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Since 1957 (1-4) antibodies against nuclear antigens and particularly against DNA have 
been recognized in sera from patients with systemic lupus erythematosus. Such 
autoantibodies have also been found in sera from NZB x NZW F1 hybrid mice (5, 6), 
which spontaneously develop an autoimmune disease resembling human systemic lupus 
erythematosus (7, 8). The pathogenetic role of DNA and of antibodies directed against 
DNA (anti-DNA antibodies), particularly in kidney injury, has been suggested both in 
human (9) and in animal pathology (6). This hypothesis has been further s~lpported by the 
finding that NZB x NZW F1 hybrid mice that had been previously rendered tolerant to 
denatured DNA failed to develop glomerulonephritis (10). 

The spontaneous development of anti-DNA autoantibodies is still poorly understood. 
The triggering of the immune response to DNA could result from antigenic stimulation by 
antigens containing DNA in a particularly immunogenic state. It is likely that in mice this 
response is genetically controlled (11, 12). However, it is possible that this response is 
modulated by thymus-dependent lymphocytes or by modifications of the immune status 
of the host, possibly induced by exogenous agents such as viruses or bacteria. Therefore, 
the spontaneous development of anti-DNA antibodies may be due to the release of 
immunogenic DNA in a host naturally, or rendered, responsive to this type of antigen. 
Many clinical or experimental conditions involving bacterial (13) or viral infections (11, 
14, 15) have been reported to favor the formation of antinuclear antibodies. Such 
antibodies have also been found in sera from animals immunized with killed gram-nega- 
tive bacteria (16, 17). 

The purpose of the present s tudy was to better define the mechanisms by which 
bacterial infections or bacterial products  may favor the formation of an t i -DNA 
antibodies. Par t icular  at tent ion was given to the s tudy of the role of bacterial 
l ipopolysaccharide (LPS) 1 on the immune  response to DNA. Indeed, LPS 
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p r e p a r a t i o n s  are  well  k n o w n  to have  severa l  effects  on the  i m m u n e  sys t em.  In  

a d d i t i o n  to its p o t e n t  a d j u v a n t  effect  on a n t i b o d y  f o r m a t i o n  (18), L P S  was shown 

to h a v e  a m i t o g e n i c  a c t i v i t y  on B l y m p h o c y t e s  (19, 20). Moreove r ,  i t  was  

d e m o n s t r a t e d  t h a t  in s o m e  in s t ances  L P S  could  favor  the  t e r m i n a t i o n  of a s t a t e  

of u n r e s p o n s i v e n e s s  due  to t o l e r ance  m a i n t a i n e d  a t  T -ce l l  level  when  L P S  a n d  

a n t i g e n  were  in j ec t ed  s i m u l t a n e o u s l y  in to  mice  wi th  respons ive  B cells  (21). 

S ince  it has  been  p o s t u l a t e d  t h a t  a s im i l a r  s t a t e  of u n r e s p o n s i v e n e s s  would  ex is t  

for some  a u t o a n t i g e n s  (22, 23), one m a y  wonde r  w h e t h e r  bac t e r i a l  L P S  wou ld  

favor  t he  d e v e l o p m e n t  of a u t o i m m u n i t y .  

In the  p r e sen t  s tudy ,  it was d e m o n s t r a t e d  t h a t  the  in jec t ion  of b a c t e r i a l  L P S  

in to  mice ,  w i t h o u t  any  in j ec t ion  of exogenous  D N A ,  could  l ead  to t he  t b r m a t i o n  

of a n t i - D N A  an t ibod ie s .  F u r t h e r m o r e ,  a s ign i f i can t  re lease  of D N A  was d e m o n -  

s t r a t e d  in c i r c u l a t i n g  b lood a few hours  a f te r  the  in j ec t ion  of L P S .  B o t h  of  these  

effects  were  also obse rved  af te r  in jec t ion  of the  l ipid A f rac t ion  of the  L P S  

molecu le .  

M a t e r i a l  a n d  M e t h o d s  

Mice. 6-10-wk-old mice were used throughout the study. C3H, C57BL/6, DBA/2, and Balb/c 
female mice were purchased from Charles River Breeding Laboratories, Inc., Elbeuf, France. NZB 
and NZW mice were originally provided by Dr F. J. Dixon from the Scripps Clinic and Research 
Foundation, La Jolla, Calif., and inbred in our own animal house. All NZB x NZW FI hybrids were 
obtained by NZB male × NZW female matings. Athymic Balb/c nude (nu/nu) female mice, athymic 
C57BL/6 nude (nu/nu) male mice, and littermate mice which were heterozygote for the mutant gene 
(nu/+) were purchased from the Laboratory Animals Breeding and Research Center (GI. Bomholt- 
gart Ltd., Ry, Denmark}. OF1 outbred female mice were purchased from IFFA CREDO (Centre de 
recherche et d'~levage des Oncins, St. Germain-sur-l'Arbresle, France). Blood samples were collected 
by orbital sinus puncture and the sera were stored at -20°C until used. 

Lipopolysaccharides. Polysaccharide B of: Salmonella typhimurium (lot 563628), Salmonella 
enteritidis (lot 586088}, Escherichia coli 0127:B8 (lot 582337), and E. coli 0111:B4 (lot 587687} were 
obtained from Difco Laboratories, Detroit, Mich. LPS from the mutant strain E. coli 0111:B4, J5 (J5 
LPS) and Salmonella minnesota Re 595 (Re 595 LPS) and lipid A extracted from E. coli 0111:B4 
prepared as described by Chiller et al. (24) were kindly provided by David Morrison (Scripps Clinic 
and Research Foundation). All these LPS preparations were diluted to the desired concentration in 
sterile saline and were injected intraperitoneally in a final volume of 0.2 ml. 

Immunization. Calf thymus DNA type V was purchased from Sigma Chemical Co., St. Louis, 
Mo. Denatured DNA was prepared by heating native DNA (0.5 mg/ml in phosphate-buffered saline, 
pH 7.0) at 100°C for 10 min and by transferring directly to an ice bath. Methylated bovine serum 
albumin was purchased from Calbiochem, San Diego, Calif'. Incomplete Freund's adjuvant (IFA) was 
obtained from Difco Laboratories. Complexes of denatured DNA and methylated bovine serum 
albumin (mBSA-DNA complexes) were made by adding drop by drop methylated bovine serum 
albumin (10 mg/ml in distilled water) to an equal weight of DNA with constant stirring. After 10 min 
an emulsion was made with an equal volume of IFA. These complexes were injected intraperitoneally 
(0.3 ml containing 75 ttg of DNA per mouse}. 

