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Pretreatment of lipopolysaccharide (LPS)-responder C57BVlOScSn mice with killed Propionibacterium
acnes enhanced tumor necrosis factor alpha (TNF-a) production and lethality in response to a subsequent
challenge with LPS. Sensitization to LPS increased with time of pretreatment and reached its maximum after
7 days. Sensitization was paralleled by gamma interferon (IFN-y) production that was detectable from day 3
onward. In contrast, a similar P. acnes pretreatment of LPS-nonresponder C57BL/lOScCr mice had no
apparent effect on their high resistance to LPS. Challenge with LPS at any time during the 7-day period after
P. acnes treatment led to no detectable TNF-ax formation and caused no lethal effects. The absence of
sensitization in C57BL/lOScCr mice was paralleled by an absence of IFN-y production. Administration of
monoclonal IFN-y antibodies in C57BLIlOScSn mice up to day 3 ofP. acnes treatment completely inhibited the
overproduction of TNF-a by LPS. Anti-IFN-y administered later than day 3 had only a partial, although
significant, inhibitory effect. Injection of appropriate amounts of anti-IFN-y also abolished the development of
hypersensitivity to the lethal action of LPS. The effect of exogenously administered IFN-y on LPS sensitivity
(e.g., TNF-ct production, lethal effects) was studied in LPS-responder and nonresponder mice. Administration
of murine recombinant IFN-y increased the sensitivity of C57BLJlOScSn mice to LPS and established LPS
responsiveness in LPS-nonresponder C57BL/lOScCr and C3H/HeJ mice. The data provide evidence that IFN-y
mediates the sensitization towards LPS induced by P. acnes.

Bacterial lipopolysaccharides (LPS, endotoxins) are caus-
ative agents of a number of pathophysiological reactions
seen during infection with gram-negative pathogens. Many
of these reactions are elicited by purified LPS in experimen-
tal animals (for a review, see reference 30). The interaction
of LPS with macrophages and the subsequent formation of
endogenous mediators represent essential early steps in the
development of LPS lethal toxicity (16, 18, 31, 44). Tumor
necrosis factor alpha (TNF-a), a macrophage-derived cytok-
ine inducible by LPS (5, 45), has been recognized as a
principal mediator of endotoxin shock. Injection of mice
with exogenous TNF-a leads to pathophysiological reactions
similar to those seen after LPS administration (36, 38, 60).
Antibodies against TNF-a were shown in different experi-
mental models to protect mice from LPS lethality (2, 17, 20,
61).

Susceptibility to LPS of different mouse strains is geneti-
cally determined. LPS responsiveness is controlled by a
gene locus identified on mouse chromosome 4. It occurs in
two allelic forms, lps' for normal and lpsd for defective
responsiveness (51). To date, three lpsd mouse strains,
C3H/HeJ, C57BL10/ScCr (Cr), and C57BL/1OScSN (Sn),
are known (10, 51, 56, 62). Mice belonging to these strains
are highly resistant to all known LPS effects, including its
lethal toxicity. Although the defect of lpsd mice concerns the
same gene locus, an interesting difference between C3H/HeJ
and Cr mice has been identified. This concerns the sensitiv-
ity of the two strains towards LPS after infection with
Salmonella typhimurium. Infected C3H/HeJ mice acquire
partial sensitivity to the lethal effects of LPS, whereas Cr
mice do not (19). In this respect, C3H/HeJ mice behave like
IpSn mice, being sensitized to the lethal effects of LPS by a
variety of experimental infections (7, 8, 53, 57, 63). Hyper-
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sensitivity is also elicited if, instead of live microorganisms,
dead microorganisms are administered in sufficient amounts
to the animals (7, 53). Accordingly, lps' mice and the lpSd
C3H/HeJ mice seem to possess similar mechanisms of
sensitization to LPS. In contrast, the IpSd Cr mice, depend-
ing on the pathogen, show only low (Plasmodium chabaudi
chabaudi) or no (S. typhimurium) sensitivity to LPS after
infection. Moreover, Cr mice, in contrast to congenic lpSn Sn
mice and 1psd C3H/HeJ mice, exhibit an impaired capacity to
produce gamma interferon (IFN-y) in response to different
stimuli, both in vivo and in vitro (19). On the basis of these
findings, we asked whether IFN--y could be involved in the
development of hypersensitivity to the lethal effects of LPS.
IFN-y is produced by T lymphocytes (42, 47, 48) and by

