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Lipopolysaccharide (LPS) extracted with phenol and water from Yersinia
pestis was compared with LPS of Escherichia coli for stimulation of deoxyribo-
nucleic acid synthesis in mouse spleen cells (lymphocyte mitogenesis), gelation
of limulus lysate, pyrogenicity in the rabbit, and susceptibility to inhibition of
these activities by polymyxin B sulfate (PBS). LPS of Y. pestis stimulated
deoxyribonucleic acid synthesis in mouse spleen cell cultures over the same

quantitative range as LPS of E. coli. In the limulus tests and rabbit pyrogenicity
studies, the LPS of Y. pestis was active but about 10 times less potent than E.
coli LPS on a weight basis. PBS in concentrations from 1 to 10 jig/ml diminished
the rate of deoxyribonucleic acid synthesis in spleen cell cultures stimulated by
LPS of both Y. pestis and E. coli. Addition of PBS to LPS of both Y. pestis and
E. coli in a ratio of 100 parts of PBS to 1 part of LPS by weight increased by
10-fold the concentration of LPS required to produce gelation of limulus lysate
and inhibited significantly pyrogenic responses in rabbits. These results demon-
strating similarities of LPS of Y. pestis and E. coli may suggest that the
pathogenesis of plague is similar to that of other gram-negative bacterial infec-
tions.

The causative bacterium of plague, Yersinia
pestis, has been classified as a member of the
family Enterobacteriaceae (32). The disease is
characterized by fever, acute regional lymphad-
enitis, and bacteremia. Considerable evidence
suggests that endotoxin plays a role in the path-
ogenesis ofplague (5-8, 17). Previously described
activities of lipopolysaccharide (LPS) of Y. pes-
tis include lethality for mice (1, 14), pyrogenicity
for rabbits (14), and local and generalized
Shwartzman reactions (1).
More recently described activities of bacterial

LPS that have not been examined in LPS of Y.
pestis are murine B lymphocyte mitogenesis (2,
3, 10, 31), gelation of limulus lysate (15, 16, 21,
22), and susceptibility to inactivation by poly-
myxin B (11-13, 19, 25, 26, 28-30). The aims of
the present study were to study these properties
of LPS of Y. pestis comparatively with LPS of
E. coli in order to gain a better understanding
of the role of LPS in the pathogenesis of and
immunity against plague infection.

MATERLUlS AND METHODS
LPS extraction. An isolate of Y. pestis from a

patient with plague in Vietnam in 1975 and E. coli

055:B5 were cultivated for extraction. Flasks contain-
ing tryptone-yeast-salt broth, prepared with pyrogen-
free water, were inoculated with each bacterial strain
and incubated at 37°C for 24 h. Formalin was added
to make a 1% solution to kill the bacteria. The culture
medium was centrifuged at 7,000 x g for 20 min. The
sediment was washed in pyrogen-free saline and cen-
trifuged, and the final sediment was lyophilized. LPS
was extracted by the hot phenol-water method of
Westphal et al. (36). The aqueous phase was washed
five times with ether, dialyzed against distilled water,
and lyophilized. The LPS of E. coli used in the pyro-
genic studies and limulus tests was obtained from
Difco Laboratories, Detroit, Mich. (lipopolysaccharide
W, E. coli 0127:B8).

Deoxyribonucleic acid (DNA) synthesis in
spleen cell cultures. Single-cell suspensions from
spleens of 8-week-old A x 5M female mice were pre-
pared in serum-free Eagle minimum essential medium
in Earle solution (supplemented with glutamine, non-
essential amino acids, and pyruvate) containing 100
IU of penicillin and 100 jig of streptomycin per ml as
described by Mishell and Dutton (24). With a Hamil-
ton syringe, solutions containing LPS and polymyxin
B sulfate (PBS; Minnesota 3M Laboratories, Leices-
tershire, England) in desired concentrations in me-
dium were placed into flat-bottom wells of tissue cul-
ture plates (Falcon Plastics, Oxnard, Calif.). Mononu-
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clear cells (4 x 105) were then added to each well.
Cultures were incubated at 37°C in an incubator with
a gas composition of 10% C02, 7% 02, and 83% N2.
After 24 h, 0.05 ml of [methyl-3H]thymidine (1 ILCi;
specific activity, 5 Ci/mmol; Radiochemical Centre,
Amersham, England) was added to each culture. After
an additional 24 h, the culture plates were harvested
with a multiple automated sample harvester (Skatron,
AS, Lierbyen, Norway). The glass filter pads were

