that induced by any of the killed cell

preparations. Mercaptoethanol—sensitive hemagglutinin titers

were significantly higher at the first and second week post-

inoculation in sera from rabbits in Groups II, III and IV

than in sera from rabbits in Groups V and VI. Thereafter,

rabbits in Groups II, IV, and VI produced significantly more

ME-resistant hemagglutinins than rabbits in Groups IV and V.

Bacterial agglutinins were produced by rabbits in Group II

in significantly greater amounts than by rabbits which

received inactivated cells. Because there was multiplica-

tion of BCG in the rabbits in Group II, the actual number of

cells to which the rabbits were exposed is not known. It

would probably be less than the number of virulent fl, boyig

cells (Group I) and more than the number of killed cells

(Groups III—VI). The significantly better antibody response

to BCG than to inactivated cells may be due to differences

in antigen dose or to the differences in processing anti—

gens in viable, multiplying cells and killed cells. It is

interesting that sera from rabbits in Group II, inoculated

with BCG, consistently yielded higher titers of bacterial

agglutinins using BPL-killed cells than sera from rabbits

in Groups IV and V which were inoculated with BPL-killed

cells. This indicates the close antigenic relatedness of

somatic surface antigens between E, bovis (510) and BCG.

A more important point can be suggested from the related-

ness of BCG and BPL-killed cells° Betapropriolactone
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effectively inactivates g, bovis and BPL—killed cells have

been shown to elicit tuberculoimmunity in mice and guinea

pigs and tuberculin sensitivity in the latter. Betaproprio—

lactone reportedly does not denature proteins and therefore

provides a means of inactivation without loss of antigenicity.

The reaction of the BPL-killed cells with the sera from

rabbits inoculated with BCG may indicate promise of the use

of inactivated cells in agglutination tests.

Rabbits in Group IV and V which received BPL-killed

cells produced significantly less ME-resistant antibody than

rabbits in the other groups. Moreover, rabbits in Group V

failed to produde detectable hemagglutinins during the first

week-post-inoculation. These results contraindicate the use

of BPL-killed mycobacteria as antigens for antibody produc-

tion in rabbits.

Results from recent investigations have indicated that

simultaneous rather than sequential production of IgM and

IgG may occur with different antigens, and that the two

antibody responses are independent of each other (210).

An explanation of the earlier detection of IgM antibody is

thought to be the greater sensitivity of agglutination re-

actions for the detection of IgM than for IgG (16). Our

results of antibody titrations using agglutination reactions

should be interpreted with the understanding that IgM is

more efficient in agglutination on a molar basis than IgG

and that both immunoglobulin species may be produced simul—

taneously. To conclusively determine the temporal sequence
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of the IgM and IgG, a serologic test is needed which is

equally sensitive for the detection of both.

Hemagglutination is more sensitive than bacterial agglu-

tination for antibody determinations. Hemagglutinin titers

were consistently higher than agglutinin titers in the

same sera with few exceptions. However, the temporal pat-

tern of synthesis of ME-sensitive and ME-resistant antibodies

was similar. It is not known whether the two tests measured

the same or different antigen—antibodies systems. If the

two test measured the same antigen-antibody systems, hemag—

glutinins would be detected earlier and in greater amounts.

Hemagglutinins are reportedly Specific for tubercu10poly-

saccharides. The nature of the agglutinogens are not known

other than they are apparently on the surface of the cell.

They may also be carbohydrate since the surface antigens of

tubercle bacilli are reportedly carbohydrate (116).

Because g, bovis cords, that is, forms chains of cells

which tightly adhere to other chains of cells, it is diffi—

cult to disperse them evenly to standardize inocula.

Therefore, there were undoubtedly some differences in the

antigen concentration given to each rabbit which could influ-

ence antibody responses. However, it is not believed that

the slight differences in the cell concentrations would

cause significant differences in the serum titers.

Due to widespread distribution of mycobacteria in the

environment, it is possible that some degree of heterologous

antigenic stimulation occurred prior to inoculations.
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The rabbits were not skin tested prior to inoculation but

were obtained from a colony in which the rabbits are and

remain tuberculin negative. None of the serum collected

prior to inoculation contained detectable antibodies.

