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It has been known for more than 70 years 
that a temporary increase in host resistance 
to many bacterial infections can be produced 
in animals by injection of immunologically 
unrelated Gram-negative organisms. This en- 
hanced resistance does not depend to any 
major extent on circulating antibodies since 
it cannot be tramsferred with the serum of 
protected animals (1). Landy (2 ,3 )  and 
Rowley (4) indicated that the agent prin- 
cipally responsible for this increase of the 
nonspecific resistance of the host is endotoxin, 
a toxic lipapolysaccharide previously isolated 
from bacteria by Boivin et d. ( 5 , 6 ) ,  and 
others. Subsequent investigators demon- 
strated that endotoxin is contained only in 
the bacterial cell walls and h t  bacterial pm- 
toplasm is substantially free from this mate- 

I t  was observed that endotoxins prepared 
by various methods of extraction, while dif- 
fering markedly from each other in their 
chemical c m p i t i o n  and toxic properties, 
often retained their ability to increase the 
host's nonspecific resistance to infections and 
disease (8). Certain proteincontaining bac- 
terial extracts appeared to be much less toxic 
than more highly purified lipopolysaccharides 
(8,9). The question arose whether the pro- 
tein moiety in these extracts served merely 
as a diluent or actively con'tributed to the 
protective activity of these preparatiom. To 
resolve this question, work was und-ken 
to separate the bacterial cell wall fm the 
baoterial protoplasm and to compare endo- 
toxin-free proteinaceous material derived from 
the cell protoplasm with classical, highly puri- 
fied cell wall-derived lipopolysaccharide (en- 
dotoxin). 

Materials and Methods. Sepaxation of 
endotoxin from the protoplasmic material was 
carried out by a combination of physical and 
chemical methods. E .  coli cells grown on a 
semisynfthetic medium a t  30°C for 2 0  hours 
were disrupted in an RF-1 Ribi refrigerated 

rial (7). 

cell frautionator (I. Sorvall, Inc., Norwalk, 
Connecticut) (10) at 30,000 psi. After sepa- 
ration of the cell wall material from the prolto- 
plasm by centrifugation, both f,i-ac!tims were 
subjected to Westphal's extraction procedure 
( 1 1  ). This method, which utilizes 50% aque- 
ous phenol extraction at  68"C, achieves sep- 
aration of proteinaceous material from lipo- 
polysaccharides. The endotoxin and nucleic 
acids are contained in the aqueous phase. 
The protein remaining in the phenol layer 
was further purified by methyl alcohol pre- 
cipi tation, centri f ugat ion, and dialysis. 

This protein fraction of the protoplasm, 
which we call protodyne, and the lipopolysac- 
charide (endotoxin) prepared from the cell 
walls of the same organism by the Wwtphal 
method ( 1 1  ) , were evalwted for their ability 
to proteot mice from infections with various 
microorganisms. The toxicity, pyrogenic prop 
erties, and the ability to induce the Shwartz- 
man reaction of the two sulbstances were also 
studied. 

The ability of p t o d y n e  to enhance non- 
specific resistance to infections was evaluated 
in mice of the Swiss Webster strain, utilizing 
Salmonella t yphimurium, Salmonella typhosa, 
Pseudomonas aeruginosa, Klebsiella pteumo- 
niae, Streptococcus mastitidis, and Diplo- 
coccus pzeumoniae as the infectious agents. 
The microorganisms, with the exception of 
Pseudomonas aeruginosa, were administered 
intraperitoneally. With all germs, the number 
of viable cells given was adjusted in prelimi- 
nary titrations to produce deaths in 90% of 
animals within 48 hours. 

Protodyne or endotoxin was usually given 
intraperitoneally at 5 different dose levels. 
Groups of 2 0  mice were used at  each dose 
level and protodyne or endatoxin adminis- 
tered in a single injection 24 hours prior 
to infection. In the case of P s e u d o m o n ~ ~  
aeruginosa, the mice were infected inhrawe- 
nously 48 hours after treatment with proto- 
dyne or endotoxin. When 90% of the un- 
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TABLE I. Increased Resistance to Infection Produced in Mice by Protodyne :ind Endotoxin. 

Protodyne Endotoxixi 
Number of 
viable orga- PD, Confidence PD, Confidence Relative 

Organism nisms given (mg/kg)  limitsb (mg/kg)  limits pOitency" 

J'almonclla typhimzcrium (35) 1.12 x 108 0.052 0.030-0.090 0.0028 0.0013-0.0058 19 
Salmonella typhosa (Ty 2) 4.55 x lo8 0.032 0.015-0.067 0.0019 0.0011-0.0032 17 
Pseudomonas acrwginosa 4.6 X lo7  0.44 0.27 4 . 7 0  0.025 O.Oml4 -0.045 18 

Rlebsicllapneumoniae (B) 3.9 x lo7 0.54 0.23 -1.24 0.0052 0.0029-0.0095 104 
Streptococcus mastitidis (SP,) 9.7 X l(r 0.59 0.33 -1.06 0.0038 0.0019-0.0077 155 

(25-A-2) 

a Dose protecting 50 per cent of animals from death by infwticui. 
9570 confidence limit. 
Endotoxin = 1. 

treated control animals were dead-usually 24 
to 48 hours after infectim-the median pro- 
tective dose, PD50, b t  is, the dose at which 
510% of the treated animals SUM&, was cal- 
culated (12). Each experiment was repeated 
3-5 #times with similar resulk. 