dried and placed in vials containing 5 ml of scintillation
fluid (5.5 g of Permablend III [Packard Instrument
Co., Downers Grove, Ill.] in 1 liter of toluene). The
vials were counted in a Tri-Carb liquid scintillation
spectrometer (Packard). Means of counts per minute
and the standard errors of triplicate cultures were

computed.
Limulus assay. Limulus amebocyte lysate was ob-

tained from the laboratory of J. Levin, and the test
was performed as previously described (21, 22). Equal
volumes of limulus lysate and test solution in 0.9%
sodium chloride were incubated at 37°C for 3 h and
allowed to stand at room temperature for 18 h. A gel
or flocculation in the tube indicated a positive result.
The limulus test detected as little as 0.1 ng of E. coli
LPS standard per ml.
Pyrogenic responses. New Zealand white rabbits

weighing 2 to 3 kg were trained in loosely fitting
wooden stocks the day before the experiment for 4 h.
Rectal temperatures were measured hourly by therm-
istors connected to a telethermometer (Yellow Springs
Instrument Co., Yellow Springs, Ohio). Animals with
temperatures outside the range of 38.5 to 39.9°C on
the day before or on the day of the experiment were

excluded. Test solutions in 0.5 ml of pyrogen-free 0.9%
sodium chloride were injected into the marginal vein
of the ear. Hourly temperature over a 5-h period were
plotted on 1-by-i-inch (ca 2.5 by 2.5 cm) graph paper,

with 1°C and 1 h equaling 1 inch (ca. 2.5 cm). The
fever index was measured with a compensating polar
planimeter (Keuffel and Esser Co., Germany) as the
area under the curve above the initial temperature
base line over a 5-h period (20, 37). In the pyrogenic
studies and limulus tests, PBS (Aerosporin, Burroughs
Wellcome, Research Triangle Park, N.C.) was com-
bined with LPS in solution in a weight ratio of 100
parts of PBS to 1 part of LPS and incubated at 37°C
for 15 min.

RESULTS

DNA synthesis in spleen cell cultures. A
mitogenic response in spleen cell cultures stin-
ulated by LPS was demonstrated by enhanced
rates of DNA synthesis. LPS from both E. coli
and Y. pestis over a dose range from 0.1 to 100
,ug/ml caused linear increases in DNA synthesis
(Fig. 1). Both LPS preparations were about
equally potent.
Limulus tests. The least concentrations of

LPS that produced a positive limulus test were
0.0001 ,ug/ml for E. coli and 0.001 ,ug/ml for Y.
pestis (Table 1). The potency of the LPS of Y.
pestis was thus about 10 times less than the
LPS of E. coli in the limulus test.
Pyrogenic studies. The LPS extracted from
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FIG. 1. DNA synthesis in murine spleen ceU cul-
tures stimulated by LPS in doses from 0 to 100 ,ug/ml.
Mean counts per minute are shown in triplicate cul-
tures after 48 h of incubation with LPS and after 24
h of incubation with tritiated thymidine.

TABLE 1. Reaction of limulus lysate with LPS and
inhibition of the reaction by PBS'

Results of limulus testh

Concn of E. coli Y. pestis
LPS (ug/ml) -

No PS No PBPBS PBS PBS PBS

0.01 + + + +
0.001 + + + -
0.0001 + - - _
0.00001 - - - -

a All solutions with PBS contained a weight ratio
of 100 parts of PBS to 1 part of LPS.

h Symbols: +, Gel or flocculation; -, negative.

Y. pestis was pyrogenic for rabbits. The dose
response curves revealed that the LPS of Y.
pestis was approximately 10 times less pyrogenic
on a weight basis than the LPS of E. coli (Fig.
2). Both LPS preparations showed a linear re-
sponse over a dose range from 0.01 to 1.0,ug.