Separation of Double-Stranded from Single-Stranded DNA. The separation of double-stranded 
DNA (DS DNA) from single-stranded DNA (SS DNA) was performed using methylated albumin 
kieselguhr chromatography according to Sueoka and Cheng (25). 1.5 × 10-cm columns were run by 
stepwise elution with solutions of increasing NaC1 molarity (0.1, 0.25, 0.50, 1.0) buffered with 0.05 M 
P0,, pH 6.7. The last buffer was 1 M NaCl, 1.5 M NH~OH. As reported by Tan and Natali (26), DS 
DNA was eluted with 0.5 M NaCl buffer, while SS DNA was eluted with 1 M NaC1, 1.5 M NH4OH 
buffer. 

Radioimmunological Detection of Anti-DNA Antibodies. The titration of anti-DNA antibody 
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was done according to Wold et al. (27), by precipitation of globulin-bound radiolabeled DNA with 
50% saturated ammonium sulfate. DNA was labeled either externally with iodine-125 or internally 
with tritium. SS DNA was iodinated according to Commerford (28). [lzSI]DNA had a specific activity 
of about 4 × 105 cpm/ttg at 30% counting efficiency. [3H]DNA was prepared from human fibroblast 
cells L~s2 grown in culture in presence of [3H]thymidine. DNA was isolated by Marmur's technique 
(29). The preparation of [3H]DNA had a specific activity of 3 × 103 cpm/ttg at 33% counting 
efficiency. Purified DS [~H]DNA was obtained by fractionation on methylated albumin kieselguhr 
column. SS [3H]DNA was obtained by heat denaturation. Titrations were done as follows: 0.1 ml of 
serum diluted 1/10 in borate buffer (pH 8.4, ionic strength 0.1) was heated at 56°C for 30 min, then 
mixed with 0.2 t~g of [SH]DNA (DS [SH]DNA or SS [SH]DNA) or 0.01 t~g of [I~SI]DNA in 0.1 ml of 
borate buffer. These mixtures were incubated overnight at 4°C; then 1.8 ml of 55.55% saturated 
ammonium sulfate was added. After an incubation at 4°C for 30 min, the precipitates were 
centrifuged at 1,000 g for 30 min, then washed once with 50% saturated ammonium sulfate. []2sI ]DNA 
precipitated was directly counted in a gamma counter. [SH ]DNA precipitated was dissolved in 0.5 ml 
of heated (70°C) distilled water and transferred into 15 ml of Dioxan scintillation fluid for counting in 
a LS 250 Beckman liquid scintillation counter {Beckman Instruments, Inc., Fullerton, Calif.). The 
results were expressed as a percentage of radiolabeled DNA precipitated and compared to the 
non-specific precipitation obtained with normal sera from the various strains of mice which were 
studied. Titration of anti-DNA antibodies was also done on sera fractionated by gel filtration on 
Sephadex G 200.0.5 ml of pools of sera previously dialyzed for 24 h against borate buffer was applied 
to a Sephadex G 200 column and eluted with borate buffer. For titrations, 90 ttl of fraction sample was 
added to 10 #l of normal mouse serum. 

Detection of Other Antibodies. Antibodies to S. typhimurium LPS were titrated by passive 
hemagglutination as previously described (30). Antibodies to autologous erythrocytes were detected 
by direct Coombs' test (31). 

Estimation of DNA Content in Serum Samples. DNA content in serum samples was determined 
by inhibition of radioimmunoassay. 0.1 ml of serum presumed to contain DNA, diluted 1/10 in borate 
buffer and heated at 56°C for 30 min, was added to 0.1 ml of [~25I]DNA (0.01 ttg) or to 0.1 ml of 
[SH]DNA (0.2 ttg) diluted in the same buffer. To these mixtures was added 0.1 ml of serum from a 
lupus patient which contained anti-DNA antibodies directed against both SS DNA and DS DNA 
diluted 1/50 in borate buffer and heated at 56°C for 30 min. After an overnight incubation at 4°C, 2.7 
ml of 55.55% saturated ammonium sulfate were added and the percentage of radiolabeled DNA 
precipitated was measured. In the absence of cold DNA, about 40-60% specific precipitation was 
obtained. A standard inhibition curve was established with normal mouse serum containing 
increasing amounts of cold calf thymus DNA. Cold DS DNA and cold SS DNA were found to give a 
similar inhibition of the precipitation of radiolabeled DNA. In this system, DNA added to normal 
mouse serum at a concentration of 1 tLg/ml could be detected with a good reproducibility. The amount 
of DNA present in tested serum samples was estimated by reference to the standard curve. In some 
experiments, fractions eluted from methylated albumin kieselguhr columns were tested for DNA 
content. In these cases, after an overnight dialysis of the fraction against borate buffer, 90 #l of these 
fractions were added to 10 ttl of normal mouse serum previously tested for the absence of detectable 
amounts of DNA. The DNA content was then measured in 0.1 ml as described above. When 
inhibition was observed, its specificity was controlled in each case by pretreatment of the tested 
samples with DNase. 0.1 ml of DNase (Deoxyribonuclease 1, 2600/mg, Worthington Biochemical 
Corp., Freehold, N. J.) at a concentration of 0.4 mg/ml in Veronal buffer, pH 7.2, (Tampon 
Veronal-magnesium-calcium, Institut Merieux, Marcy l'Etoile, Rhone, France) was added to 0.025 
ml of the sample. Then, after an incubation of 3 h at 37°C, 0.025 ml of 1 M EDTA and 0.1 ml of borate 
buffer were added. After heating the mixture at 56°C for 30 min, 0.1 ml was used for DNA estimation. 
In the control tubes, EDTA was added before DNase in order to prevent its enzymatic action. 