Skin testing with PPD-S 14 weeks post-inoculation

stimulated antibody production in approximately 50% of the

rabbits tested. An anamestic-like response following skin

testing has been reported to occur in cattle and swine

(111). Mean hemagglutinin titers were elevated in Groups

II and V but not in Group IV, following skin tests.

Bacterial agglutinin titers were elevated only in the serum

from rabbits in Group II. Corresponding elevations of the

ratios of ME-sensitive/ME-resistant antibodies indicate

that skin testing may have preferentially stimulated the

production of Ig-M. Whether this is a specific, homologous

anamestic response is not known. It is significant, hOwever,

that tuberculin testing apparently changed the absolute and

relative amounts of Ig-M and Ig-G synthesized. Perhaps more

significant changes in the absolute and relative amounts of

ME-sensitive and Me-resistant antibody may have been detected

if the rabbits were bled at various intervals after skin

tests. It is probable that tuberculin testing alters other

immunologic processes in still undetermined ways. For this

reason, the effect of tuberculin testing should be carefully

evaluated when conducting in yiyg, in vitro or serologic

tests.
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Inoculation of rabbits with viable or killed Mt bovis

induced sensitivity to tuberculin. Rabbits injected with

BCG developed greater tuberculin sensitivity than rabbits

which were inoculated with BPL-killed.M, bovis or BPL-killed

methanol and acetone extracted M, bovis. The ability to

induce delayed sensitivity was reduced considerably by the

treatment by BPL-killed cells with methanol and acetone.

The kinetics of the antibody response to individual

mycobacterial antigens cannot be adequately studied until

purified antigens are obtained. It is significant that

mycobacterial antigen preparations currently employed for

serodiagnosis of tuberculosis are chemically and antigenically

heterologous. It is only logical that more reliable results

can more probably be obtained with a less heterogenous mix-

ture. If antigens can be isolated there is a greater prob-

ability of obtaining one which is specific.

Disruption of viable cells by ultrasound is a safe,

effective means of obtaining mycobacterial antigens. The

relative amounts of protein, carbohydrate and nucleic acid

in extracts differs with the age of the cultures from which

the cells are obtained and the duration of insonation to

which the cells are exposed.

After centrifugation and prior to filtration, ultra—

sonic extracts were opalescent and probably contained

relatively large amounts of lipoprotein in the form of

particulate micells. Membrane filtration clarified the
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extracts and probably removed some of the soluble protein

as well as lipoprotein material. The qualitative and

quantitative loss of chemical and antigenic constituents

of ultrasonic extracts due to filtration was not determined.

It was considered to be the method of sterilization which

would most probably reduce the constituents the least.

Because of the nature of the organism some method of sterili-

zation was necessary.

The amount of nucleic acid in ultrasonic extracts was

indicative of the extent of cell disruption and was corre-

lated with the intensity of insonation. Ultrasonic extract-C

which received the longest period of sonication, contained

substantially more nucleic acid than USE-A or B, all three

extracts were obtained from cells from six-month-old cultures.

When the duration of insonation was the same but of cells

from two-month-old cultures (USE-D), more nucleic acid was

present than in either the USE-A or B. Cells from younger

cultures appear to be more fragile than those from older

cultures and shorter periods of insonation should be used

with the younger cells to achieve the same extent of cell

disruption. This may be due to the fact that cells from

older cultures are undergoing extensive autolysis and that

a considerable percentage of cells are nonviable.

Another indication of the extent of cell disruption

is found in the carbohydrate and protein concentrations in

ultrasonic extracts. Again, USE-C which was irradiated for
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the longer period, contained more than twice the amount

of carbohydrate and significantly more protein than was

present in other extracts of cells of the same age but

which received a shorter period of insonation.

Ultrasound causes varying degrees of depolymerization

of biomacromolecules. The distribution of nucleic acid

and protein in the three major chromatographic fractions

from Sephadex G-25 are illustrative. Molecular exclusion

chromatography is an effective method of comparing the rela-

tive sizes of molecules. Major fraction I from Sephadex

G-25 contains molecules whose average molecular weight is

greater than 5000 since they were eluted within the external

volume of the columns. Fraction II and III were eluted

within the internal volume of the column and contained mole—

cules whose average molecular weights are less than 5000.

Nucleic acids as they occur in viable cells exist as high

molecular weight polymerized biomacromolecules. Approxi-

mately 50% of the nucleic acid detected in USE-A and B was

present in fraction I whereas only 10% was detected in frac-

tion I from USE-C. This indicates that rather extensive

depolymerization of the nucleic acid had occurred in USE-C

presumably as a result of insonation.