natural killer cells (12, 27) in response to specific antigens
(52), T-cell mitogens (33), toxic shock syndrome toxin 1 (34),
and LPS (4, 37, 43). IFN-,y acts as a macrophage-activating
factor. In this function, it enhances antimicrobial activity
against some parasites (35), oxidative metabolism (46), and
tumor cell-killing activity (13, 49). Furthermore, it increases
Fc receptor capacity (14), and induces the expression of Ia
antigen on macrophages (6). It has also been shown that
IFN--y increases the ability of macrophages to produce
endogenous mediators like TNF-a and interleukin-1 in re-
sponse to LPS (9, 11, 15, 24). Also, Ipsd C3HJHeJ macro-
phages, after treatment with IFN-y in culture, acquire the
ability to produce TNF-a in response to LPS (3). An
increased ability to produce TNF-a after administration of
LPS (5, 21) is also a common characteristic of mice sensi-
tized to LPS by infection.

In the present study, the possible involvement of IFN--y in
the sensitization to LPS induced by bacteria was investi-
gated in lpSn (Sn) and 1pSd (Cr) mice treated with Propioni-
bacterium acnes (1, 5, 21, 25, 26). It was shown that the
development of sensitization occurs in parallel with the
production of IFN-y.
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MATERIALS AND METHODS

Animals. lps' Sn mice and lpsd Cr and C3H/HeJ mice (of
both sexes), bred under specific pathogen-free conditions,
were obtained from the breeding stock of the Max-Planck-
Institut fur Immunbiologie. For lethality tests in the D-galac-
tosamine model (22), 10- to 14-week-old mice were em-

ployed; otherwise, 6- to 8-week-old animals were used
throughout the study. Mice were challenged with the agents
being tested dissolved in pyrogen-free phosphate-buffered
saline (pH 7.2) (PBS). Injections were performed intraperi-
toneally (i.p.) or intravenously (i.v.) into the lateral tail vein.
Serum sampling. Mice were exsanguinated by puncturing

the axillary vessels during ether anesthesia. Thereafter,
blood samples were incubated for 15 min at 37°C to allow
clotting. The serum was separated by centrifugation and
stored in aliquots at -70°C until use.

P. acnes. P. acnes ATCC 12930 was grown in cooked meat
medium (Difco Laboratories, Detroit, Mich.) at 37°C for 4
days without oxygen. Thereafter, the bacteria were washed
twice with PBS, heat killed (30 min, 100°C), washed once

with distilled water, and lyophilized. For treatment of mice,
500 ,ug of P. acnes in 0.2 ml of PBS per animal was injected
i.v.

LPS. The uniform triethylamine salt form of Salmonella
abortus equi LPS was prepared as described previously (23,
64).

D-Galactosamine. D-Galactosamine-hydrochloride was

purchased from C. Roth, Karlsruhe, Germany. For injec-
tion, it was dissolved in pyrogen-free PBS.
TNF-ae and IFN-y. Human recombinant TNF-a (specific

activity, 6.6 x 106 U/mg) was a kind gift from Knoll AG,
Ludwigshafen, Germany. Murine recombinant TNF-a (spe-
cific activity, 1.2 x 107 U/m~) and murine recombinant
IFN--y (specific activity, 2 x 10 U/mg) were kindly donated
by G. R. Adolf, Bender & Co. GmbH, Vienna, Austria.

Antibodies. Hybridoma cell lines producing rat monoclo-
nal IFN--y antibodies were kindly donated by S. Landolfo
(AN18.17.24; Institute of Microbiology, Medical School,
University of Torino, Torino, Italy) (50) and G. L. Spitalny
(R46A2; Trudeau Institute, Saranac Lake, N.Y.) (55). The
hybridoma cells were cultivated in hydrophobic Teflon bags
(Biofolie 2S; DuPont, distributed by Heraeus, Hanau, Ger-
many) by using Iscove's modified Dulbecco's medium
(GIBCO Europe Ltd.) containing 10% fetal calf serum at
37°C in a humidified atmosphere containing 8% CO2. The
antibodies were purified from the culture supernatant on an