Results 

Induct ion of A n t i - D N A  Antibodies  by LPS .  In  t h e  f i r s t  g r o u p  o f  e x p e r i m e n t s ,  

t h e  e f f e c t s  o f  S. t yph imur ium L P S  w e r e  s t u d i e d  on  t h e  a n t i - D N A  r e s p o n s e  

i n d u c e d  b y  m B S A - D N A  c o m p l e x e s  in  6 - w k  o ld  N Z B  × N Z W  F~ h y b r i d  m i c e  
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known to be good responders to DNA (11). Four groups of seven NZB x NZW 
females were studied: The first group was immunized by intraperitoneal 
injections of mBSA-DNA complexes in IFA (75 #g of DNA) on days 0, 7, and 14. 
The second group was immunized as the first group with mBSA-DNA complexes 
but was injected intraperitoneally 4 h later with S. typhimurium LPS (50 #g on 
day 0, 25 #g on days 7 and 14). As a control, a third group was injected with the 
same amount of LPS but without any mBSA-DNA, and a fourth group with 
saline alone. The titers of serum anti-DNA antibodies, expressed in percent of 
[SH]DNA precipitated, were measured on days 13, 21, 28, 35, and 55, and are 
represented in Fig. 1. It was found that the antibody response directed against SS 
DNA elicited by immunization with mBSA-DNA complexes in IFA was not 
increased by additional injections of LPS. However, a significant anti-DNA 
antibody response was induced by injections of LPS alone. Mice receiving saline 
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Fro. 1. Anti-DNA antibody levels of young NZB x NZW F~ hybrid female mice immunized 
with mBSA-DNA complexes (O) or mBSA-DNA + LPS (B), mice injected with LPS alone 
(O), or with saline alone (A). The injections were done on days 0, 7, and 14. Anti-DNA 
antibody levels are expressed as the mean percentage of SS [3H]DNA precipitated obtained in 
each group. Vertical bars represent the limits of 1 SD. 

did not show any significant modification of DNA-binding capacity during that  
period. The kinetics of the anti-DNA antibody response observed in the groups 
immunized with mBSA-DNA complexes were different from those observed in 
the group injected with LPS alone. In the former groups, levels of anti-DNA 
antibodies increased until day 28 and then remained high, while in the group 
receiving LPS alone, the anti-DNA levels increased similarly until day 28 but 
slowly decreased afterwards. In a similar experiment, a group of mice received 
injections of IFA alone. There was no increase of DNA-binding capacity through 
day 21, but a slight and transient increase was observed on days 28 and 35. 

In the second group of experiments, this induction of anti-DNA antibodies by 
injections of LPS alone was studied in six strains of mice. 6-wk old female NZB x 
NZW F~ hybrids, C57BL/6, C3H, Balb/c, NZW, and DBA/2 mice were injected 
intraperitoneally with S. typhimurium LPS (50 tLg on day 0, 25 ttg on days 7 and 
14). Individual serum samples were collected on days 0, 14, 28, 50, and 70 for 
measuring DNA-binding capacity. The mean values obtained in each group are 
shown in Fig. 2. One can see that five inbred strains of mice, as well as NZB x 
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NZW hybrids, responded to LPS by formation of ant i -DNA antibodies.  At the 
doses used in this experiment ,  some s t ra in-dependent  differences existed in the 
ant i -DNA response. NZB × NZW and C57BL/6 mice showed an early and 
relatively high ant i -DNA response, while Balb/c, NZW, and DBA/2 mice were 
relatively low responders. C3H mice showed an ant i -DNA response which was 
halfway between the two previous groups. The  kinetics of the ant i -DNA ant ibody 
product ion in all the groups injected with LPS  were similar. DNA-binding 
capaci ty of sera reached a peak on day 28 and then decreased. The  hemag- 
glutina~ing t i ters of antibodies to S. typhimurium LPS were measured on days 13 
and 35 in these groups of mice injected with LPS.  It  was found tha t  the ant i -LPS 
response was quite similar in all strains except DBA/2, which exhibited a lower 
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FIG. 2. Induction of anti-DNA antibodies in various strains of mice by injections of LPS. 50 
#g of S. typhimurium LPS was injected intraperitoneally on day 0, 25 #g on days 7 and 14. 
Anti-DNA antibody levels are expressed as the mean percentage of SS [SH]DNA precipitated 
obtained in each strain. 

hemagglut inat ing titer. The  Coombs'  test, which was performed in NZB × N ZW  
and C57BL/6 mice on days 13 and 28, remained negative after  the injections of 
LPS.  In order to compare the ant i -DNA response induced by injections of LPS  
with tha t  induced by immuniza t ion  with exogenous DNA, similar groups of the 
same strains of mice were immunized  with mBSA-DNA complexes (75 tLg of 
DNA on days 0, 7, and 14). The  levels of ant i -DNA antibodies measured at day 28 
after  s t imulat ion ei ther with LPS or with mBSA-DNA are shown in Table  I. It is 
evident  tha t  NZB × NZW and C57BL/6 mice were good responders while DBA/2 
were poor responders to both kinds of stimuli. However, C3H mice showed a 
be t te r  ant i -DNA response after injections of LPS than  after immuniza t ion  with 
mBSA-DNA. Inversely, NZW mice showed a bet ter  ant i -DNA response after  
immuniza t ion  with mBSA-DNA than  after injection of LPS.  When serum 
samples obta ined later  (days 50 and 70) were analyzed, it appeared tha t  
ant i -DNA levels were still increasing in all strains except  DBA/2 after  injection of 
mBSA-DNA, while they were generally decreasing slowly in mice receiving LPS.  

In the third group of experiments,  the effects of LPS were s tudied in a thymic  
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nude mice. Homozygous (nu/nu) C57BL/6 nude mice, Balb/c (nu/nu) mice, and 
littermate heterozygous (nu/÷) C57BL/6 and Balb/c mice were injected with S. 
typhimurium LPS (50 #g on day 0, 25 #g on days 7 and 14). As a control, similar 
groups of mice were injected with sterile saline. The mean values of SS [3H ]DNA 
binding capacity obtained on serum samples collected on days 13 and 28 are 
shown in Table II. LPS induced a significant anti-DNA response in C57BL/6 
nude mice and this response was similar to the anti-DNA response induced by 
LPS in C57BL/6 heterozygous mice. Such anti-DNA response was not observed 
in Balb/c nude mice, while a significant increase in DNA-binding capacity was 
observed in heterozygous (nu/+) Balb/c mice after the injection of LPS. 

