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We investigated the reason for the inability of lipopolysaccharide (LPS)-resistant (Lps-defective [Lps?])
C57BL/10ScCr mice to produce beta interferon (IFN-3) when stimulated with bacteria. For this purpose, the
IFN-B and other macrophage cytokine responses induced by LPS and several killed gram-negative and
gram-positive bacteria in LPS-sensitive (Lps-normal [Lps"]; C57BL/10ScSn and BALB/c) and Lps? (C57BL/
10ScCr and BALB/c/l) mice in vitro and in vivo were investigated on the mRNA and protein levels. In addition,
double-stranded RNA (dsRNA) was used as a nonbacterial stimulus. LPS and all gram-negative bacteria
employed induced IFN-B in the Lps” mice but not in the Lps? mice. All gram-positive bacteria tested failed to
induce significant amounts of IFN-f in all four of the mouse strains used. As expected, all other cytokines
tested (tumor necrosis factor alpha, interleukin 1o [IL-1«], IL-6, and IL-10) were differentially induced by
gram-negative and gram-positive bacteria. Stimulation with dsRNA induced IFN-f3 and all other cytokines
mentioned above in all mouse strains, regardless of their LPS sensitivities. The results suggest strongly that
LPS is the only bacterial component capable of inducing IFN-f3 in significant amounts that are readily
detectable under the conditions used in this study. Consequently, in mice, IFN- is inducible only by gram-

negative bacteria, but not in C57BL/10ScCr or other LPS-resistant mice.

In mice, sensitivity to lipopolysaccharide (LPS) is deter-
mined by a locus on chromosome 4 which has been designated
the Lps gene (36). Mice with defective Lps genes are highly
resistant to the biological activity of LPS. The LPS-resistant
phenotype has been described in three mouse strains, C57BL/
10ScCr (Cr) (5), C3H/HelJ (30), and C57BL/ScN (37). In ad-
dition to these naturally occurring mutants, a fourth LPS-
resistant strain, BALB/c/l, was produced independently in two
laboratories (32, 38) by backcrossing the defective Lps gene
from C3H/HeJ into the BALB/c background. The LPS-resis-
tant strains are designated Lps? (Lps defective), and the LPS-
sensitive strains are designated Lps” (Lps normal). Very re-
cently, evidence has been presented that Lps and Toll-like
receptor-4 (TIr4) genes are identical. Cr mice were shown to be
homozygous for a null mutation of the Lps/TIr4 gene, while
C3H/HeJ mice carry a missense mutation of the gene, pre-
dicted to replace a proline with a histidine at position 712 of
the TlIr4 polypeptide chain (24). Mice of all the Lps? strains
mentioned above are, under normal conditions, highly resis-
tant to all LPS effects. There is, however, an important differ-
ence between the Cr and the C3H/Hel and BALB/c/I strains.
This concerns their abilities to produce gamma interferon
(IFN-v) in response to microorganisms; the response is normal
in C3H/HeJ and BALB/c/l but highly impaired in Cr mice (11).
As demonstrated in an earlier study, [FN-y is a key mediator
of the LPS hypersensitivity induced by infection (10, 17). Con-
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sequently, when C3H/HeJ or BALB/c/l mice are infected or
treated with killed bacteria, they become partial LPS respond-
ers, while Cr mice retain their LPS-resistant phenotype (12).

The defective IFN-y responses of Cr mice have been dem-
onstrated both in vivo and in vitro by treatment of the mice
with live or killed bacteria or following infection with certain
parasites (Plasmodium chabaudi chabaudi and Leishmania ma-
jor). Cr mice, however, do not exhibit a general defect in IFN-y
response, since splenocytes of these mice produce high levels
of IFN-y when stimulated with the T-cell mitogen concanava-
lin A or with monoclonal antibodies to CD3. The defective
IFN-vy response of these mice therefore seems to be confined
to IFN-y induced by microorganisms (11, 21, 40).

Recently, we observed that splenocytes of Cr mice, supple-
mented with macrophages of the related, IFN-y-normal
C57BL/10ScSn (Sn) mice, acquire the ability to produce IFN-y
in response to gram-negative bacteria. A similar effect was also
achieved with supernatants of Sn macrophages that had been
stimulated with killed gram-negative bacteria. Such superna-
tants by themselves do not directly induce IFN-vy in Cr spleno-
cytes; however, they enable these cells to produce IFN-y in the
presence of a bacterial stimulus. The helper factor present in
the active supernatants was identified as IFN-B. This provided
evidence that IFN-B is a cofactor for IFN-y production by
gram-negative bacteria and that it is missing in Cr mice (40).
The reason for the absence of an IFN-B production in Cr mice,
however, remained unclear.