Immuno Pure immobilized protein G column (Pierce, Rock-
ford, Ill.). Subsequently, both antibodies were extensively
dialyzed against PBS and sterilized by filtration through a

0.45-,um-pore-size membrane, and protein concentration
was determined by the Folin reagent method (40). In this
way, a purification factor of 150 was achieved. As a control,
rat immunoglobulin G (IgG) purified from normal rat serum

by the same procedure was used.
Anti-IFN--y activity in the antibody preparations was

determined by enzyme-linked immunosorbent assay
(ELISA) (see below). Possible LPS contamination was mea-

sured by the Limulus amoebocyte lysate test (59). For
animal experiments, the two monoclonal antibodies were

always mixed in a ratio of 1:1 (ELISA units). Only prepara-

tions with no detectable LPS contamination (<10 pg/mg of
protein) were used.
Anti-IFN-y ELISA. The activity of the antibodies against

IFN--y was assayed by a specific ELISA technique. Briefly,
96-well ELISA microtiter plates (Falcon 3915, ProBind

assay plate; Becton Dickinson, Lincoln Park, N.J.) were
coated with recombinant IFN--y (50 ,ul, 10 ,ug/ml) in 0.05 M
carbonate buffer (pH 9.6). The plates were incubated with
1% bovine serum albumin in PBS (200 ,ul) for 2 h at 37°C to
block the remaining sites. Samples diluted in 1% bovine
serum albumin were added, and the plates were incubated
for 1 h at 37°C. The plates were washed four times with
0.05% Tween 20 in PBS (pH 7.2) and incubated for 1 h at
37°C with anti-rat IgG-peroxidase conjugate (DAKO GmbH,
Hamburg, Germany) diluted 1:2,500 in PBS. After subse-
quent washing, tetramethylbenzidine was added as the sub-
strate (50 ,ul) (39), and the plates were kept for 15 min at 37°C
in the dark. The reaction was stopped by adding 50 ,ul of 2 M
H2SO4 per well. Optical density was measured by a fully
automatic ELISA reader workstation (SLT Labinstruments,
Crailsheim, Germany) at 450 nm. One-tenth of an ELISA
unit of antibody activity is arbitrarily defined as the amount
of anti-IFN--y which corresponds to an optical density of
0.600 in the ELISA described above.
IFN-y production by spleen cells in vitro. IFN--y responses

in P. acnes-treated mice and in controls were determined
preferentially by measuring the spontaneous IFN--y produc-
tion by spleen cells explanted from the animals. As shown in
a previous study (19), this method is very sensitive because
it detects ongoing IFN--y responses that may be too low to be
detectable in the circulation. Spleen cells were prepared as
previously described (58). The cells (107/0.5 ml) were culti-
vated in multidish 24 plastic plates (Nunclon Delta S1; Nunc,
Roskilde, Denmark), in Dulbecco modified Eagle medium
(GIBCO, Karlsruhe, Germany) for 24 h at 37°C in a humid-
ified atmosphere containing 8% CO2. After centrifugation,
the culture supernatants were collected and stored at -70°C
until assayed.

Detection of IFN-y in culture supernatants. IFN--y was
measured by a specific ELISA technique as described earlier
(54).
TNF-a bioassay. The content of TNF-a in individual

serum samples was measured in a cytotoxicity test by using
a TNF-a-sensitive L929 cell line (kindly provided by L. Old,
Memorial Sloan-Kettering Cancer Center, New York,
N.Y.), in the presence of actinomycin D as described
previously (17). The detection limit of the assay was 8 to 10
pg/ml. Rabbit anti-mouse TNF-a (Genzyme, Boston, Mass.)
was used as an inhibitor to test the specificity of the TNF-a
bioassay.

Lethality tests. For lethality tests in normal and P. acnes-
sensitized mice, groups of 3 to 10 animals received different
amounts of LPS (0.1 ,ug to 2,000 ,ug) i.v. in 0.2 ml of PBS,
and the resulting lethality was observed for the next 72 h.
For lethality tests in the D-galactosamine-sensitized mice
(22), groups of three to six animals received LPS (30 pg to 2
mg) and D-galactosamine (20 mg) as a mixture in 0.2 ml of
PBS i.v., and the resulting lethality was scored for the next
20 h.