Inhibition of LPS activities by PBS. The
effect of the concentration of PBS in spleen cell
cultures was studied. Concentrations between 1
and 10 ,ug/ml reduced the rate of DNA synthesis
in the presence of LPS. With concentrations of
PBS greater than 10 ,ug/ml, unstimulated cul-
tures showed reductions in counts per minute,
and cell viability was diminished, as shown by
trypan blue dye exclusion after 48 h in culture.
The effect of PBS in a concentration of 4 jig/ml
in the presence of 10,ug LPS per ml is shown in
Fig. 3. The mitogenic activities of LPS of both
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FIG. 4. Inhibition of LPS-induced pyrogenic re-
sponses in rabbits by PBS. Open bars are the means
of5-h fever indexes with standard errors ofthe means
in five rabbits injected with saline or 0.1 jug of LPS
ofE. coli or Y. pestis. Cross-hatched bars show means
of fever indexes in five rabbits injected with 10 U4g of

0.1 O PBS (100 parts of PBS to 1 part of LPS by weight
ccharide

incubated together for 15 min at 37°C before injec-:choride ~~tion).
FIG. 2. Pyrogenic responses of rabbits to intrave-

nously injected LPS in 0.5 ml ofnornal saline. Fever
index is the area under the temperature curve above
the starting base line for 5 h after the injection. Each
point is the mean offour or more rabbits.
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FIG. 3. Inhibition ofLPS-stimulated DNA synthe-
sis by PBS. Open bars are the means of triplicate
cultures with standard error of the mean unstimu-
lated (medium) and stimulated by 10 ,ug ofLPS of E.
coli or Y. pestisper ml. Cross-hatched bars are means
of triplicate cultures containing PBS in a concentra-
tion of 4 ug/ml.

Y. pestis and E. coli were significantly inhibited
by PBS (P < 0.05 by Student's t test).

Addition of PBS to LPS in a ratio of 100
parts of PBS to 1 part of LPS by weight before
incubation with the limulus lysate resulted in a

10-fold loss of LPS activity for both LPS prep-
arations (Table 1). The 10-fold loss in LPS ac-

tivity in the limulus test by the addition of PBS
was reproducible in three experiments. Simi-
larly, 100 parts of PBS added to 1 part of LPS
by weight followed by 15 min of incubation at
370C resulted in diminished pyrogenic responses
(Fig. 4). The differences between the responses

to LPS alone and to LPS with PBS were statis-
tically significant (P < 0.05) for both LPS prepa-

rations by Student's t test.

DISCUSSION
This is the first report that LPS of Y. pestis

is mitogenic for spleen cells and reacts with
limulus lysate. These two activities, as well as

pyrogenicity in the rabbit, were inhibited by the
addition of polymyxin B to solutions of LPS
from both Y. pestis and E. coli. These findings,
when combined with the previously known ac-

tivities of LPS of Y. pestis, including lethality
for mice, pyrogenicity in the rabbit, and the
production of local and generalized Shwartzman
reactions (1, 14, 34, 35), demonstrate additional
similarities of the biological properties of the
LPS of Y. pestis and the endotoxins of other
gram-negative bacteria.
The mitogenic activity of LPS of Y. pestis in

spleen cell cultures may be relevant to the path-
ogenesis and immunity of plague infections. LPS
of other bacteria has been shown to be selec-
tively mitogenic for B lymphocytes (2, 3, 10, 27,
31). In plague infection, bacteria proliferate
within mononuclear phagocytes of the lymph
node during the incubation period (9). Subse-
quently, when the lymph node enlarges, large
numbers of bacteria are present in close prox-
imity to germinal centers containing B lympho-
cytes (18). Another role of B lymphocyte mito-
genesis may be in defending the host against
the infection through the production of antibod-
ies. In the C3H/Hej mouse, a genetic inability
of B lymphocytes to respond to LPS is associ-
ated with a diminished resistance to intraperi-
toneal infection with Salmonella typhimurium
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(33), indicating that B lymphocyte mitogenesis
may be a mechanism for defending the host
against bacterial infection.
The susceptibility of LPS of Y. pestis to in-

hibition by polymyxin B establishes an addi-
tional similarity of the LPS to that of other
bacterial species (11-13, 19, 25, 26, 29, 30). The
mechanism of polymyxin B inhibition may be a
physical or chemical alteration of the LPS mol-
ecule (4, 23), which is the result of binding of
the cationic polymyxin molecules to negatively
charged groups in the polyanionic LPS. Another
possible mechanism for the inhibition of lym-
phocyte mitogenesis is a direct toxicity of poly-
myxin B for lymphocytes. Studies of other mi-
togens, including PPD, PHA, and concanavalin
A, revealed, however, no inhibitory action of
polymyxin B for these other lymphocyte mito-
gens in spleen cell cultures (19).
Attempts have been made to exploit the anti-

LPS activity of polymyxins for therapeutic ad-
vantage in gram-negative infections. Unfortu-
nately, high toxic doses were required to achieve
the anti-LPS activity in dogs (13). Nevertheless,
polymyxin B may prove to be a useful tool for
probing the functions of LPS and for modifying
disease in experimental gram-negative bacterial
infections.