In the present study, we used Cr and BALB/c/l mice and the
corresponding Lps™ mice of the strains Sn and BALB/c, re-
spectively, to investigate the reason for the absence of IFN-f
production in Cr mice stimulated with gram-negative bacteria.
We show that IFN-B production induced in mice by bacteria is
a function of the LPS component, and therefore the inability of
Cr mice to produce IFN-B after stimulation with bacteria is
directly related to their LPS-resistant phenotype.



VoL. 68, 2000

MATERIALS AND METHODS

Animals. Lps? C57BL/10ScCr (Cr) and BALB/c/l (32) and Lps" C57BL/
10ScSn (Sn) and BALB/c mouse strains were bred under specific-pathogen-free
conditions in the animal facilities of the Max-Planck-Institut fiir Immunbiologie.
Four-week-old mice of either sex were used as donors of bone marrow-derived
precursor cells, and 6- to 8-week-old animals were used as donors of splenocytes
and for in vivo experiments.

Treatment of mice. For injection, the agents under test were dissolved or
suspended (bacteria) in pyrogen-free phosphate-buffered saline (PBS) and ad-
ministered to mice (0.2 ml/animal) intravenously in the lateral tail vein. One hour
after injection, the mice were sacrificed under anesthesia, and the spleens were
removed and treated for RNA extraction as described below. The spleen samples
were stored at —80°C until they were used.

Macrophages. Macrophages were cultured from bone marrow precursor cells
of the various mouse strains in the presence of L-cell-conditioned medium, as
previously described (9). Cells obtained after 10 days of culture were centrifuged,
washed twice, and suspended in serum-free, high-glucose formulations of Dul-
becco modified Eagle medium at a concentration of 10°/ml. The macrophages
(3 X 10°well) were placed in six-well plates (Costar, Cambridge, Mass.) and
cultured at 37°C in a humidified atmosphere containing 8% CO, for 24 h.
Thereafter, the macrophage supernatants were replaced by fresh medium and 30
wl of the stimulating agent under test per well was added. Cultivation then
continued for different periods of time. Culture supernatants for cytokine mea-
surement were collected and stored in aliquots at —80°C. Total macrophage
RNA was extracted as described below.

Materials. The gram-negative bacteria Salmonella enterica serovar Typhi-
murium (CS5), Escherichia coli (J5), Proteus mirabilis, Pseudomonas aeruginosa,
Shigella enteritidis, and Vibrio cholerae and the gram-positive Listeria monocyto-
genes and Staphylococcus aureus were obtained from overnight cultures. Other
gram-positive bacteria employed, Lactobacillus bulgaricus and Streptococcus ther-
mophilus, were a kind gift from C. De Simone, University of L’Aquila, L’Aquila,
Italy, and Propionibacterium acnes ATCC 12930 was kindly provided by S.
Schlecht, Max-Planck-Institut fir Immunbiologie, Freiburg, Germany. All bac-
teria were washed twice with pyrogen-free PBS (pH 7.2) and killed by heating
them at 65°C for 1 h. They were subsequently centrifuged, washed twice with
pyrogen-free distilled water, and lyophilized. Endotoxin contamination in the
gram-positive bacterial preparations was <0.1 pg/mg as determined by the Limu-
lus amoebocyte lysate test (33). For use, the bacteria were suspended in pyrogen-
free PBS, pH 7.2.

LPS of Salmonella enterica serovar Abortus equi in its uniform triethylamine
salt form was obtained as described earlier (14). A sterile aqueous stock solution
(10 mg/ml) was prepared and stored at 4°C. Before use, the LPS was diluted
further with pyrogen-free PBS to the desired concentration.

Double-stranded RNA [dsRNA; poly(I):poly(C)] was purchased from Boehr-
inger (Mannheim, Germany). Recombinant murine IFN-f was a kind gift from
M. Moriyama (Toray Industries Inc., Tokyo, Japan). Monoclonal anti-IFN- (rat
immunoglobulin G1) was purchased from Yamasa Shoyu (Tokyo, Japan), and
monoclonal anti-IFN-a (rat immunoglobulin G1) was purchased from GIBCO
BRL (Gaithersburg, Md.).