Statistics. The data shown in the figures are presented with
standard deviations. Values were determined by the Stu-
dent's t test. Values with P values of <0.05 are marked by
an asterisk.

RESULTS

Effect of treatment with P. acnes on the LPS-induced TNF-a
production and lethality in lps' and lpsd mice. Groups of lpsn
Sn and lpsd Cr mice received killed P. acnes (500 ,ug per
mouse) i.v. Untreated groups served as controls. Three and
7 days later, all groups were challenged with LPS i.v., and
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TABLE 1. Sensitization of Sn mice to the lethal effects
of LPS by P. acnesa

Lethality (no. dead/total)

LPS (pg) After P. acnes

Control administration
Day3 Day7

100 5/5
75 1/5
10 0/5 5/5
1 0/5 5/5
0.1 5/10
0.01 0/5

a Each mouse received 500 ,g of P. acnes i.v. and, 3 or 7 days later, LPS
i.v. Controls received LPS only. Lethality was scored up to 72 h after LPS
injection.

the TNF-a present in the serum at 1 h after challenge was
measured. Mice not challenged with LPS (P. acnes treated
or controls) never exhibited TNF-ot in serum. After chal-
lenge with 0.1 ,ug of LPS, each of the control Sn mice, not
pretreated with P. acnes, exhibited, on average, 1.5 ng of
TNF-a per ml of serum, whereas control Cr mice, each
challenged with either 0.1 or 100 ,g of LPS, showed no
detectable TNF-a in serum. In P. acnes-pretreated Sn mice,
the amount ofTNF-a produced after challenge with 0.1 ,ug of
LPS increased with time of pretreatment (115 ng/ml of serum
when challenged on day 3 and 3,400 ng/ml when challenged
on day 7 after pretreatment). In contrast, pretreatment of Cr
mice with P. acnes did not alter their inability to produce
TNF-a in response to LPS. TNF-a was absent at all times,
even when 100 ,ug of LPS was used for challenge.
To estimate the effect of P. acnes treatment on the

sensitivity of Sn and Cr mice to the lethal effects of LPS,
pretreated and control mice of each strain received different
amounts of LPS and lethality was scored up to 72 h later. P.
acnes pretreatment increased the sensitivity of Sn mice to
LPS by factors of approximately 10 and 1,000 on days 3 and
7, respectively, as compared to that of the controls (Table 1).
P. acnes-treated Cr mice, on the other hand, remained LPS
resistant, exhibiting no lethality even when challenged with
2 mg ofLPS.
IFN-y production by spleen cells from P. acnes-treated

mice. Spleen cells from Sn and Cr mice obtained between 1
and 7 days after P. acnes treatment were cultured without
further stimulus for 24 h along with spleen cells from
controls, and the IFN-y in culture supematants was mea-
sured. Supernatants of control cells were always free of
IFN--y. In cells from P. acnes-treated Sn mice, IFN-y was
detectable from day 3 of treatment on in amounts varying
between 2 and 50 U/ml. This variation did not seem to be
related to the length ofP. acnes pretreatment. In contrast, at
no time did supernatants of cells obtained from P. acnes-
treated Cr mice exhibit detectable IFN-y.

Effect of anti-IFN-y on P. acnes-induced sensitization to
LPS. (i) TNF-a production. Mice were treated with P. acnes.
Immediately afterwards and 2, 4, and 6 days later, they
received 100 or 300 U of monoclonal anti-IFN-y antibodies
(corresponding to 100 and 300 ,ug of antibody protein). P.
acnes-treated mice receiving normal rat IgG (four times, 300
,ug) or no further treatment served as controls. On day 7, all
mice were challenged with 0.1 p,g of LPS, and the level of
TNF-a in serum was determined 1 h later.