TABLE I 

Comparative Studies of the Anti-DNA Response after LPS or mBSA-DNA 

Mice strains* 
% SS [SH]DNA ppt  ±1 SD$ 

LPS§ mBSA-DNAIr 

NZB × NZW 29.8 ± 3.0 41.0 ± 2.1 
C57BL/6 23.0 ± 7.0 22.8 ± 5.0 
C3H 16.5 ± 4.9 9.4 -~ 2.4 
Balb/c 13.9 ± 4.4 12.8 ± 5.6 
NZW 13.5 ± 2.3 20.4 ± 2.8 
DBA/2 11.1 ± 2.5 8.5 ± 3.9 

* 6-wk old female mice (5-8 in each grou). 
$ DNA-binding test performed on day 28 with 0.2 ttg SS [3H]DNA and 0.1 ml of mouse serum 

diluted 1;I0. 
§ 50 tLg of S. typhimurium was injected on day 0, 25 ttg on days 7 and 14. 
I[ 75 t~g of mBSA-DNA complex was injected in IFA on days 0, 7, and 14. 

TABLE II 

Anti-DNA Antibody Response to Injections of LPS in Nude Mice 

% SS [SH]DNA ppt  ±1 SD* 

Genotype Group C57BL/65 Balb/c§ 

D13 D28 D13 D28 

nu /nu  LPSI[ 13.0 ± 2.9 18.0 ± 2.0 9.8 ~ 1.7 8.4 == 3.4 
nu/nu Saline¶ 9.9 ± 4.0 11.9 ± 1.0 9.2 ± 2.3 8.0 ± 2.0 
n u / +  LPS[] 16.5 ± 2.4 19.1 ± 2.3 9.4 ± 1.1 13.9 ± 4.4 
n u / +  Sal ine" 13.0 ± 2.9 11.9 ± 3.3 6.5 ± 0.7 5.3 ± 1.0 

* DNA-binding test performed with 0.2 pg SS [~H] DNA and 0.1 ml of mouse serum diluted 1:10. 
8-wk old C57BL/6 male mice (five in each group). 

§ 8-wk old Balb/c female mice (seven in each group). 
IJ 50 ttg of S. typhimurium LPS was injected on day 0, 25 ttg on days 7 and 14 (in 0.2 ml sterile 

saline. 
¶ 0.2 ml sterile saline on days 0, 7, and 14. 
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Role of the Doses and of the Nature of the LPS Preparations. The induction 
of anti-DNA antibodies by injections of LPS was studied in relation to the doses 
of LPS injected. Four groups of C57BL/6 female mice were injected with different 
doses of S. typhimurium LPS ranging from a total dose of 20 pg-800 #g/mouse. 
One other group was immunized with mBSA-DNA complexes. It can be seen in 
Fig. 3 that the anti-DNA response induced by injections of LPS was related to the 
amount of LPS injected. At high doses of LPS, the titer of anti-DNA antibodies 
measured on day 28 was higher than that observed after immunization with 
mBSA-DNA complexes. The titers of anti-DNA antibodies induced by LPS of 
various origin was studied on 10-wk old NZB × NZW females which were 
injected intraperitoneally with the same amount (50 pg on day 0, 25 #g on days 7 
and 14) of LPS from S. typhimurium, E. coli 0127:B8 and S. enteritidis. All the 
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FIG. 3. Anti-DNA antibody response of 6-wE old C57BL/6 female mice after injections of 
various doses of S. typhimurium LPS ([:3) or after immunization with mBSA-DNA complexes 
(75 #g DNA) (O). Groups of seven mice were injected intraperitoneally on days 0, 7, and i4. 
Titers of anti-DNA antibodies are expressed as the mean percentage of SS [~H]DNA 
precipitated obtained in each group. 

LPS tested were able to induce an anti-DNA response, but the kinetics of this 
response were dependent on the origin of the LPS injected. Indeed, there was no 
significant response induced by S. enteritidis LPS until day 45 (Table III). 

To better define the active part of the molecule of LPS, LPS preparations 
obtained from mutant  bacteria and lipid A fraction extracted from E. coli were 
tested for their ability to induce anti-DNA antibodies in C57BL/6 mice. Groups 
of 8-wk old mice were injected with the same amount (50 pg on day 0, 25 tLg on 
days 7 and 14) of LPS from E. coli 0111:B4, or from the mutant  strains E. coli 
0111:B4, J5 and S. minnesota Re 595, or of lipid A extracted from E. coli 0111:B4. 
As a control, a group of mice was injected with saline alone. The individual titers 
of anti-DNA antibodies measured on day 13 are shown in Fig. 4. All the LPS 
preparations injected induced a significant increase in the DNA-binding capac- 
ity. The highest response was obtained with mutants with a relatively high 
content of lipid A (Re 595 LPS) and with purified lipid A. A lower response was 
observed with a more complete molecule of LPS (J5 LPS), which, on a weight 
basis, contains a lower amount of lipid A. The lowest response was observed with 
the LPS preparation which, on a weight basis, contains the lowest amount of 
lipid A. 
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Characteristics of Anti-DNA Antibodies Induced by LPS. The specificity of 
anti-DNA antibodies induced by LPS was studied by using SS [SH]DNA and 
purified DS [SH]DNA. As shown in Table IV, sera from mice injected with S. 
typhimurium LPS had a DNA-binding capacity directed mainly against SS 
DNA. However, a significant increase of DS DNA-binding capacity was also 

TABLE III 

Effect of LPS from Various Sources on Anti-DNA Antibody Production in N Z B  × N Z W  

Mice 

Group* 
% SS [3H]DNA pp t  ±1 SD$ 

D21 D28 D45 

S. typhimurium LPS§ 26.5 ± 3.9 29.6 ± 4.9 32.9 ± 4.2 
E. coli0127:B8LPS§ 22.2 ± 6.2 26.9 ± 8.4 36.1 ± 4.9 
S. enteritidis LPS§ 14.6 ± 5.1 20.4 ± 4.2 29.6 ± 5.2 
Salinell 12.5 ± 4.8 17.7 ± 2.7 18.0 ± 1.4 

* 10-wk old N Z B  x N Z W  Ft hybr id  female  mice (5 7 mice in each group). 
DNA-b i nd i ng  tes t  per formed with 0.2 ttg SS [3H]DNA and 0.1 ml  mouse  se rum di lu ted  1:10. 