ACKNOWLEDGMENTS
We are grateful for the laboratory assistance of Tran Kim

Anh, Berit Lindholm, Agneta Wahlquist, Gard Lundstrom,
Tord Holme, and Carl-Eric Nord.

This work was supported in part by grant RDRF 292-544-
75-G233 from the Department of the Arrny and by grants
from the Rockefeller Foundation and the Swedish Cancer
Society.

LITERATURE CITED
1. Albizo, J. M., and M. J. Surgalla. 1970. Isolation and

biological characterization of Pasteurella pestis endo-
toxin. Infect. Immun. 2:229-235.

2. Andersson, J., F. Melchers, C. Galanos, and 0. Lu-
deritz. 1973. The mitogenic effect of lipopolysaccharide
on bone marrow derived mouse lymphocytes. Lipid A
as the mitogenic part of the molecule. J. Exp. Med.
137:943-953.

3. Andersson, J., G. Moller, and 0. Sjoberg. 1972. Selec-
tive induction of DNA synthesis in T and B lympho-
cytes. Cell. Immunol. 4:381-393.

4. Bader, J., and M. Teuber. 1973. Action of polymyxin
on bacterial membranes. I. Binding to the 0-antigenic
lipopolysaccharide of Salmonella typhimurium. Z. Na-
turforsch. 28C:422-430.

5. Butler, T. 1972. A clinical study of bubonic plague. Ob-
servations of the 1970 Vietnam epidemic with emphasis
on coagulation studies, skin histology and electrocardi-
ograms. Am. J. Med. 53:268-276.

6. Butler, T., W. R. Bell, N. N. Linh, N. D. Tiep, and K.
Arnold. 1974. Yersinia pestis infection in Vietnam. I.
Clinical and hematologic aspects. J. Infect. Dis. 129:
578-584.

7. Butler, T., J. Levin, D. Q. Cu, and R. I. Walker. 1973.
Bubonic plague: detection of endotoxemia with the
limulus test. Ann. Intern. Med. 79:642-646.

8. Butler, T., J. Levin, N. N. Linh, D. M. Chau, M.

Adickman, and K. Arnold. 1976. Yersinia pestis in-
fection in Vietnam. II. Quantitative blood cultures and
detection of endotoxin in the cerebrospinal fluid of
patients with meningitis. J. Infect. Dis. 133:493499.

9. Cavanaugh, D. C., and R. Randall. 1959. The role of
multiplication of Pasteurella pestis in mononuclear
phagocytes in the pathogenesis of flea-borne plague. J.
Immunol. 83:348-363.

10. Chiller, J. M., B. J. Skidmore, D. C. Morrison, and
W. 0. Weigle. 1973. Relationship of the structure of
bacterial lipopolysaccharides to its function in mitogen-
esis and adjuvanticity. Proc. Natl. Acad. Sci. U.S.A.
70:2129-2133.

11. Corrigan, J. J., and B. M. Bell. 1971. Comparison be-
tween the polymyxins and gentamicin in preventing
endotoxin-induced intravascular coagulation and leu-
kopenia. Infect. Immun. 4:563-566.

12. Corrigan, J. J., 0. F. Sieber, H. Ratajczak, and B.
B. Bennett. 1974. Modifications of human neutrophil
response to endotoxin with polymyxin B sulfate. J.
Infect. Dis. 130:384-387.

13. Craig, W. A., J. H. Turner, and C. M. Kunin. 1974.
Prevention of the generalized Shwartzman reaction and
endotoxin lethality by polymyxin B localized in tissues.
Infect. Immun. 10:287-292.

14. Davies, D. A. L. 1956. A specific polysaccharide of Pas-
teurella pestis. Biochem. J. 63:105-116.

15. Elin, R. J., A. L. Sandberg, and D. L. Rosenstreich.
1976. Comparison of the pyrogenicity, limulus activity,
mitogenicity and complement reactivity of several bac-
terial endotoxins and related compounds. J. Immunol.
117:1238-1242.