P. acnes-sensitized mice without further treatment pro-
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FIG. 1. Effect of anti-IFN-y on the enhanced TNF-a production
by LPS in P. acnes-sensitized mice. Each of the Sn mice received
500 ,ug of P. acnes i.v., and the mice were divided into three groups
of four animals each. The animals in two groups each received four
injections of 100 or 300 U anti-IFN--y i.p. on days 0, 2, 4, and 6,
respectively; the third group remained untreated. On day 7 after P.
acnes treatment, each animal in all three groups and in an additional
group of four normal mice without prior treatment was challenged
with 0.1 Wxg of LPS i.v. TNF-a was measured in serum collected 1 h
after challenge. The vertical lines represent standard deviations of
mean values. Asterisk, P < 0.05.

duced, on average, 3,400 ng of TNF-o per ml of serum in
response to 0.1 ,ug of LPS (Fig. 1). A comparable response
(2,500 ± 1,000 ng) was also obtained in the group treated
with control IgG (data not shown in Fig. 1). However, mice
receiving 100 or 300 U (four times) of anti-IFN-y exhibited
only 1/10 (350 ng/ml) and 1/100 (9.4 ng/ml) as much TNF-ao,
respectively.

In mice receiving 300 U (four times) of anti-IFN-y, detect-
able amounts of free antibody persisted in the serum (aver-
age, 20 U/ml) on day 7, while in mice receiving 100 U (four
times), anti-IFN--y activity was no longer detectable by this
time.
To determine the time course of IFN--y action, groups of

Sn mice were treated with P. acnes. At different times
thereafter (0, 24, 48, and 72 h and 4, 5, 6, and 7 days), each
mouse in each group was injected once with 400 U of
anti-IFN-y. On day 7, each mouse was challenged with 0.1
,ug of LPS, and serum was prepared 1 h later. As shown in
Fig. 2, when the antibody was given up to day 3, the TNF-at
production, in response to LPS, was inhibited to a level
below 13 ng/ml of serum. Administration of anti-IFN--y at a
later time (on days 4, 5, and 6) resulted in a lower inhibition
of TNF-a response (30, 69, and 190 ng/ml of serum, respec-
tively). Administration of the antibody on day 7, 2 h before
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TNF-alpha (ng/ml serum)
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TABLE 2. Effect of IFN-y antibodies on the P. acnes-induced
sensitization to LPS lethality'

Lethality (no. dead/total)
LPS (,ug)

Controls P. acnes + IgG P. acnes + MAbb

100 5/5
75 1/5
50 0/10 6/10
25 0/5
1 5/5
0.1 2/5
0.01 0/5

a Each of the Sn mice received 500 1Lg of P. acnes i.v. Thereafter, each of
the mice in one group received 300 pg (300 U) of anti-IFN-y four times, and
each of the mice in a second group received 300 p.g of control IgG four times
i.p., on days 0, 2, 4, and 6 after P. acnes treatment. Seven days after P. acnes
treatment, all mice were challenged with LPS i.v. Normal, untreated Sn mice,
injected with LPS only, served as controls. Lethality was scored up to 72 h
after LPS injection.

b MAb, monoclonal antibody.

* * +* * " ] I Effect of pretreatment with recombinant IFN-y on TNF-a
D production. Each of the Sn mice received 10 p,g of recombi-
0 1 2 3 4 5 6 7 nant murine IFN--y i.v. At different times thereafter, each

day of antibody treatment group was challenged with 0.1 F±g of LPS. At 1 h after
2. Effect of anti-IFN--y administered on different days on challenge, the animals were sacrificed and serum for TNF--y
anced TNF-a production by LPS in P. acnes-sensitized determination was collected. A group in which each mouse
ach of the Sn mice received 500 pg of P. acnes i.v. received 0.1 pg of LPS but no IFN--y served as the control.
ter, each mouse (in groups of four) received a single injec- As shown in Fig. 3, IFN-y-treated mice invariably produced
mnti-IFN-y (400 U) i.p. on the days indicated. A P. acnes- more TNF-cL than the controls. The highest TNF-a levels
group receiving no anti-IFN--y served as the control. On day were obtained when IFN--y was injected 8 h prior to LPS, in
P. acnes treatment, each of the mice in all groups was which case an approximately 200-fold increase in TNF-a,
,ed with 0.1 p.g of LPS, and TNF-a present in serum compared to that of controls, was seen. With a longer
d 1 h after challenge was measured. The control mice pretreatment time the enhancing effect of IFN--y decreased
d an average of 1,466 ng of TNF-a per ml of serum. The prtreat stime,theehcgffecoNFNa dcreased
lines represent standard deviations of mean values. Aster- but was still detectable (twofold TNF-a icrease) when
0.05. IFN-^y was injected 24 h before LPS.