§ 50 ttg of LPS was injected on day  0, 25 t~g on days  7 and  14 (in 0.2 ml  sterile saline).  
II 0.2 ml  sterile saline on days  0, 7, and  14. 
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FIG. 4. Induct ion  of an t i -DNA ant ibodies  in 6-wk old C57BL/6 female  mice by injections of 
var ious  LPS prepara t ions .  Five mice in each group were injected with 50 ttg of the  LPS 
prepara t ion  on day 0, 25 #g on days  7 and  14. Individual  an t i -DNA ant ibody levels ob ta ined  on 
day 13 are represented by the  percentage  of SS [SH]DNA precipi ta ted.  

observed. In mice injected with lipid A, the DNA-binding capacity was high, not 
only for SS [3H]DNA, but  also for DS [3H]DNA. The kinetics of antibodies 
directed against DS DNA were similar to the kinetics of antibodies directed 
against SS DNA. The specificity of these anti-DNA antibodies was further 
confirmed by inhibition studies with cold DS DNA and cold SS DNA from calf 
thymus. With DS [3H]DNA as antigen (0.2 ug), the binding capacity of 
anti-DNA antibodies induced by lipid A was strongly inhibited by prior 
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incubation with 2.5 #g of either DS DNA or SS DNA. With SS [3H]DNA as 
antigen (0.2 ttg), the binding capacity of the same antibodies was not inhibited at 
all by prior incubation with 2.5 ttg of DS DNA, but was strongly inhibited by the 
addition of 2.5 #g of SS DNA. These studies indicate that the sera from mice 
injected with lipid A did contain antibodies with two types of specificity: some 
reacting only with the antigenic determinants of SS DNA and some reacting with 
antigenic determinants common to SS DNA and to DS DNA. 

The anti-DNA antibodies induced by LPS were further defined by gel filtration 
on Sephadex G 200. By using pools of sera collected on day 28 from C57BL/6 mice 

TABLE IV 

Specificity of Anti-DNA Antibodies Induced by LPS and Lipid A 

Group* 
% [3H]DNA pp t  ±1 SD$ 

DS [~H]DNA SS(3H]DNA 

LPS§ 9.6 ± 2.4 23.1 ± 2.8 
Lipid All 22.1 ± 3.4 37.9 ± 6.2 
Sa l ine¶  4.4 ± 1.4 7.1 - 0.9 

* 6-wk old C57 BL/6 females  (5-7 in each group). 
S M e a s u r e d  on day 13 by us ing  0.2 ug of [3H]DNA and  0.1 ml  mouse  
s e r u m  di lu ted  1:10. 

§ 50 ttg of S. typhimurium was injected on day 0, 25 ttg on day 7. 
II 50 #g of lipid A ext rac ted  from E. coli 0111:B4 was injected on day 0, 

25 ttg on day  7. 
¶ 0.2 ml  sterile saline on days  0 and  7. 

injected with S. typhimurium LPS, a [125I]DNA-binding activity was detected in 
both the first and second peaks eluted from the Sephadex G 200 column. From 
quantitative estimation, it was found that the amount of antibody contained in 
the first peak was higher than that  of the second peak. When anti-DNA 
antibodies were induced in mice of the same strain by immunization with 
mBSA-DNA complexes and then fractionated in a similar way, a larger part of 
the DNA-binding activity was found in the second peak of elution. The 
characteristics of anti-DNA antibodies induced in poor responder mice may be 
different. Indeed, pools of sera collected on day 28 from DBA/2 mice injected with 
either LPS or with mBSA-DNA complexes were shown to contain anti-DNA 
antibodies which were eluted only in the first peak of the Sephadex G 200 
column. 

Release of DNA in Circulating Blood after Injections of LPS. Since it is 
known that bacterial LPS can lead in vivo to tissue destruction and cellular 
disruption, the possibility that endogenous nuclear material might be released 
and play a role in the production of anti-DNA antibodies was investigated. For 
this purpose, 10 C57BL/6 mice were injected intraperitoneally with 300 ttg of S. 
typhimurium LPS and bled at various times after injection. Sera were collected 
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very carefully to prevent  any cell destruct ion,  and the amoun t  of DNA present  in 
se rum was eva lua ted  by inhibit ion of DNA-binding  test.  A very significant 
inhibit ion of the binding of SS [3H]DNA and of [I~SI]DNA by an t i -DNA 
ant ibodies  from the lupus pa t ien t  serum used was observed in presence of serum 
samples  collected between 4 and  20 h af ter  the injection of LPS.  By using a 
s tandard  inhibit ion curve, the amoun t  of circulating D N A  was es t imated  (Fig. 
5). With  reference to calf t hymus  DNA, a peak of approx imate ly  40 #g/ml of 
D N A  was found in circulat ing blood after  11 h. This  exper iment  was repea ted  
several  t imes and the highest concentra t ion of DNA in serum was usually 
detec ted  8-10 h after the injection of LPS.  Prior t r e a t m e n t  of the tes ted sera with 
DNase  resulted in an a lmost  comple te  d i sappearance  from the sera of the 
mater ia l  responsible for the inhibit ion of the DNA binding (Fig. 5). The  presence 
of a significant am oun t  of DNA in the prepara t ion  of LPS injected was excluded 
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FIG. 5. DNA released in circulating blood after the injection of 300 tLg of S. typhimurium LPS 
in 10 C57BL/6 mice. Pools of sera were collected at various times after this injection and 
assayed for DNA content by inhibition of [~H]DNA binding. Closed circles represent the 
amount of circulating DNA. Open circles represent the amount of circulating DNA still 
detectable after pretreatment of the serum samples with DNase. 

since LPS did not inhibi t  the binding of SS [~H]DNA by the an t i -DNA 
ant ibodies  from the lupus pa t ien t  serum. In s imilar  exper iments ,  it was found 
tha t  E. coli 0111:B4 LPS  and lipid A could induce a release of DNA in circulating 
blood like S. typhimurium LPS.  Moreover,  a second injection of LPS,  7 days 
af ter  the first injection, again induced a s imilar  release of DNA. In another  group 
of exper iments ,  other s trains of mice were studied.  Circulat ing D N A  was 
detec ted  in serum after  the injection of LPS in all the s trains tested:  NZB × 
N Z W  F~ hybrids,  Balb/c,  homozygous nude Balb/c,  and OF1 outbred mice. 