ELISAs. For measurement of cytokines in supernatants of stimulated macro-
phages, commercial enzyme-linked immunosorbent assay (ELISA) kits were
used. For interleukin la (IL-1a), an ELISA kit was obtained from Genzyme,
Cambridge, Mass.; for IL-6 and IL-10, the kits were from PerSeptive Diagnostics,
Cambridge, Mass. The detection limits of the assays were 0.5 pg/ml for IL-1a, 10
pg/ml for IL-6, and 5 pg/ml for IL-10. IFN-y in supernatants of spleen cell
cultures was estimated by a previously described ELISA (29). The limit of
detection was 75 pg/ml.

Bioassays. Tumor necrosis factor alpha (TNF-a) in macrophage supernatants
was measured in a cytotoxicity test using a TNF-a-sensitive L 929 cell line as
described earlier (1, 8). The detection limit of the test was 4 pg of TNF-a/ml of
supernatant.

IFN-B was measured in a bioassay described previously (40). The assay is
based on the fact that Cr splenocytes which produce no IFN-y when stimulated
with serovar Typhimurium do so when exogenous IFN-B is added as a cofactor.
The amounts of IFN-y thus induced by a given number of serovar Typhimurium
cells is dependent on the dose of IFN-B added. In this assay, the IFN-B present
in macrophage supernatants was determined by comparing the potency of such
supernatants to support an IFN-y response to serovar Typhimurium in Cr
splenocytes with that of standard recombinant murine IFN-B. Splenocyte sus-
pensions were prepared from the spleens of three or more mice, pooled, and
adjusted to a concentration of 2 X 107/ml of Dulbecco modified Eagle medium.
The spleen cells (100 pl/well) were placed in 96-well plastic plates (Nunc, Rosk-
ilde, Denmark) together with 100 wl of diluted macrophage supernatant or
recombinant murine IFN-B (standard)/well and 10 pl of serovar Typhimurium
cells (20 pg)/well. Cultures containing supernatant of unstimulated macrophages
and cultures without serovar Typhimurium served as controls. After 24 h of
culture at 37°C in a humidified atmosphere containing 5% CO,, supernatants for
IFN-y measurement were collected and stored frozen at —80°C until they were
used. Inhibition of the IFN-y response by preincubation of active macrophage
supernatants with monoclonal anti-IFN- (2 wg/100 wl) for 30 min at 4°C was
used to verify the IFN-B specificity of the assay. A similar preincubation with
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monoclonal anti-IFN-a had no effect on the IFN-y response. The detection limit
of the test was 25 U of IFN-B/ml.

The amount of biologically active IL-1 was measured with human dermal fibro-
blasts, as described previously (20). The detection limit of the assay was 10 pg/ml.

RNA extraction. Total RNA was isolated from cells and from spleens by a
guanidinium isothiocyanate—phenol-chloroform-isoamyl alcohol procedure (3).
Briefly, live cells or freshly removed spleens were homogenized in 1.8 ml of
solution D (4 M guanidinium isothiocyanate, 25 mM sodium citrate [pH 7], 0.5%
sarcosyl, and 0.1 M 2-mercaptoethanol) per organ. Subsequently, 1/10 of the
volume of 2 M sodium acetate (pH 4) was added. The homogenates were stored
at —80°C until RNA extraction. Total RNA was extracted from homogenates
with 1 volume of Tris-EDTA-saturated phenol and 1/5 homogenate volume of
chloroform-isoamyl alcohol (49:1). RNA was precipitated from the aqueous
phase by the addition of 1 volume of isopropanol chilled to —20°C. The precip-
itates were washed twice with cold 70% ethanol and resuspended in 15 to 20 .l
of RNase-free H,0O. The RNA concentration was determined by absorbance at
260 nm.

Northern blot analysis. RNA samples (2 to 15 ug) were fractionated on 1.2%
denaturing agarose-formaldehyde gels and transferred to Nytran filters as de-
scribed previously (18). The RNAs were hybridized overnight at 65°C with
random-primed >?P-labeled cDNA probes as described previously. The IFN-
probe was a 571-bp cDNA fragment spanning the complete open reading frame
for murine IFN-B (40). The IFN-a probe was a 581-bp fragment spanning the
complete open reading frame for murine IFN-a4. This fragment was generated
by PCR using the primers mmIFNA1 (5'-CACCATGGCTAGGCTCTGT-3")
and mmIFNAIR (5'-CACTTTGTCTCAGGACTCCA-3") and subcloned into
Bluescript (Stratagene). The conditions for PCR were 94°C for 30 s, 50°C for
30 s, and 72°C for 30 s for 30 cycles using mouse genomic DNA as a template.
The TNF-a probe was a 1,100-bp cDNA fragment spanning the complete open
reading frame for murine TNF-a, kindly provided by B. Beutler, Howard Hughes
Medical Institute, Dallas, Tex. Under the above-mentioned conditions, in agree-
ment with earlier findings (6, 22) a major TNF-a band (approximately at the
position of 18S RNA), and sometimes a second, weaker TNF-a band (below 28S
RNA), appeared after hybridization.