A low but reproducibly demonstrable TNF-a response
after treatment with IFN--y (10 ,ug) was also obtained in lpsd

ge with LPS, inhibited TNF-(x production only to a (Cr and C3H/HeJ) mice after challenge with LPS (100 j±g per
tent (592 ng/ml compared to 1,466 nglml in controls mouse). The TNF-a responses in serum samples of the two
antibody treatment). Thus, administration of anti- strains were comparable (approximately 2 ng/ml). Unlike the
up to day 3 after P. acnes treatment maximally case in Sn mice, the time of IFN--y pretreatment did not seem
the enhanced production of TNF-a that is seen on to be critical in lpSd mice. The administration of IFN--y
fter LPS challenge. between 2 and 8 h prior to LPS resulted in comparable
inistration of anti-IFN-y on day 3 of P. acnes sensi- amounts of TNF-ct in the serum samples.
and subsequent challenge with LPS at different The time course of LPS-induced TNF-a production in

hereafter revealed that the enhanced production of IFN-y-pretreated lpSn Sn and lpsd Cr mice is shown in Fig. 4.
in response to LPS subsides within 24 h of antibody The timely appearance, duration, and disappearance of
,nt (results not shown). TNF-a in serum samples of both strains were similar to
ethality. Each of the Sn mice received P. acnes and, those seen usually in responder mice receiving LPS (maxi-
afterwards, 300 U of monoclonal IFN--y antibodies mum at 1 h and then decreasing and no longer detectable at
days 2, 4, and 6, antibody injections were repeated. 4 h after LPS administration).

f the control animals was injected in parallel with 300 Effect of IFN-y pretreatment on the lethal effects of LPS.
Dntrol IgG four times. On day 7, different amounts of Groups of Sn mice (four animals per group), in which each
01 to 100 ,ug) were injected, and the resulting lethality mouse was pretreated with 10 p.g of recombinant IFN-y i.v.,
)red. As shown in Table 2, administration of control or controls were challenged 8 h later with different amounts
lies did not inhibit the development of hypersensitiv- of LPS (25 to 100 p,g per mouse). Lethality was scored over
PS. The lethal dose of LPS (40% lethal dose = 0.1 ,ug) the next 72 h. Administration of 100 p,g of LPS caused 100%
Lilar to that seen in P. acnes-sensitized mice receiving lethality in control mice. Treatment with 10 ,ug of IFN--y
bodies (Table 1). In contrast, administration of anti- increased the sensitivity of mice to LPS, 50 ,ug of the latter
narkedly inhibited the development of hypersensitiv- causing 100% lethality. A further increase in susceptibility to
LPS (50 p,g of LPS being necessary to cause 60% the lethal effects of LPS was achieved by two injections of 10
y).- ,ug of IFN--y each, administered subcutaneously 8 and 2 h
herefore concluded that anti-IFN--y antibodies inhibit before LPS. Under these conditions, 25 ,ug of LPS sufficed
elopment of sensitization to LPS in P. acnes-treated to cause 100% lethality.

The effect of IFN-y on the sensitivity of Sn mice to the
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TABLE 3. Lethal toxicity of LPS-D-galactosamine in
IFN-y-treated lpSn (C57BL/10ScSn) and lpSd

(C57BL/lOScCr, C3H/HeJ) micea

Lethality (no. dead/total)

LPS (p.g) IFN-y treated Control

Sn Cr HeJ Sn Cr HeJ

500 0/5 0/5
100 3/3 3/3
10 4/6 5/6
1 0/3 0/3 4/4
0.0003 4/4 3/4
0.0001 4/4 0/4
0.00003 0/4

a Each of Sn, Cr, and C3H/HeJ mice was injected with 10 .g of IFN-y i.v.
Control mice remained untreated. At 2 (Cr, C3H/HeJ) or 8 h (Sn) thereafter,
they received different amounts of LPS and D-galactosamine (20 mg) as a
mixture i.v. All IFN-y-treated and control mice receiving D-galactosamine or
LPS only survived. Lethality was scored up to 24 h after LPS-D-galac-
tosamine injection.