Characteristics of the DNA Released after Injection of LPS. The  physico- 
chemical  na ture  of D N A  circulating in mouse blood 7 h after  the injection of 300 
ttg of S. typhimurium LPS was studied by ch roma tog raphy  on me thy l a t ed  
a lbumin  kieselguhr column. Pre l iminary  studies using [aH]DNA in its nat ive 
f rom and after  heat  dena tura t ion  indicated tha t  in our exper imenta l  conditions 
nat ive  D N A  was most ly  eluted in 0.5 M NaC1, while hea t -dena tu red  D N A  was 
eluted in 1 M NaC1, 1.5 M N H , O H  phosphate  buffer (Fig. 6). DNA-conta in ing  
serum,  ob ta ined  af ter  injections of LPS,  was processed in s imilar  conditions and 
the  fract ions eluted at  various salt  concentra t ions  were checked after  dialysis in 
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borate buffer for their content of DNA by inhibition of [SH]DNA or [12SIJDNA- 
binding test. The amount of DNA was estimated with reference to a standard 
inhibition curve performed with calf thymus DNA. As shown in Fig. 6, there is a 
small amount of DNA present in normal mouse serum which is eluted at the 
molarity corresponding to the elution of SS DNA. Serum from mice injected with 
LPS contained a much greater amount of DNA, which is eluted in two peaks. The 
smaller peak is eluted at the molarity corresponding to the elution of DS DNA 
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Fro. 6. Physicochemical characteristics of circulating DNA on methylated albumin kiesel- 
guhr column. The upper part of the graph represents the pattern of elution of DNA detected 
either in normal mouse serum or in serum from mice injected with LPS. The vertical bars 
correspond to the concentration of DNA in each fraction studied. The optical density of these 
fractions is indicated by the continuous lines. The lower part of the graph represents the 
pattern of elution obtained with native [SH]DNA and with heat-denatured [SH ]DNA. 

and the larger one at the molarity corresponding to the elution of SS DNA. Prior 
treatment of the fraction samples by DNase prevented their inhibitory effect on 
[3H]DNA-binding by anti-DNA antibodies. 

The DNA released in circulating blood after injection of LPS was further 
characterized by immunochemical analysis. The inhibitory activity of a serum 
pool from mice injected with LPS was compared to that of cold SS DNA and cold 
DS DNA by using as antibody a lupus patient serum and as antigen either SS 
[SH]DNA or DS [3H]DNA. This anti-DNA antibody was selected for its 
specificity which allowed for a differentiation between SS DNA and DS DNA 
(with DS [SH ]DNA as antigen) and for an estimation of the total content of DNA 
in serum (with SS [3H]DNA as antigen). Indeed, this antibody had a higher 
avidity for DS DNA than for SS DNA. The ratio of the absolute amounts of DNA 
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bound in presence of 0.225 pg or 2.7 tLg of DNA was 0.15 for SS [3H]DNA and 0.42 
for DS [3H]DNA. With this par t icu lar  an t i -DNA ant ibody,  in the conditions of 
the  exper iment ,  the addi t ion of cold SS D N A  inhibi ted equally the binding of SS 
[3H]DNA and o f D S  [aH]DNA (Table  V). On the other  hand,  the addit ion of cold 
DS DNA inhibi ted more strongly the binding of DS [SH]DNA than  tha t  of SS 
[3H]DNA. When  the inhibi tory act ivi ty  of serum from mice injected with LPS  
was evaluated,  it was found tha t  the pa t t e rn  of inhibit ion was largely related to 
t h a t  ob ta ined  with cold SS DNA. Indeed,  for this par t icu lar  pool of mouse serum,  
the a m o u n t  of DNA es t ima ted  by inhibit ion of the binding of SS [SH ]DNA would 
be approx ima te ly  equivalent  to 25 gg/ml  of ei ther  cold DS D N A  or cold SS DNA.  
In contrast ,  the values ob ta ined  by inhibi t ion of DS [3H]DNA binding would be 

TABLE V 

Immunochemical Study of DNA Released a[ter Injection of LPS 

Added se rum 
% p H ] D N A  ppt* 

SS [3H]DNA DS [~H]DNA 

NMS$ 39 41 
LPS-MS§ 29 26 
NMS + SS DNAII (25 #g/ml) 31 28 
NMS + DS DNAII (25 #g/ml) 29 17 

* 100 #l of an t i -DNA sys temic  lupus  e ry thema tosus  se rum 1:50 added  to 
I00 ttl of tes ted se rum lk:!10 then  to 0.2 ;~g [3H]DNA in a d i rec t -b inding 
test. 

$ Pool of sera from 6-wk old normal C57BL/6 female mice. 
§ Pool of sera from 6-wk old C57BL/6 female mice collected 8 h after an 

intraperitoneal injection of 200 ttg of S. typhimurium LPS. 
I[ 10 ;,1 of calf thymus DNA (25 pg/ml) in 100 pl of normal mouse serum 

diluted 1:10. 

app rox ima te ly  equivalent  to ei ther  25 ttg/ml of cold SS DNA or to 5 ~g/ml of cold 
DS DNA. Therefore,  it is likely t ha t  most  of this circulat ing DNA reacts  
immunochemica l ly  in a s imilar  way to SS DNA. 

Discussion 

The  present  da ta  are concerned with two different effects of bacter ia l  LPS 
observed in mice: first, a release of  DNA in circulat ing blood, and secondly, an 
induct ion of an t i -DNA ant ibodies .  The  relat ionship between these two phenom-  
ena and their  pathogenic  significance will be discussed. 