Protein was estimated in ultrasonic extracts using two

methods; a chemical determination (Folin-phenol reaction)

and absorption at 280 mu. Values obtained by these two

methods for the relative protein concentrations in chroma—

tographic fraction Ig_25 from USE-A, B and D were in close
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agreement. This was not true of fraction I from USE-C.

The reason for this discrepancy is not known. No corre—

lation was observed between values obtained for proteins

in fractions II and III using these two methods.

Protein concentration, at least in bacillary extracts,

cannot always be accurately determined using the Folin-

phenol reaction. This is illustrated by the observation

that of 7.8 mg of protein detected by the Folin reaction

per ml of USE—C only 44% or approximately 5.4 mg/ml actually

represented material of molecular weight greater than 5000.

Ten percent, or 10.34 mg/ml, was detected by absorption at

280 mu. Recognition of this limitation of the Folin-

reaction for protein determination is important in standard-

izing antigen-containing solutions for serologic and ana—

lytical purposes. A correction factor must be introduced

when protein solutions contain low molecular weight Folin—

reactive material.

Protein was apparently "denatured‘l by prolonged ex-

posure to ultrasonic vibrations. This can be seen by the

rather high relative concentrations of 280 mu-absorbing

material in fraction II of the chromatogram of USE-C as

compared to the relative concentration in the other ultra-

sonic extracts.

Chemical analyses of chromatographic fractions I, II

and III from Sephadex G—25 indicated that fraction I con-

tained proteins of molecular weight greater than 5000,
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the majority of carbohydrate and a considerable amount of

highly polymerized nucleic acid. The presence of nucleic

acid in fraction II was detected by the strong 280 mu

absorption both in chromatograms and ultraviolet spectra.

Fraction II contained a substantial amount of Folin-reactive,

280 mu-absorbing material. It was presumably peptide.

Very little carbohydrate and a considerable amount of 260

mu-absorbing material, presumably oligoneucleotides were

detected. This fraction was free of detectable antigens

but provoked skin reactions in sensitized rabbits. It may

be a promising source of sensitins for detecting tuberculo-

sis. Fraction III consisted of 280 mu-absorbing material,

presumably small peptides, no detectable carbohydrate and

some 260 mu-absorbing material, presumably neucleotides.

Fraction III from USE—C contained substantial amounts of

the low molecular weight nucleotides and peptides, presum~

ably as the result of depolymerization of the respective

biomacromolecules.

Disc electrophoresis effectively separated many of

the constituents of ultrasonic extracts of mycobacteria.

The separation achieved by zone electrophoresis in cellu-

lose acetate membranes was less satisfactory. Disc electro-

phoresis is a means for effective reproducible separation

and is economical from the standpoint of time, equipment

and sample size required for analyses.
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The chemical heterogenity of ultrasonic extracts is

evident in disc electrophorograms. Between 16 and 24

amido black staining components were detected in differ-

ent extracts. It should be noted that although disc

electrophoresis is reproducible, variations do occur in

gel concentrations, the degree of polymerization and in the

relative concentrations of individual components in differ-

ent samples. Thus, variations in line intensity and dis—

placements do occur and not all electrophorograms contain

each component consistently each and every time. Optimal

results are obtained by running samples in duplicate,

preferably in triplicate, and comparing the disc electro-

phorograms following completion of such sets. It may be

possible to increase the resolution of the technique by

the alteration of gel concentration since disc bands which

appear homogenous may contain more than one antigenic com—

ponent when separated on a different pore size gel (156).

As many as 18 PAS-stained components were detected in

disc electrophorograms of ultrasonic extracts. The PAS

reaction results in staining of both carbohydrates and glyco~

proteins. No amido—black-positive components were detected

in the Spacer gels indicating that the PAS stained compon-

ents in this area are carbohydrate. Five to six distinct

PAS-stained bands were frequently detected in the Spacer

gels of electrophorograms of the ultrasonic extracts.

PAS-stained components in the lower gel could be either
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carbohydrate or glyc0protein. Many of the PAS-positive

bands had Rf values identical with amido-black-positive

bands indicating that they are probably glycoproteins.