The amount of total RNA applied to the gel for each sample was visualized by
the intensity of the ethidium bromide-stained band (18S rRNA) on the Nytran
filter used for hybridization.

For technical reasons, it was impossible to use Northern blotting to study the
induction of TNF-a mRNA in macrophages stimulated with dSRNA. The radio-
labeled TNF-a probe hybridized with the exogenously added dsRNA present in
the total-RNA extracts of macrophages and obscured the TNF-a mRNA signal
(see Fig. 1 and 2).

RPA. Cytokine mRNAs were detected by an RNase protection assay (RPA)
(15) using a RiboQuant Multi-Probe RPA system (Pharmingen, San Diego,
Calif.) as described in the Pharmingen standard protocol. Briefly, the template
set (mCK-3b) was used for a T7 RNA polymerase-dependent synthesis of 32P-
labeled antisense RNA probes. The RNA samples were hybridized overnight
with an excess of labeled probes. After treatment with RNases A and T1 and with
proteinase K, the samples were loaded on a 6% polyacrylamide-Tris-borate-
EDTA-urea gel and run at 1,900 V with 1X Tris-borate-EDTA electrophoresis
buffer, pH 8.3. The gel was dried, and autoradiography film (BIOMAX MS;
Kodak, Rochester, N.Y.) was exposed using an intensifying screen (Cronex
Lightening Plus; Dupont).

RESULTS

Kinetics of induction of IFN-3 and TNF-a mRNAs by dif-
ferent stimuli in macrophages. To determine the time of max-
imal expression of IFN-B and TNF-a mRNAs, macrophages of
the Lps” Sn mice were stimulated with LPS, serovar Typhi-
murium, S. aureus, or dSRNA for different periods of time (up
to 24 h). Unstimulated macrophages cultured in parallel served
as a control. Total macrophage RNA was then isolated, and
expression of IFN-B and TNF-a« mRNAs was investigated by
Northern blot analysis (Fig. 1). Control macrophages ex-
pressed no IFN-B or TNF-a mRNA at any time point. Mac-
rophages stimulated with LPS or either of the two bacteria
exhibited a strong expression of TNF-a mRNA after 1 h that
remained detectable for up to 24 h. LPS and bacteria, however,
differed in their potencies to induce IFN-B mRNA. While LPS
and the gram-negative serovar Typhimurium induced a tran-
sient expression with a peak at 3 h, the gram-positive S. aureus
induced no expression of IFN-B mRNA. dsRNA was the only
stimulus used that was capable of a strong, long-lasting induc-
tion of IFN-B mRNA in Sn macrophages. Due to technical
reasons, the induction of TNF-a« mRNA by dsRNA could not
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FIG. 1. Kinetics of IFN-B and TNF-a mRNA induction in Sn macrophages stimulated with different agents. Macrophages (10°/ml) were stimulated with LPS (10
pg/ml), dsSRNA (10 pg/ml), serovar Typhimurium (100 pwg/ml), and S. aureus (100 wg/ml) for different times. IFN-B and TNF-a mRNAs were detected by Northern
blot analysis of total macrophage RNA (pools of duplicates), as described in Materials and Methods. The exposure time for IFN-f was 2 weeks, and that for TNF-«
was 12 h. RNA applied to the gel (approximately 2 pg/lane) was visualized for each sample by the intensity of the ethidium bromide-stained 18S rRNA bands.
Stimulation times were as follows: lanes 1, 20 min; lanes 2, 1 h; lanes 3, 3 h; lanes 4, 6 h; lanes 5, 9 h; lanes 6, 12 h; lanes 7, 24 h; lane C, unstimulated

macrophages.