In the early phase  af ter  injection of LPS into mice, a release of D N A  in 
circulat ing blood was demons t r a t ed  in several exper iments .  The  appea rance  of 
D N A  in the circulat ing blood a few hours after  the injection of LPS is not a 
phenomenon  restr icted to some par t icular  mice, since it was found in several  
inbred and outbred  s t rains  of mice. I t  should be pointed out tha t  the D N A  
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es t imat ions  were done with reference to  DNA from a different species and 
therefore the es t imat ions  should be considered as app rox ima te  and likely to be 
influenced by the molecular  size and by the na ture  of released DNA, ra ther  than  
absolute  quant i ta t ion .  T h e  physico.chemical and  immunochemica l  da ta  sug- 
gested t ha t  mos t  of the D N A  circulat ing af ter  tile injection of LPS had several  
character is t ics  of SS DNA. Indeed,  the elution profile of this released D N A  on 
m e t h y l a t e d  a lbumin  kieselguhr columns is s imilar  to t ha t  of a mixture  containing 
a smal l  a m o u n t  of DS DNA and a large a m o u n t  of SS DNA. I t  is also possible 
t h a t  released DS DNA would acquire a high affinity for me thy la t ed  a lbumin  
kieselguhr, through the uncoiling of one par t  of the DNA molecule or through the 
binding to cellular componen t s  or to serum proteins.  The  i m m u n o c h e m i c a l  
analysis  also indicates  t ha t  the specificity of the released DNA corresponds 
largely to tha t  of SS DNA. The  an t ibody  used in these inhibi t ion studies reacted 
with antigenic de t e rminan t s  present  in both  SS DNA and DS DNA but  had a 
higher avidi ty  for DS DNA.  Our da ta  did not exclude the presence of DS D N A  in 
sera from mice injected with LPS,  bu t  suggested strongly t ha t  D N A  with the 
character is t ics  of SS DNA was responsible for mos t  of the inhibit ion of the DNA 
binding by the an t i -DNA ant ibodies  used in these exper iments .  

The mechanism responsible for the release of DNA into circulating blood after the 
injection of LPS has not been elucidated, but several hypotheses may be considered. First, 
it is well known that bacterial endotoxins have a cytotoxic effect on nucleated cells in vitro 
(32, 33). A similar effect may lead to a release of endogenous nuclear material from cells 
disrupted "in vivo." Secondly, severe generalized reactions may be induced in the host by 
the injection of LPS. When injected in sufficient amounts, endotoxins may cause a 
hemorrhagic shock, and smaller doses would cause fever, leukopenia, hemorrhagic 
necrosis, and a wide variety of circulatory disturbances (32, 34). These manifestations lead 
indirectly to disseminated cell disruptions which may also account for a release of 
endogenous nuclear material. Thirdly, it was shown that during endotoxin hemorrhagic 
shock, there is an absorption of bacterial material from the bowel (35), which might lead 
to the appearance of exogenous nuclear material in serum. Apart from the questionable 
origin of DNA released in serum, the persistence of a relatively high concentration of DNA 
in the circulating blood during a few hours can only be explained either by a continuous 
and intense release of DNA during this period or by a particular form of this DNA, since it 
is known that the clearance of circulating DNA in mice is very fast, with a half-life of a few 
minutes (36). 

I t  was surprising to see t ha t  the injection of LPS  alone induced an i m m u n e  
response to DNA.  In the first exper iment ,  young NZB × N Z W  F1 hybrid  mice, 
which would later  na tura l ly  develop such an t i -DNA ant ibodies ,  were used, and  
therefore the effect of LPS might  be in te rpre ted  as an e n h a n c e m e n t  of a na tu ra l  
phenomenon .  However,  it was clear tha t  the injections of LPS were inducing 
s imilar  an t i -DNA ant ibodies  in other s trains of mice such as C57BL/6 or C3H, 
which do not spontaneous ly  develop a significant level of an t i -DNA ant ibodies .  
This  induction of an t i -DNA ant ibodies  by LPS was quite efficient since C57BL/6 
mice developed even higher t i ters of an t i -DNA ant ibodies  af ter  injections of a 
high dose of LPS than  af ter  immuniza t ion  with m B S A - D N A  complexes.  The  
increase in [SH ]DNA binding induced by LPS is due to the presence in serum of 
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ant ibodies  with two types  of specificity.  Most  of them react  with ant igenic 
de t e rminan t s  present  only on SS DNA, but  it is of par t icular  impor tance  to 
note t ha t  ant ibodies  react ing with DS DNA appea red  in the serum of mice 
(C57BL/6) injected with LPS  or with lipid A. This  observat ion is of interest  since 
it has been frequently s ta ted  that  ant i -DS D N A  antibodies  appea r  only in 
systemic lupus e ry thematosus  or in the na tura l  disease o f N Z B  × N Z W  F1 hybr id  
mice (37, 38). I t  should be noted tha t  the DS [3H ]DNA used in these studies has 
been previously purified on a me thy la t ed  a lbumin  kieselguhr column and was 
shown to contain less than  1% of [SH]DNA react ing with ant i -SS D N A  
antibodies .  Moreover,  the specificity of these ant i -DS D N A  ant ibodies  has been 
conf i rmed by inhibi t ion exper iments .  The  elution profile of an t i -DNA ant ibodies  
induced by LPS  on Sephadex  G 200 suggests tha t  both  19S and 7S ant ibodies  are 
present  in the sera ob ta ined  after  4 wk. In some strains of mice such as DBA/2 
mice, mos t  of the an t i -DNA ant ibody  act ivi ty  found af ter  injections of LPS is 
present  in the 19S peak. Similar  pa t te rns  have been previously described in 
DBA/2 mice immunized  with m B S A - D N A  complexes (39). The  active par t  of the 
LPS  molecule in the induct ion of an t i -DNA ant ibodies  seems to be common  to 
various g ram-nega t ive  bacter ia l  endotoxins,  since s imilar  effects were observed 
with LPS  ext rac ted  from S. t yph imur ium,  S. enterit idis,  or E. coli. I t  appears  to 
be the phosphol ip id  fract ion containing lipid A since there is a posi t ive 
correlat ion between the ti ters of an t i -DNA ant ibodies  induced in mice by 
injections of equivalent  amounts  of lipid A or of LPS  from various m u t a n t  
bac ter ia  and  the absolute  concentra t ion of lipid A per mole in these LPS 
prepara t ions .  Lipid A was also shown to be responsible for the abil i ty of LPS to 
induce lymphocy te  mitogenesis  and to act  as an ad juvan t  on an t ibody  format ion  
(24). 