The presence in electrophorograms of numerous PAS-positive

components from ultrasonic extracts suggests the native

state of these molecules since carbohydrate and protein

probably exist in the cell wall as complexes containing both

carbohydrate and protein.

The most anodic amido black and PAS—positive band was

quite prominent in disc electrophorograms of all of the

ultrasonic extracts. A yellow, nonstaining component was

frequently associated with this band and was also seen in

disc electrophorograms of chromatographic fraction II from

Sephadex G-25. Mycobacterium bovis is generally described

as producing no pigment, however, this is in comparison to

other strains of mycobacteria and the component detected is

undoubtedly pigment. Disc electrophorograms regularly con~

tained discrete, nonstaining opalescent bands. The sig-

nificance or chemical nature of these are not known but it

is probable that they are of a lipid nature.

Analyses by Ouchterlony immunodiffusion tests was the

first method used to approximate the number of antigens in

ultrasonic extracts of M, bgyig. It had been determined

in preliminary tests that the maximum number of immuno~

precipitates with the reference system was obtained when the

.protein concentration was approximately 2 mg/ml. Since
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multiple antigen-antibody systems are involved, however,

optimal ratios of all of the reactants could not Simul-

taneously exist. Thus, it is practically impossible to

achieve maximum resolution of the antigenic composition of

complex mixtures using this method. Between 15 and 17

separate immunoprecipitates were detected in immunograms

of various ultrasonic extracts. While antigenic and chemical

analyses of purified fractions obtained from ultrasonic ex-

tracts may eventually yield Some classification of myco—

bacterial antigens, the complexity of the mixtures at this

point would make such a classification premature. Maximum

resolution was achieved by making daily readditions of

dilutions of both reactants. This procedure may, if not

properly performed and analyzed, cause splitting of lines

and lead to erroneous assumptions. The number of separate

antigen-antibody systems enumerated were less than were

detected using immunoelectrophoresis. The number of anti-

gens detected are undoubtedly less than the number which

actually exist.

Many of the immunoprecipitates detected in immunograms

of ultrasonic extracts were lightly stained and difficult

to detect consistently unless individual plates were care-

fully analyzed under optimal conditions. The reference

system (USE-A with anti-USE-A) yielded 15 immunoprecipitates.

This represents the minimum number of antigens in the ex-

tract. Seven distinct antigen-antibody systems have been
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reported in extracts of mycobacteria obtained by mechanical

disruption in a pressure cell. Culture filtrate, the same

culture filtrate from which cells were used for the prepara—

tion of USE-D, and ultrasonic extract D were antigenically

indistinguishable using anti-USE-A serum. These results

are in general agreement with an earlier report (25) and

indicate that bacillary extracts and culture filtrates con-

tain the same antigens if filtrates of the appropriate ages

are used. The antigenic composition of bacillary extracts

is consistent although variations may occur in the relative

concentrations of the components.

Antigens with Similar diffusion constants but different

electrokinetic properties were separated by immunoelectro-

phoresis. As many as 20 to 22 immunoprecipitates were

detected in USE-D, three to five more than detected by

Ouchterlony diffusion. It is perhaps Significant that a

maximum of 18 antigen-antibody systems were detected in

immunoelectrophorograms with the reference system. Apparently

USE-A contained at least 22 distinct antigens in a concen—

tration sufficient to stimulate antibody production but only

18 of these antigens existed in sufficient concentration

to be detected in immunoelectrophoresis. A region of diffuse

immunoprecipitation was frequently observed in immunoelectro-

phorograms of ultrasonic extracts. This was perhaps due to

the presence of several antigens which do not differ Sig-

nificantly in electrokinetic properties or diffusion
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constants and which precipitate together. A comparison of

the number of components detected indicates that disc

electrophoresis, immunoelectrophoresis and Ouchterlony im-

munodiffusion demonstrated decreasing numbers of myco—

bacterial constituents.

Fractionation of ultrasonic extracts by molecular

exclusion chromatography in Sephadex or Bio Gels having

different molecular exclusion limits did not yield pure

antigen preparations. Fraction I from Sephadex G-25 and

unfractionated ultrasonic extract were virtually indis—

tinguishable by Ouchterlony immunodiffusion, immunoelectro-

phoresis and disc electrophoresis. Thus, fraction IG-gs

seems to be an ideal preparation to be used for subsequent

fractionation for antigen purification since it is free of

much of the low molecular weight material present in the

crude ultrasonic extract. Dialysis for extended periods

with repeated changes of buffer also yields a preparation

rich in chromatographic fraction IG-25 and contains only

small amounts of fractions II and III.