Results. Protodyne increased the ability 
of the animal to  resist infections by all the 
microorganisms that were used (Table I). 
For at least two reasons the increase of resis- 
tance was considered to 'be due to a nonspe- 
cific increase of host resistance and indepen- 
dent of the pre-xnce of specific antibodies. 
First, the animals were protected against a 
number of different, im~munologically unre- 
lated strains of micrmrganims, and second, 
the increase of resistance occurred soon af,ter 
administration of protodyne, at a time before 
effective levels of antibodies could have been 
formed. 

Although protodyne increased resis- 
tance to infection by all microorganisms, 
larger amounts of protodyne than of endo- 
toxin were needed to produce this effect. 
Endotoxin and protodyne also differed from 
each other in the relative amounts needed to 
produce increased resistance against infection 
with different microorganisms. In the case of 
endotoxin, doses of a similar magnitude pro- 
tected animals from infections evoked by most 
of the microorganisms stlxvt were studied. With 
protodyne, on the ather hand, the amount 
needed to obtain protection varied greatly with 
the microorganisms used. Thus, animals in- 
fected with Streptococcus mastitidis, Klebsi- 
ella pneumoniae or Pseudomonas aeruginosa 

required about 10 times as much protodyne 
to obtain protection than animals infected 
with Salmonella typkimurium or S d m d l a  
typhosa. These results suggest that pmbdyne 
mobilizes diffment b t  m d a n k n s  than 
endotoxin. 

To elicit the Shwartaman reaction, pmto- 
dyne and endotoxin were injeded intracuta- 
neously in the clipped ventral surface of New 
Zealand rabbits in doses of 100, 200, and 500 
pg in a volume of 0.2 ml of saline. E .  coli 
endotoxin (100 pg) or Serratia marcescens 
endotoxin ( 5 0 0  pg) ,  used far provocation, 
were injected intravenously in a volume of 
1 ml 118 hours after sensitization. The degree 
of erythema and necrOSis was rated 5 hours 
after challenge. While the endotoxin produced 
the usual hemorrhagic and necrotic lesions, 
protodyne, even in very large doses, did not 
produce any detectable skin ohanges. This 
is of particular interest since the Shwartz- 
man reaction is one of the most sensitive and 
specific tests for endotoxin. 

The pyrogenicity of protodyne was also 
evaluated in male New Zealand albino rab- 
bits using the usual techniques (13). Endo- 
toxin, in doses of 0.5 pg/kg produced a maxi- 
mum temperature rise of 3.5 _t 0.07'F, 
while protodyne under these conditions pro- 
duced a rise of 0.8 * 0.l'F. When the area 
of the fever graph was measured (14), 
protodyne had only one-one hundredth of 
the pyrogenidy of endotoxin. Protdyne 
appeared quite nontoxic. Mice tolerated 
a dose of 400 mg/kg intraperitoneally 
without any discernable changes in appear- 
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ance or behavior. Mice receiving endotoxin in 
doses as low as 10 mg/kg, on the other hand, 
were listless and emaciated in a p p r a n c e .  
Their fur was ruffled land they had diarrhea. 
The dose of endotoxin killing 50% of animals 
after intraperitoneal administration was 2 1 
mg/kg with 95% confidence limits of 15-30 
mg/kg. 

Discussion. The Occurrence of a proteina- 
ceous substance in the protoplasm of E .  coli 
that is of low toxicity and is able to increase 
nonspecific resistance to infections is unex- 
pected and of considerable theoretical and 
praotical interest. Ribi et QZ. ( 7 )  have shown 
that the biological properties usually associ- 
ated with endotoxin are chiefly present in the 
extracts prepared from the cell walls. The 
separated protoplasm in the hands of these 
investigators retained only traces of these 
act i vi ties . These investigators, however , 
studied only the biological properties of crude 
protoplasm, of its trichloroacetic acid extracts 
and of the residue of the trichloroacetic acid 
extracts ( 1 5 ) .  The Ibiological properties of 
the phenol solulble fraction containing the 
proteinaceous material of the protoplasm were 
not investigated. 

Protodyne differs from endotoxin and the 
protoplasmic ma teri a1 previously described 
by Ribi et QZ. ( 15) not only in biological prop- 
erties but also in chemical composition. Pro- 
todyne is predominantly protein and contains 
only less 'than 1c/c of carbohydrate. End+ 
toxin and Ribi's protoplasmic material, on the 
other hand, was made u p  predominantly of 
polysaccharides. The result of a typical 
chemical analysis of protodyne and endotoxin 
prepared from our strain of E .  coZi, and bring- 
ing out the differences in chemical composition 
of the two extracts, is given in Table IT. The 
nitrogenous material present in endotoxin is 
the protein moiety described by Homma and 
Suzuki (16) which occurs in the bacterial cell 
wall and has a tendency to form complexes 
with endotoxin. 

