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Summary. Cytokine production was measured in mice during Salmonella typhimurium sepsis
and intoxication. In mice given live S. typhimurium (10 cfu/mouse), by intra-peritoneal
injection, serum levels of tumour necrosis factor (TNF)-a and interleukin-6 increased steadily
from day 1 until day 4. Interferon-y levels showed a transient peak on day 3. Interleukin-1-
o levels were very low. There were high bacterial counts in the livers at day 3 and deaths
occurred from day 4 onwards. Intraperitoneal injection of lipopolysaccharide or heat-killed
bacteria also induced all of the cytokines, but their time of appearance and levels varied
greatly. Cytokine induction by heat-killed bacteria was more marked. Endotoxaemia
decreased with time during intoxication and increased during sepsis. Bioactive TNF, as
measured by a cytotoxicity assay, was found only in mice given heat-killed bacteria.

Introduction

Salmonella typhimurium is a facultative intracellular
parasite. Its proliferation in inbred strains of mice is
genetically regulated by Ity genes.! In Ity" mice,
resistance to S. typhimurium is controlled by modu-
lation of interferon-y (IFN-y), whereas in Ity* mice
there is a logarithmic increase of S. typhimurium in the
reticulo-endothelial system resulting in a fatal in-
fection. In these latter animals, there is only a transient
increase of IFN-y between the second and third day of
infection.? There are conflicting reports regarding the
role of tumour necrosis factor-« (TNF-«) during S.
typhimurium infection. Elevation of TNF-« levels was
not observed during S. typhimurium septicaemia in
calves or in different mouse strains.® * The production
and role of other inflammatory cytokines such as
interleukin 1-« (IL-1a) and interleukin 6 (IL-6) during
S. typhimurium infection has not been well studied.
The present study was conducted to analyse pro-
duction of cytokines TNF-a, IFN-y, IL-1a and 1L-6
during S. typhimurium infection of Ity® mice of strain
CS57BL/6J to provide an insight into the sequence of
events that leads to sepsis in vivo. Cytokine profiles
after administration of lipopolysaccharide (LPS) and
heat-killed bacteria were also studied to investigate the
difference in cytokine response between clinical sepsis
and intoxication.
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Materials and methods

Mice

Male C57BL /6] jcl (Japan CLEA) mice, 68 weeks
old were used. A total of 63 mice was used in each
group.

Bacteria and inoculum preparation

S. typhimurium ATCC 14028 was obtained from the
American Type Culture Collection (Rockville, MD,
USA). For inoculum preparation, a few colonies of S.
typhimurium from an overnight culture on nutrient
agar were suspended in pyrogen-free physiological
saline and adjusted to a concentration of 100 cfu/ml,
as described by Matsuura and Galanos.® Each mouse
was given 0-1 ml of this suspension by intraperitoneal
injection. The heat-killed bacterial suspensions were
prepared as described by Freudenberg er al.? For
cytokine studies during intoxication, 0-1 ml of
pyrogen-free physiological saline, containing either
50 ug dry weight of heat-killed bacteria (equivalent to
2-3x 108 cfu) or 1-2 ug of S. typhimurium LPS (Difco)
was injected intraperitoneally into each mouse.

Blood sampling and cytokine measurement

Blood was collected by cardiac puncture from
groups of seven mice at intervals of 1 h, 3h, 6 h, 9 h,
12 h, 1 day, 2 days, 3 days and 4 days post-inoculation.
In each group of seven mice, two test samples were
prepared by pooling four sera into one and three into
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the other. TNF-a, IFN-y and IL-1« in serum were
detected with Genzyme ELISA kits (Genzyme,
Cambridge, MA, USA). IL-6 levels were determined
with an Endogen ELISA kit (Endogen, Boston, MA,
USA). All tests were performed in duplicate. For
confirmation of the specificity of immunoreactive
TNF-o measurement, 50 ul of mouse serum was
neutralised with 1 gl of anti-TNF monoclonal anti-
body (MADb) (Genzyme) at 37°C for 2 h before ELISA.
Bioactivity of TNF-a was determined by an L-929 cell
culture assay as described by Fisch and Gifford.® One
cytotoxic unit was defined as the amount that induced
50% cytotoxicity. Recombinant TNF-a (Genzyme)
was used as a positive control in both neutralisation
test and bioassay.