be evaluated (see Materials and Methods). Evidence that
dsRNA does induce TNF-«a in macrophages is presented be-
low. The results show that 3 h of stimulation is a good com-
promise time point for measuring the induction of all mes-
sages, and it was adopted in the following experiments.
Comparative analysis of IFN-3 and TNF-o mRNAs induced
by gram-negative and gram-positive bacteria in Lps” and Lps“
macrophages. Macrophages of Lps” (Sn and BALB/c) and
Lps® (Cr and BALB/c/l) mice were stimulated with gram-neg-
ative serovar Typhimurium and E. coli) and gram-positive (S.
aureus, P. acnes, and S. thermophilus) bacteria. In addition,
LPS and dsRNA were used as control stimuli. The induction of
IFN-B and TNF-a mRNAs after 3 h of stimulation is shown in
Fig. 2. As expected, LPS induced IFN-B and TNF-a mRNA in
macrophages of Lps” but not Lps? mice. Interestingly, while
the two gram-negative bacteria induced TNF-a mRNA in all
types of macrophages, they induced significant amounts of
IFN-B mRNA only in the Lps” macrophages. Also, the gram-
positive bacteria induced varying amounts of TNF-a mRNA in
all types of macrophages. However, an induction of IFN-
mRNA by gram-positive bacteria was either undetectable or
extremely weak. Thus, in some cases, after longer exposure
times of the autoradiography film very faint bands of IFN-
mRNA became visible. These were several orders of magni-
tude weaker than those induced in Lps” macrophages by gram-
negative bacteria. Since similar weak bands were also seen in
some of the untreated control macrophages as well as in Cr
macrophages treated with gram-negative bacteria, it cannot be
decided whether such bands represent constitutive IFN-
mRNA expression or whether they represent a very weak
mRNA induction. In sed:[parate experiments in which macro-
phages of Lps” and Lps® mice were stimulated with L. mono-
cytogenes (300 pg/10° cells), similar results were obtained (not
shown). Both types of macrophages exhibited strong expres-
sion of TNF-a mRNA; however, IFN-B mRNA was not de-
tectable. On long exposure of the autoradiography film (2
weeks), an extremely weak IFN-B signal became discernible.
As expected, dsSRNA was a potent inducer of IFN- in all types
of macrophages. Again, the inducibility of TNF-a by dsRNA
could not be evaluated for the reasons given in Materials and
Methods. From these results, we conclude that the induction of

IFN-B mRNA by bacteria requires the participation of LPS.
The induction is observed, as a rule, only with gram-negative
bacteria and consequently proceeds only in Lps” macrophages.

We also investigated whether IFN-a might be produced by
macrophages in response to LPS, bacteria, and dsRNA. All
samples investigated in Fig. 2 were also analyzed by Northern
blotting for the presence of IFN-a mRNA (not shown). How-
ever, it was not detectable in any of the samples, even after
prolonged exposure times (up to 6 weeks).

Production of IFN-B and other cytokines by Lps" and Lps®
macrophages stimulated with gram-negative and gram-posi-
tive bacteria. For the induction of IFN-B, macrophages of the
different mouse strains were stimulated with different gram-
negative and gram-positive bacteria and, in addition, with LPS
for 8 h. As shown in Table 1, IFN-B could not be detected in
unstimulated macrophages. LPS and all gram-negative bacte-
ria induced varying amounts of IFN-B in Sn and BALB/c but
not in Cr and BALB/c/l macrophages. In contrast, gram-posi-
tive bacteria did not induce IFN-B in either the Lps™ or the
Lps® macrophages. Therefore, IFN-B production is induced

TABLE 1. IFN-B production by Lps" and Lps? macrophages*

IFN-B in supernatants of’:

. Lps" d
Stimulus macrophages Lps® macrophages
Sn BALB/c Cr BALB/c/l
None - - - -
LPS + + - —
Gram-negative bacteria® + + - -

Gram-positive bacteria?

@ Lps™ (Sn and BALB/c) and Lps? (Cr and BALB/c/l) macrophages (10%ml)
were stimulated with 10 pg of LPS/ml or 100 pg of killed bacteria/ml for 8 h.
IFN-B in the supernatant was assayed in a bioassay as described in Materials and
Methods.

b+, 500 to 10,000 U of IFN-p/ml; —, <25 U of IFN-B/ml.

¢ Serovar Typhimurium, E. coli, P. mirabilis, P. aeruginosa, S. enteritidis, and V.
cholerae.