Protodyne can also be differentiated from 
endotoxin by measuring the lipid a n t e n t  of 
the two preparations. This was done by de- 
termining the fatty acid content of endatoxin 
and protodyne by gas chromatographic analy- 
sis of methylated chloroform extracts obtained 

TABLE 11. Chenlical Compositioii of Extracts of 
E .  coli. 

Biuret Kjeldahl Carbohy- 
protein (%) nitrogen (%,) drate (%) 

Entlotoxin" 28.6 9.8 45.5 
Protodyiieb 94.2 14.0 0.6 

" Endotoxin: Water soluble phase of a Westphal ex- 
t,ract prepared from isolated cell walls. 

'' Prototl.viie: Phenol soluble p h u e  of a Westphal ex- 
t.r:ict prep:trecl froni isolated bxtcr ia l  
prot.opl:isni. 

after acid hydrolysis of the two preparations. 
The endoltoxin fraction contained the bulk of 
the total fatty acids whereas the protodyne 
fraction had less than 1% of that amount. 

Summary. I t  now appearsthat E .  coli and 
perhaps other organisms contain not only 
endotoxin, but also a nontoxic proteinaceous 
material #that is not a l ipcplysadaride and 
yet has the ability to increase the nonspecific 
host resistance against a variety of infections. 
This substance, called protodyne, m u r s  in 
the protoplasm and can be extracted from 
the separated protoplasm with hot phenol. 
Protodyne differs from endotoxin, which is 
contained in the bacterial cell walls, in con- 
sisting predominantly of proteinaceous ma- 
terial and in ibeing substantially free f r m  
lipids and polysaccharides. Biologically, pro- 
todyne appears devoid of the pyrogenic and 
Shwartzman inducing properties tihat are so 
characteristic of endotoxin. While pmtodyne 
increases host resistance to infection with a 
variety of microorganisms, it differs from en- 
dotoxin in (having a different degree of pro- 
tective action depending on the microorgan- 
ism responsilble for the infeotion. I t  is pos- 
sible that protodyne plays a role in protect- 
ing animak from infections prior to the onset 
of specific antibody formation. 
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Aflatoxin B1, a mycotoxin produced by 
Aspergillus ~ ~ Q V U S ,  is carcinogenic in rats 
(1-3) and trout (4) .  Studies in tissue cul- 
ture and in cell-free systems indicate that 
aflatoxin primarily affects the synthesis of 
nucleic acid (5,6). Chlmmosome abnormali- 
ties have (been produced [by this ampound in 
seedling roots of vetch (Vicia faba) ( 7 )  
and in a cell line derived from the kidney 
of a rat kangaroo (Potorous tridactylis api- 
calis) (7,8). The experiments reported in 
this paper were designed to investigate the 
effect of aflatoxisn on human leukocyte cul- 
ture and to characterize the type of response. 

Materials and Methods. Two preparations 
of aflatoxin were used: an aflatoxin mixture 
(495) containing 15% B1, 9% G I ,  and less 
than 176 B2 and G2; and a crystalline B1 
preparation1 ( 6 ) .  

Leukocyte cultures ( 7 2  hours) were set ac- 
cording to a modification of the method of 
Moorhead et al. (9) ,  using plasma inocula 
from $three heallthy females. Aflatoxin 495 
was added to produce final concentrations of 
1.0, 5.0, 10.0, 25.0, and 50.0 pg/ml and afla- 
toxin Bl a t  a final concentration d 40.0 
&ml to replicate cultures. 

1 Aflatoxin was obtained from Dr. A. D. Campbell, 
Division of Food Chemistry, Food and Tlrug 
Administration. 

Our preliminary work had shown that afla- 
toxin is toxic when added initially at the 
time of plasma inoculation. Therefore, ex- 
p u r e  was delayed until 22  hours after in- 
oculation. Cells were e x p e d  to aflabxin for 
either 8 or 48 hours and were harvested after 
70-hours total incubtion. A dose effect in 
percent was determined by scoring number 
of metaphase cells with chromosomal aberra- 
tions per htal number of andyzable meta- 
phase cells. Photomicrographs were made of 
all cells with microscopidly detectable ab- 
normalities, and the dbnmrmlities were fur- 
ther scored as to type (break, gap, t r a n s l a -  
tion, deletion, fragment), site (long arm, 
short arm, centromere) and karyotypic group 
according to the Demver Report (10). 

Results and Discussion. Mitotic rate. A 
definite inhibition of mitosis was found after 
8-hours exposure to aflatoxin (Table I ) .  The 
mitotic inhibition was greater after 48-hours 

TABLE I. Mitotic Index of Aflatoxin-Treated Cells 
a t  Various Exposure Times. 

Length of Aflatoxin concentrations (pg/ml) 
e x p u r e  
(hours) 0 1 5 10 25 50 

8 4.2 4.8 3.6 9.0 3.8 3.0 
48 4.2 3.4 2.8 2.2 1.9 1.4 