lethal effects of LPS was also investigated in the D-galac-
tosamine sensitization model (22). In this model, treatment
of mice with D-galactosamine enhances their susceptibility
to the lethal action of LPS by increasing the sensitivity to the
lethal mediator TNF-ot (17, 20). In this experiment, IFN-y
(10 p,g) was administered 8 h before LPS-D-galactosamine
challenge (Table 3). Pretreatment with IFN--y lowered the
amount of LPS required for induction of lethality by a factor
of 10 as compared to controls receiving LPS-D-galac-
tosamine and no IFN-y.
The effect of IFN--y pretreatment on the sensitivity of lpsd

C3H/HeJ and Cr mice was investigated only in the D-galac-
tosamine model. Each mouse received 10 ,ug of IFN--y and 2
h later was challenged with 20 mg of D-galactosamine and
different amounts of LPS (1 to 500 ,ug) (Table 3). In the
controls of both strains, 500 jig of LPS caused no lethality.
In contrast, IFN--y pretreatment rendered both strains con-
siderably more sensitive to LPS, 10-p,g amounts of the latter
causing 75 and 50% lethality in the C3H/HeJ and Cr mice,
respectively.

DISCUSSION

The results of the present study strongly suggest a role for
IFN-y in the P. acnes-induced hypersensitivity to LPS.
Administration of killed P. acnes bacteria to lpSn Sn mice
resulted in IFN-,y production and, in parallel, in sensitization
of the treated mice to the lethal effects of LPS. As shown in
earlier reports (1, 5, 21, 25, 26) and the present study, the
LPS hypersensitivity of P. acnes-treated mice was evident
from the enhanced production ofTNF-a upon challenge with
LPS and from the higher susceptibility of the treated animals
to the lethal activity of LPS. Induction of TNF-a and
lethality by LPS were higher on day 7 of P. acnes pretreat-
ment than in controls by a factor of approximately 100 to
1,000. Cultures of spleen cells explanted from mice between
days 3 and 7 post-P. acnes injection spontaneously produced
IFN--y. The production of IFN-,y occurring parallel to the
development of sensitization to LPS in P. acnes-treated Sn
mice is in agreement with previous results obtained in mice
sensitized to LPS by two other microorganisms, S. typhimu-
num and P. chabaudi chabaudi (19). In contrast, treatment
of 1pSd Cr mice with P. acnes did not lead to detectable
amounts of IFN-y. Furthermore, the treated mice did not

produce TNF-ot upon LPS challenge and they remained
highly resistant to the lethal effects of LPS. The inability of
Cr mice to produce IFN-y after P. acnes treatment confirms
our previous finding that Cr mice exhibit impaired IFN-y
production (19).

Direct evidence for the participation of IFN--y in the
development of sensitization to LPS was obtained by show-
ing that the overproduction of TNF-ot and the enhanced
lethality in response to LPS, both characteristics of P.
acnes-treated mice, could be inhibited by anti-IFN--y. The
inhibition of TNF-at overproduction by IFN--y antibodies
was more effective when the antibodies were administered
during the first 3 days after P. acnes treatment. Administra-
tion of anti-IFN-y after day 3 of P. acnes treatment was less
effective; however, some protective effect was still evident
even when anti-IFN--y was administered on day 7, 2 h before
LPS challenge.

In agreement with results of a previous study (28), the
present results show that normal Sn mice (without P. acnes),
administered murine recombinant IFN-y (10 ,ug per mouse),
produce significantly more TNF-ax upon challenge with LPS.
Increased TNF-oc production became evident soon after
IFN--y treatment, was highest after 8 h, and disappeared 24 h
after IFN--y administration. The in vivo kinetics of IFN-y
sensitization corresponds well to the kinetics observed by
Luedke and Cerami (41) in vitro after the addition of IFN--y
to macrophage cultures. Sn mice treated with IFN--y 8 h
before LPS challenge also became more sensitive to the