@ S. aureus, S. thermophilus, and L. bulgaricus.
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FIG. 2. Induction of IFN-B and TNF-« mRNAs in Lps" and Lps? macrophages stimulated with LPS and different bacteria. Untreated control macrophages (10/ml
[lanes 1]) or macrophages treated with LPS (10 wg/ml [lanes 2]), serovar Typhimurium (100 pg/ml [lanes 3] and 500 pg/ml [lanes 3a]), S. aureus (100 pg/ml [lanes 4]
and 500 pg/ml [lanes 4a]), P. acnes (100 pg/ml [lanes 5] and 500 wg/ml [lanes 5a]), E. coli (100 wg/ml [lanes 6] and 500 pg/ml [lanes 6a]), S. thermophilus (100 p.g/ml
[lanes 7] and 500 wg/ml [lanes 7a]), and dsRNA (10 pg/ml [lanes 8]) were cultured for 3 h. Thereafter, IFN-B and TNF-a mRNAs were detected by Northern blot
analysis of total macrophage RNA (pools of duplicates), as described in Materials and Methods. The exposure time for IFN-B was 2 weeks, and that for TNF-a was
3 h. RNAs applied to the gel (approximately 6 pg/lane) were visualized for each sample by the intensity of the ethidium bromide-stained 18S rRNA bands.

only by gram-negative bacteria and only in LPS responder mac- different bacteria and LPS, and in addition, with dsRNA for
rophages. 24 h. Figure 3 shows the results obtained with serovar Typhi-

For the induction of TNF-a, IL-1«, IL-6, and IL-10, macro- murium, S. aureus, LPS, and dsRNA. Unstimulated macro-
phages from the four mouse strains were stimulated with the phages of all mouse strains exhibited a very low production (10
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FIG. 3. Levels of cytokines in supernatants of Lps” and Lps? macrophages
stimulated with different agents. Macrophages (10°/ml) of Sn, BALB/c (Balb),
Cr, and BALB/c/l (Balb/l) mice were cultured with LPS (0.1 pg/ml), serovar
Typhimurium (Stm; 100 pg/ml), S. aureus (Sa; 100 wg/ml), and dsRNA (10
pg/ml) for 24 h. The cytokines in cell-free supernatants were measured as
described in Materials and Methods. The values are means of duplicates. One
representative experiment of four is shown.

to 20 pg/ml) of IL-10, while all other cytokines investigated
were not detectable. In general, LPS induced the formation of
all of the above-mentioned cytokines only in Lps” macro-
phages. In contrast, serovar Typhimurium and S. aureus in-
duced all cytokines tested for in macrophages of all four mouse
strains, regardless of their LPS responsiveness. Additional
gram-negative bacteria tested (E. coli, P. mirabilis, P. aerugi-
nosa, S. enteritidis, and V. cholerae) induced levels of macro-
phage cytokines comparable to those induced by serovar Ty-
phimurium (not shown). Other gram-positive bacteria (P.
acnes, S. thermophilus, and L. bulgaricus) induced IL-1a, IL-6,
and IL-10 at levels approximately 10 times lower than those
induced by S. aureus, and in contrast to S. aureus, they elicited
only very low levels of TNF-a (not shown). The presence of
IL-1 measured in supernatants by ELISA was also confirmed
in a bioassay, indicating that this cytokine was present in bio-
logically active form (results not shown).

dsRNA stimulated the production of all cytokines, including
TNF-q, in all types of macrophages under investigation (Fig.
3). Thus, although we could not evaluate the induction of
TNF-a mRNA by Northern blot analysis (see above), dSRNA

INFECT. IMMUN.

was a potent inducer of TNF-a in both Lps? and Lps" macro-
phages.

The results described above indicate that while a number of
macrophage cytokines are inducible by gram-negative and
gram-positive bacteria regardless of whether they contain LPS,
the induction of IFN-B by bacteria is dependent mainly on LPS.

In vivo induction of IFN-f3, TNF-«, and IL-6 mRNAs in Lps”
and Lps? mice injected with serovar Typhimurium and S. au-
reus. Groups of three mice were injected with heat-killed se-
rovar Typhimurium or S. aureus (15 pg/g of body weight)
intravenously, and 1 h later the animals were sacrificed and
their spleens were removed for RNA isolation. The presence
of IFN-B, TNF-qa, and IL-6 mRNA as analyzed by RPA is
shown in Fig. 4. All controls showed a weak constitutive ex-
pression of TNF-« and no expression of IFN-B or IL-6 mRNA.
Both bacteria induced strong TNF-a and IL-6 mRNA re-
sponses in all mouse strains used. IFN-B mRNA, however, was
inducible only by the gram-negative serovar Typhimurium and
only in Lps” mice. An IFN-B response to S. aureus was absent
in all mouse strains. As expected, LPS administered to the
mice in vivo induced IFN-B, TNF-a, and IL-6 mRNAs only in
Lps” mice (results not shown).