Chromatography in Sephadex G-25 indicated that approxi-

mately 49% of the 280 mu—absorbing material in USE-B had an

average molecular weight of greater than 5000. .

Of this, 84%, 82% and 59%, had molecular weights of

100,000, 150,000 and 200,000 or greater, respectively.

It is apparent that a substantial percentage of the antigenic

material in ultrasonic extracts is present in a high
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molecular weight fraction, greater than 200,000. Ouchterlony

immunodiffusion analyses of the fractions eluted from dif—

ferent Bio Gels confirmed that although some degree of

purification had been achieved, each fraction remained anti-

genically complex. Molecular exclusion chromatography alone

is not sufficient to yield purified mycobacterial antigens.

Hopefully, molecular exclusion chromatography can be allied

with other fractionation procedures such as ion exchange

chromatography and preparative disc electrophoresis to ob—

tain purified antigens from mycobacteria. Ultrasonic ex—

tracts provide a rich source of undenatured antigens from

which these purified antigens can be obtained.

Antigens were obtained by chemical extractions of

viable mycobacterial cells but no rigorous chemical or anti-

genic analyses were made of these extracts. The amount of

cells of M, bovis by its nature were limited and ultrasonic

extraction appeared more promising in preliminary experiw

ments. The chemical extracts were made by procedures which

have been employed for other bacterial Species and therefore,

optimal conditions for extraction of mycobacterial cells

may not have been used. The analyses of these extracts may

not represent the maximum number of antigens obtainable by

the various methods. Many of the chemical bacillary ex-

tracts had antigens in common which indicate that different

procedures can remove the same antigens. However, the

chemical or antigenic nature of these extracts have not been
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analyzed sufficiently to classify or identify individual

components. They were examined with antiserum Specific for

ultrasonic extracts, thus, antigens unique to the chemical

extracts if they exist would not be detected.

Urea and guanidine denature proteins by the disruption

of secondary bonds which disorganizes the tertiary protein

structure. Five antigen—antibody systems were detected by

immunodiffusion analyses of the urea and guanidine extracts.

Differences were detected by immunoelectrophoresis and disc

electrophoresis. Because of the denaturative properties

of urea and guanidine, the significance of these differences

is uncertain.

The mechanisms of action by which tritron X-100 and

sodium desoxychobate release components from bacterial cells

is Speculative. These compounds probably interfere with

hydrophobic bondinganflithereby disorganize the three dimen-

sional structure of lipoprotein complexes. Ouchterlony

immunodiffusion analyses demonstrated 11 antigen-antibody

systems in each of these extracts. Immunoelectrophoresis

detected 15 and 11 antigens in the triton X- and desoxy-

cholate extracts, respectively. Both compounds appear to

be effective chemical extractants for preparing mycobacterial

antigens. Disc electrophorograms of the triton extract,

however, yielded only six amido-black staining bands.

Extensive areas of opalescence were present in the gel col-

umns after electrophoresis of the triton extract which
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probably either prevented adequate electrophoretic migration

of individual components or interfered with proper staining.

It is possible that trace amounts of the triton remain firmly

bound to some constituents of the extract and interfere with

migration.

When the cellular debris remaining after ultrasonic

disruption were extracted with phosphate buffer containing

ethyl ether, the extract contained only three detectable

antigens.

There is no doubt that the need exists for Specific

mycobacterial antigens to be used for the detection of

tuberculosis. The need exists equally, if not more so, to

study fundamental differences among the mycobacteria and to

study the reactions of hosts to separate antigens and various

combinations of antigens. Mycobacterial antigen preparations

available today are nonSpecific because of their complexity.

These preparations cannot be used to differentiate between

infection and disease, infection and sensitization, or the

species or strain of Mycobacterium causing the infection,

disease and/or sensitization.