Several mechanisms can be proposed in order to explain the induction of anti-DNA 
antibodies by LPS. The effect of LPS on the immune system should be considered as well 
as the release of DNA which has been demonstrated in circulating blood. In addition, a 
genetic background probably modulates the intensity of the anti-DNA response induced 
by LPS. The studies performed in several inbred strains of mice show that some strains 
developed a good anti-DNA response after injections of LPS, while others are poor 
responders. 

The pattern of the anti-DNA response induced by LPS corresponds largely to the 
pattern of the anti-DNA response induced by immunization with mBSA-DNA in the same 
strains of mice. Since the immune response to DNA has been shown to be under genetic 
control (11), it is likely that there is a similar control for the anti-DNA response induced 
by LPS. However, it should be pointed out that in C3H mice, which respond poorly to 
mBSA-DNA, a better response could be obtained after injections of LPS, indicating that 
other control mechanisms may be involved in this response. On the other hand, there is no 
correlation of the intensity of the anti-DNA response induced by LPS with the level of 
antibody directed against the antigenic part of the PLS molecule, nor with the H-2 
histocompatibility locus, since NZB, Balb/c, and DBA/2 mice have the same H-2 ~ locus. 

The effects of LPS on the immune system may proceed through several channels. First, 
high doses of LPS may depress the host resistance to viral or bacterial infections (40), and 
therefore favor the development of a natural infection eventually responsible for the 
triggering of the production of anti-DNA antibodies. However, this effect on LPS on host 
resistance is very much dose dependent, and small doses of LPS in fact increase the 
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resistance to infections (41, 42). The induction of anti-DNA antibodies by LPS does not 
depend on a similar dose effect relationship since the titer of anti-DNA antibodies is 
directly related to the amount of LPS injected. Secondly, it is well known that LPS is a 
potent mitogen for B lymphocytes (19, 20) and it has been shown, in vitro, that LPS could 
induce a polyclonal stimulation of such lymphocytes and lead to the appearance of 
plaque-forming cells reacting with various antigens (43). A similar polyclonal effect might 
be expected in vivo, but it has not been reported as yet. Moreover, in our experiments, the 
injection of LPS in NZB × NZW F1 hybrid mice is followed by a production of anti-DNA 
antibodies, but not of autoantibodies reacting with autologous red cells. Thirdly, the 
nonspecific adjuvant effect of LPS does not seem to play a major role in the anti-DNA 
response since LPS did not enhance the immune response to mBSA-DNA. Furthermore, 
the injection of IFA alone in NZB × NZW mice only induced a late, very slight, and 
transient response to DNA. Fourthly, LPS was shown to favor the immune response to 
thymus-dependent antigens in animals deprived of T lymphocytes (44). This effect may 
be of particular importance in the immune response to autologous antigens. An immune 
response to human IgG globulins can be elicited by simultaneous injection of this antigen 
and of LPS in mice previously rendered unresponsive to this antigen, but characterized by 
a state of T-cell tolerance or of B-cell responsiveness (21). Moreover, as shown by Louis et 
al. (45), LPS interferes with the induction of tolerance by injection of soluble IgG and 
converts it to an immunization process. Since it has been shown that there is a release of 
DNA into circulating blood which occurs a few hours after the injection of LPS, one may 
wonder whether the simultaneous action of LPS and of soluble DNA on B lymphocytes 
would not lead to a state of immunity comparable to that obtained in the IgG system. The 
role of a stimulation of B lymphocytes in the induction of anti-DNA antibodies by LPS is 
further suggested by the fact that the injection of LPS into athymic homozygous nude 
C57BL/6 mice results in a production of anti-DNA antibodies similar to that observed in 
heterozygous (nu/+) C57BL/6 mice. However, since it is known that a few T lymphocytes 
may persist in nude mice (46, 47), one cannot exclude, as suggested by recent observation 
{48, 49), that the effect of LPS on anti-DNA antibody production also involves 
thymus-derived lymphocytes. Fifthly, one should also consider the possibility that the 
DNA which is released in circulating blood after the injection of LPS would be in a 
particularly good immunogenic form. 

The present observation may have a double pathogenic significance. The fact 
tha t  LPS can induce ant i -DNA antibodies in mice suggests tha t  these phenom- 
ena may play a role in the triggering or in the enhancement  of the production of 
an t i -DNA antibodies occurring occasionally during infections with gram-negative 
bacteria. Analogous mechanisms might  be involved in the induction of an t i -DNA 
antibodies during some viral infections and, perhaps, in the development  or 
exacerbation of systemic lupus erythematosus.  A chronic release of bacterial 
endotoxins in vivo might also lead to a chronic release of DNA in the presence of 
an t i -DNA antibodies. Therefore, DNA-an t i -DNA complexes might  be formed 
and prepare the way for the development  of a lupus type immune complex 
disease. 

Summary 

The present data  demonstra te  the induction of antisingle-stranded (SS) DNA 
and ant idouble-s t randed DNA antibodies in various strains of mice, including 
a thymic  C57BL/6 nude mice, after the injection of bacterial l ipopolysaccharide 
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(LPS).  This  an t i -DNA response is dose dependen t  and  varies quan t i t a t ive ly  
according to the strain of the injected mice. I t  is not  correlated to the H-2 
his tocompat ib i l i ty  locus nor to the immune  response to LPS.  The lipid A fraction 
appears  to be the act ive par t  of the LPS molecule for this par t i cu la r  effect. In 
addit ion,  it was found tha t  DNA is released in circulat ing blood a few hours af ter  
the injection of LPS.  Most  of the DNA released has physicochemical  and  
i m m u n o c h e m i c a l  character is t ics  of SS DNA. Therefore,  the an t i -DNA response 
induced by injections of LPS may  be the result  of a release of D N A  in a 
par t icular ly  immunogenic  form at  a t ime  when the i m m u n e  system, in par t icu lar  
the  B lymphocytes ,  is rendered capab le  by LPS of developing an i m m u n e  
response to such a soluble antigen. These  effects of LPS m a y  account  for the 
tr iggering or the exacerbat ion of an t e -DNA ant ibodies  dur ing infections with 
g ram-nega t ive  bacteria ,  and a s imilar  m e c h a n i s m  may  be involved in the  
pathogenesis  of systemic lupus e ry thematosus .  

The authors wish to thank Miss Edith MSdder and Mr. Guy Brighouse for their excellent technical 
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