DISCUSSION

One interesting biological activity of IFN-B that we de-
scribed earlier (40), and which has subsequently been con-
firmed by other studies (16, 25), is its property of acting as a
cofactor in the induction of IFN-y. It was also shown that
gram-negative bacteria induce IFN-B in the Lps” Sn mice but
not in the related Lps? Cr mice (40). This finding was unex-
pected, because bacteria (gram negative and gram positive)
generally induce different cytokines in both Lps” and Lps mice
(7, 8, 19). We investigated the reason for the above-mentioned
inability of Cr mice to produce IFN-B by comparing their
IFN-B and other macrophage cytokine responses to those of
Lps? BALB/c/l and Lps” Sn and BALB/c mice following stim-
ulation with different gram-negative and gram-positive bacte-
ria.

IFN-B mRNA and IFN-f activity were inducible by LPS and
by a large number of gram-negative bacteria in macrophages of
Lps™ mice (Sn and BALB/c) cultured in vitro. Further, IFN-3
mRNA was detectable in both Lps™ strains of mice injected
with LPS or serovar Typhimurium. In contrast, neither LPS
nor gram-negative bacteria induced IFN-B in Lps? mice that
was in any way comparable to that seen in Lps™ mice. Thus, in
BALB/c/l mice IFN-B mRNA was practically undetectable and
in Cr mice only extremely weak bands were visible after long
exposure. Gram-positive bacteria induced no IFN-B activity in
any of the mice, regardless of their LPS sensitivity, and in only
some cases a very weak IFN-B mRNA signal was recognizable
after prolonged exposure of the autoradiography film. All bac-
teria, however, induced comparable amounts of TNF-a, IL-1a,
IL-6, and IL-10 in vitro or in vivo in Lps” and Lps? mice. Thus,
while macrophage cytokines known to be induced by LPS are
also inducible by all bacteria in Lps” and Lps? mice, IFN- is
an exception, being inducible practically only by LPS and
therefore generally by gram-negative microorganisms. The in-
ability of Cr and BALB/c/l mice to produce significant amounts
of IFN-B when stimulated by gram-negative bacteria is, there-
fore, related to their lack of LPS responsiveness. A similar
absence of IFN-B response to bacteria is predicted for the
C3H/HeJ and C57BL/10ScN Lps? mice (not investigated here).
Therefore, LPS emerges as the only notable bacterial compo-
nent capable of inducing IFN-B, and gram-positive bacteria
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Balb/1

- L32

< GAPDH

FIG. 4. Expression of IFN-B, TNF-q, and IL-6 mRNAs in the spleens of Lps” and Lps? mice injected with serovar Typhimurium and S. aureus. Lps™ (Sn and BALB/c
[Balb]) and Lps? (Cr and BALB/c/l [Balb/l]) mice (three animals per strain) were injected intravenously with 15 p.g of killed serovar Typhimurium (Stm) or S. aureus
(Sa) per g of body weight. Untreated mice served as controls (C). One hour after treatment, the mice were sacrificed and their spleens were removed and homogenized,
as described in Materials and Methods. Total spleen RNA was extracted separately for each animal and pooled for the three identically treated animals of each group.
Ten micrograms of each RNA pool were used for detection of cytokine mRNA in an RPA with a cytokine template set. Two constitutive gene probes (L32 and GAPDH
[glyceraldehyde-3-phosphate dehydrogenase]) for standardization of RNA amounts were also used according to the instructions of the manufacturer.

emerge as a class of microorganisms that are practically inca-
pable of inducing this cytokine.

Recently, evidence has been accumulating that the induction
of cytokines by bacterial components is effected via Toll-like
receptors (TIr) 2 and 4 acting as signaling molecules (2, 4, 24,
26, 28, 42, 43). In the present study, the induction of IFN-$ and
other cytokines by LPS in normal mice and its complete ab-
sence in 7lr4/Lps-defective mice (Cr and BALB/c/1) is evidence
that LPS signal transduction proceeded solely via Tlr4. Fur-
ther, the cytokine responses to bacteria obtained in the ab-
sence of LPS signaling, i.e., those induced by gram-positive
bacteria or by gram-negative bacteria in Cr and BALB/c/l mice,
must proceed via Tlr2 (and/or by as-yet-unidentified signaling
receptors). Since IFN-B is selectively absent from such re-
sponses, it may be concluded that in mice the induction of
IFN-B is strictly Tlr4 dependent, while the induction of other
cytokines by LPS or other bacterial components can proceed
by the Tlr4 or Tlr2 signaling pathway, respectively.