16. Elin, R. J., and S. M. Wolff. 1973. Nonspecificity of the
limulus amebocyte lysate test: positive reactions with
polynucleotides and proteins. J. Infect. Dis. 128:349-352.

17. Finegold, M. J. 1968. Pathogenesis of plague. A review
of plague deaths in the United States during the last
decade. Am. J. Med. 45:549-554.

18. Flexner, S. 1901. The pathology of bubonic plague. Am.
J. Med. Sci. 122:396-416.

19. Jacobs, D. M., and D. C. Morrison. 1977. Inhibition of
the mitogenic response to lipopolysaccharide (LPS) in
mouse spleen cells by polymyxin B. J. Immunol. 118:
21-27.

20. Keene, W. R., H. R. Silberman, and.M. Landy. 1961.
Observations on the pyrogenic response and its appli-
cation to the bioassay of endotoxin. J. Clin. Invest. 40:
295-301.

21. Levin, J., and F. B. Bang. 1968. Clottable protein in
limulus: its location and kinetics of its coagulation by
endotoxin. Thromb. Diath. Haemorrh. 19:186-197.

22. Levin, J., T. E. Poore, N. P. Zauber, and R. S. Oser.
1970. Detection of endotoxin in the blood of patients
with sepsis due to gram negative bacteria. N. Engl. J.
Med. 283:1313-1316.

23. Lopes, J., and W. E. Inniss. 1969. Electron microscopy
of effect of polymyxin on Escherichia coli lipopolysac-
charide. J. Bacteriol. 100:1128-1130.

24. Mishell, R. I., and R. W. Dutton. 1967. Immunization
of dissociated spleen cell cultures from normal mice. J.
Exp. Med. 126:423-442.

25. Morrison, D. C., and D. M. Jacobs. 1976. Inhibition of
lipopolysaccharide-initiated activation of serum com-
plement by polymyxin B. Infect. Immun. 13:298-301.

26. Palmer, J. D., and D. Rifkind. 1974. Neutralization of
the hemodynamic effects of endotoxin by polymyxin
B. Surg. Gynecol. Obstet. 138:755-759.

27. Peavy, D. L., W. H. Adler, and R. T. Smith. 1970. The
mitogenic effects of endotoxin and staphylococcal en-
terotoxin B on mouse spleen cells and human peripheral
lymphocytes. J. Immunol. 105:1453-1458.

28. Rifkind, D. 1967. Prevention by polymyxin B of endotoxin
lethality in mice. J. Bacteriol. 93:1463-1464.

29. Rifkind, D. 1967. Studies on the interaction between

VOL. 18, 1977 403



404 BUTLER AND MOLLER

endotoxin and polymyxin B. J. Infect. Dis. 117:433-438.
30. Rifkind, D., and J. D. Palmer. 1966. Neutralization of

endotoxin toxicity in chick embryos by antibiotics. J.
Bacteriol. 92:815-819.

31. Rosenstreich, D. L., A. Nowotny, T. Chused, and S.
E. Mergenhagen. 1973. In vitro transformation of
mouse bone-marrow-derived (B) lymphocytes induced
by the lipid component of endotoxin. Infect. Immun. 8:
406-411.

32. Sonnenwirth, A. C. 1974. Yersinia, p. 222-229. In E. H.
Lennette, E. H. Spaulding, and J. P. Truant (ed.),
Manual of clinical microbiology. American Society for
Microbiology, Washington, D.C.

33. Von Jeney, N., E. Gunther, and K. Jann. 1977. Mito-
genic stimulation of murine spleen cells: relation to

INFECT. IMMUN.

susceptibility to Salmonella infection. Infect. Immun.
15:26-33.

34. Walker, R. V. 1968. Comparative physiopathology of
plague endotoxin in mice, guinea pigs, and monkeys. J.
Infect. Dis. 118:188-196.

35. Walker, R. V., M. G. Barnes, and E. D. Higgins. 1966.
Composition of and physiopathology produced by pla-
gue endotoxins. Nature (London) 209:1246.

36. Westphal, O., 0. Luderitz, and F. Bister. 1952. Uber
die extraktion von bakterien mit phenol/wasser. Z. Na-
turforsch. 76:148-155.

37. Wolff, S. M., J. H. Mulholland, and S. B. Ward. 1965.
Quantitative aspects of the pyrogenic response of rab-
bits to endotoxin. J. Lab. Clin. Med. 65:268-276.