Little is known of the antigenic composition of myco—

bacteria despite years of investigation. Neither is the

nature of antibody responses to different mycobacterial anti—

gens understood nor the complex interplay of the various

constituents. Crucial areas of ignorance exist regarding the

relationship between delayed hypersensitivity, susceptibility
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and tuberculoimmunity. In order for these questions to be

satisfactorily answered,more detailed information must be

obtained regarding the chemical and immunologic properties

of the mycobacteria. Purified antigen preparations must be

made available and used to investigate fundamental proper-

ties of antibody production and delayed hypersensitivity in

tuberculosis. Recently developed ip_yiyg_and ip_vitro

procedures are amenable to this type of study if more puri-

fied mycobacterial constituents are available.

Extracts obtained by mechanical disruption of M. bgyis

(510) by ultrasound contain a minimum of 22 antigens detect-

able by specific antibodies. This undoubtedly represents

the minimum number present in these extracts. Moreover, each

of these antigens may well contain multiple antigenic deter—

minant sites. Which of these antigens is of potential Sig—

nificance in tuberculoimmunity or tuberculin hypersensitivity

remains to be determined. Whether any of these antigens are

specific is not yet known.



SUMMARY

Antibody production was studied in rabbits inoculated

with different preparations of M, Mggig. Experimental models

were designed to simulate (a) active tuberculosis, (b) limited

(closed) tuberculosis with tuberculoimmunity and tuberculin

sensitivity,(c) no tuberculosis with tuberculoimmunity and

tuberculin sensitivity,and (d) no tuberculosis with tuberculo-

immunity and no tuberculin sensitivity. Passive-hemagglutina—

tion and bacterial agglutination tests were used for antibody

determinations. Rabbits (a) injected with virulent M, bovis

had gross lesions and produced negligible amounts of antibody

and rabbits,(b) injected with attenuated M, bgyig (Strain BCG)

prOduced Significant amounts of antibody comparable to anti-

body produced by rabbits,(c) inoculated with killed prepara-

tions of,M.lbgyi§. Antibody elicited by heat or acetone-killed

cells was somewhat greater than elicited by cells which were

killed with betapropriolactone, with or without subsequent

extraction with methanol and acetone.

A sequential production of first mercaptoethanol-sensitive

followed by mercaptoethanol-resistant antibody was observed

in all rabbits regardless of the antigen preparation or the

serological test used to detect antibody. Antibody detected

during the first two weeks post-inoculation was exclusively

174
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mercaptoethanol-sensitive. Thereafter, mercaptoethanol—

resistant antibody was produced in increasing amounts. In

most cases, mercaptoethanol-sensitive and resistant antibody

was detected for the duration of the experimental period,

up to 25 weeks post-inoculation.

Skin testing with purified protein derivative 14 weeks

post-inoculation stimulated antibody production in approxi-

mately 50% of the rabbits tested. Both the absolute and

relative amounts of the different types of antibody produced

was altered by skin testing. All rabbits inoculated with

viable or killed.M, bovis preparations became hypersensitive

to tuberculin although extraction of betapropiolactone-killed

cells with methanol and acetone diminished their ability to

sensitize rabbits to tuberculin.

The antigenic and chemical composition of ultrasonic

extracts of M, bovis varied with the age of the culture from

which the cells were obtained and the intensity of insonation.

Ultrasonic extracts of cells from two-month-old cultures con-

tained more antigens than were detected in extracts from six-

month-old cultures. The number of antigens in ultrasonic

extracts was lessened by exposure of cells to long durations

of insonation.

Disc electrophoresis detected the highest number of

chemical constituents in ultrasonic extracts. Between 16

and 24 amido black-stained components and 15-18 PAS—stained

components were detected in disc electrophorograms of dif—

ferent ultrasonic extracts.
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Ouchterlony immunodiffusion detected 15—17 distinct

antigen-antibody systems in different ultrasonic extracts.

As many as 20—22 antigens were detected in ultrasonic ex—

tracts by immunoelectrophoresis.

A substantial porportion of the antigens in ultrasonic

extracts have average molecular weights of greater than

200,000. Molecular exclusion chromatography and ion exchange

chromatography provide a method of preparative fractionation

for antigen purification.

Viable cells of M. bovis were extracted with Triton

X-100, sodium desoxycholate, urea, and guanidine, and cellu-

lar debris was extracted with phOSphate buffer containing

ethyl ether. Disc electrophorograms of desoxycholate, Triton,

guanidine and urea extracts contained 15, 6, 6, and 4 amido

black-stained components reSpectively, and 11, 15, 5 and 9

antigens reSpectively, by immunoelectrophoresis.
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