It has been shown that IFN-B is the predominant type I
interferon induced in mice by LPS (39). IFN-a and IFN-B
share the same cellular receptor, which explains their similar
biological activities (23). In this connection, we have shown
that both type I IFNs act as cofactors of IFN-y induction (40).
We also investigated the possibility of IFN-a being produced
as an alternative to IFN-B but could obtain no evidence for its
presence, either on Northern blots or in supernatants from
stimulated macrophages, using a bioassay. Interestingly, syn-
thetic oligodeoxynucleotides containing unmethylated CpG
motifs from bacterial DNA and nucleic acid fraction from
Mycobacterium bovis BCG have been shown to induce IFN-«/3
(31, 34, 41). Therefore, the absence of detectable IFN-ao/f
activity in Lps" and Lps? mice stimulated with different gram-
positive bacteria and also in Lps? mice stimulated with gram-
negative bacteria observed in our study was surprising. It raises

the question of how much of the bacterial DNA is really avail-
able for bioactivity in bacterium-treated mice.

As mentioned above, IFN-3 acts as a cofactor in the induc-
tion of IFN-y. The present results also allow further conclu-
sions to be made regarding IFN-y induction by bacteria. Since
LPS is the only bacterial component inducing significant
amounts of IFN-B, it follows that generally only gram-negative
bacteria induce IFN-vy via the IFN-B-dependent pathway. An
IFN-B-dependent production of IFN-vy is therefore absent
from the LPS-resistant Cr and BALB/c/l mice. BALB/c/l mice,
however, produce IFN-vy in response to gram-negative bacte-
ria, indicating that these bacteria induce IFN-vy by additional,
IFN-B-independent mechanisms. The latter pathway is also
utilized very efficiently by gram-positive bacteria, since many of
these bacteria are known to be excellent inducers of IFN-vy.
Therefore, the inability of Cr mice to produce IFN-y in re-
sponse to any bacteria is related not only to the absence of
IFN-B but also to a general inability to respond to the array of
IFN-y-inducing components present in bacteria and, as shown
in earlier studies, also in parasites, such as P. chabaudi
chabaudi (11) and L. major (21). It is interesting that when
exogenous IFN-B is administered to Cr mice, they acquire the
ability to produce IFN-y after stimulation with gram-negative
(reference 40 and this study) but not gram-positive (unpub-
lished data) bacteria. This indicates that the IFN-B-dependent
pathway of IFN-v induction is intact in these mice and that this
pathway is utilized only by gram-negative bacteria.

Type I interferons are strongly inducible by viruses and play
an important role in antiviral defence (23, 27, 35). Conse-
quently, they have been investigated most extensively in this
connection. The significance of IFN-a or IFN-B in bacterial
infections has been much less studied. It has been shown that
mice deficient for the IFN-a/B receptor are indistinguishable
from wild-type mice in their susceptibility to L. monocytogenes
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infection (35). In view of the present results, the above-men-
tioned investigation allows no conclusions to be made regard-
ing the significance of IFN-o/f in this infection model, since L.
monocytogenes induces no IFN-o/B and it would make no dif-
ference if the mice are deficient for the IFN-a/B receptor or
not. In our hands, administration of exogenous recombinant
murine IFN-B to mice infected with serovar Typhimurium had
no detectable protective effect (M. Matsuura and C. Galanos,
unpublished data). This may be understandable, considering
that IFN-B is already induced during serovar Typhimurium
infection and additional exogenous IFN-f may have no further
discernible effect. For this reason, any antibacterial effect of
exogenously administered IFN-B might be best recognized
during infections by gram-positive bacteria, since these do not
induce this cytokine. In this connection, it is interesting that a
protective effect of exogenously administered IFN-B has been
reported in the case of infection with L. monocytogenes (13).
For future investigations of the role of IFN-o/B in infections by
gram-negative bacteria, new models will have to be developed.
Of special interest would be the use of IFN-a/f receptor-
deficient mice.
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