400
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FIG. 3. Enhancement of LPS-induced TNF-(x production by
pretreatment with IFN-y. Each of the Sn mice received 10 jig of
murine recombinant IFN-y i.v. At different times thereafter, each
mouse (in groups of three), was challenged with 0.1 ,ug of LPS i.v.,
and the TNF-a present in the serum collected 1 h later was
measured. Control mice receiving LPS but not IFN--y produced an
average of 1.17 ng/ml of serum. The vertical lines represent standard
deviations of mean values. Asterisk, P < 0.05.
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FIG. 4. Time course of TNF-a production by LPS in lps' and lpsd mice pretreated with IFN-y. Each of the Sn and Cr mice was injected
with 10 p,g of murine recombinant IFN-y. Eight hours later, the animials were challenged with LPS, with each of the Sn mice receiving 0.1
pg and each of the Cr mice receiving 100 p.g. Serum for TNF-a estimation was collected at different times after challenge. Each point on the
curve represents a mean of the results from three individual animals with standard deviation (vertical lines).

lethal effects of LPS as tested in control mice and in mice
sensitized to LPS by D-galactosamine. lpsd Cr and C3H/HeJ
mice, although differing in their IFN--y productions (Cr,
defective production; C3H/HeJ, normal production), exhib-
ited very comparable responsiveness to IFN-y. Mice of both
strains acquired a partial responsiveness to LPS when ad-
ministered IFN--y and exhibited a low level of circulating
TNF-a (approximately 2 ng/ml) after challenge with a high
dose (100 jig per mouse) of LPS. In comparison, each of the
control Sn mice exhibit a few nanograms of TNF-a per ml of
serum and each of the IFN--y-treated Sn mice exhibit several
thousand nanograms per ml when challenged with 0.1 jig of
LPS. It is interesting that, unlike in lpSn Sn mice, in which
maximum sensitization was seen 8 h after IFN-y treatment,
in lpsd mice there was no difference in the degree of
sensitization whether IFN-y was injected at 2 or at 8 h prior
to LPS. By using the D-galactosamine sensitization model, it
could be shown that pretreatment with IFN--y also enhanced
the sensitivity of both IpSd mouse strains towards a lethal
combination of LPS and D-galactosamine.

Recently, Hogan and Vogel (32) pointed out that the LPS
response seen in C3H/HeJ mice that had been treated with
IFN-,y might be explained by a sensitization to an unidenti-
fied bacterial component rather than a reversal of LPS
nonresponsiveness. Experimental support for this was pre-
sented. The presence of a non-LPS component(s) in gram-
negative bacteria with LPS-like activities, such as induction
of TNF-a and lethality, has been recently demonstrated with
C3H/HeJ and Cr mice (17). Furthermore, the sensitizing
effect of IFN--y is not restricted to the action of LPS. We
have observed that exogenously administered murine
recombinant IFN-y increases the sensitivity of IpSn Sn and
Ipsd Cr mice towards the TNF-a-inducing activity of Staph-
ylococcus aureus (15a). The LPS of S. abortus equi used in

the present study was extensively purified. Protein, lipid,
glycan, and nucleic acid contaminants were not detectable in
the final product. The preparation also showed no biological
activity in a number of biological assays in lpSd mice.
However, a minute contamination of a natural bacterial
product can never be excluded with 100% certainty. More
experimental work is required to obtain a definite explana-
tion of the nature of LPS resistance of lpsd mice.

In this study, we could also confirm previous findings (28,
29) that administration of anti-IFN--y has a low protective
effect against LPS toxicity in normal lpSn mice (not treated
with P. acnes) (data not shown). Normal mice, treated 2 h
before or 10 min after LPS challenge with antibodies, were
more resistant to the lethal effects of LPS by a factor of 2.
IFN--y, therefore, apart from its prominent role in sensitizing
to LPS, also seems to participate in the actual mechanisms
of toxicity.
Our results show that IFN-y is a principal mediator

involved in the development of hypersensitivity to LPS in
mice treated with P. acnes and very probably in the hyper-
sensitivity of mice infected by different pathogenic microor-
ganisms. Treatment of human monocytes with human
recombinant IFN--y in vitro (15, 24) or administration of
IFN-y in cancer patients (41a) were shown to increase the
LPS-induced cytokine response. IFN-y may be, therefore, a
possible mediator of LPS hypersensitivity in infected pa-
tients as well, and its production may lower the threshold of
the development of endotoxin shock.
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