Bacterial counts and endotoxin assay

On day 3 post-infection, the livers of three mice
infected with S. typhimurium were removed aseptically
and homogenised, and samples were plated for bac-
terial counts. Endotoxin activity in the serum samples
and in the pyrogen-free physiological saline used for
injection was checked by the Limulus amoebocyte
lysate assay kit (Endospecy test, Seikagaku Kagyo Co.
Ltd, Tokyo, Japan). The kit was designed to measure
endotoxin levels as low as 0-15 endotoxin units
(EU)/ml.

Results

Cytokine analysis

Production of cytokines during infection with live S.
typhimurium was detected from day 1 post-infection.
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TNF-o and IL-6 levels increased from day 1 until day
4, the last sampling time (fig. 1). IFN-p showed little
increase until day 2 with a peak on the third day and a
sharp decline by day 4. IL-1« levels remained very low
throughout the experiment. Incubation of serum
samples from all the time points with anti-TNF MAb

_completely neutralised TNF-« as detected by ELISA.

None of the serum samples from any time point
demonstrated TNF bioactivity as measured by the L-
929 cell culture assay.

Intraperitoneal injections of S. typhimurium LPS
(1-2 ug/mouse) or heat-killed bacteria (50 ug/mouse)
produced a more rapid induction of all the cytokines
(TNF-a, IFN-y, IL-6 and IL-1c)—within 6 h—in the
serum as compared to infection with live bacteria (fig.
2a, b, ¢, d). Stimulation of all the cytokines was more
marked with heat-killed bacteria. Bioactive TNF was
detected in the sera of mice given the heat-killed
preparation and followed a similar pattern to the
ELISA-reactive TNF, with a peak at 1 h (fig. 3).

Liver counts and endotoxaemia

Livers removed on day 3 from the mice infected with
live S. typhimurium (10 cfu/mouse) contained large
numbers of bacteria (6:57 x 107 cfu/g of liver). Conse-
quently, mortality was evident from day 4 onwards
and was 100% by day 6. In the infected group,
endotoxin levels increased steadily from day 1 until the
fourth day (fig. 4). On the other hand, in the group
given heat-killed bacteria, very high levels were
observed until day 3 but had declined sharply by day 4.
No mortality was observed in the groups of mice given
either heat-killed bacteria or LPS.
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Fig. 1. TNF-o (—@—), IL-6 (—(O0-—), IFN-y (—O—) and IL-1a (——#—-) in sera from mice infected with 10 cfu of S. typhimurium. Each
point represents the mean of four readings from two groups of mice. Serum samples were assayed by ELISA.
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Fig. 2. Cytokine levels in sera of mice after injection of S. typhimurium LPS (12 ug/mouse) (-—O—-) or heat-killed S. typhimurium (50 ug dry

wt/mouse) (—@—). a, TNF-a; b, IL-6; ¢, IFN-y; d, IL-1a. Each point represents the mean of four readings from two groups of mice.
Samples were assayed by ELISA.
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Fig. 3. Serum levels of bioactive TNF after injection of heat-killed . typhimurium (50 ug dry wt/mouse). Each point represents the mean of
four readings from two groups of mice. Samples were assayed for TNF bioactivity by a cytotoxicity test with L-929 cells. U, units.
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Fig. 4. Serum levels of endotoxin during S. ryphimurium infection (10 cfu/mouse) (—@—) or after injection of heat-killed bacteria (50 ug dry
wt/mouse) (—O—). Each point represents the mean of four readings from two groups of mice. Endotoxin activity was measured by Limulus

amoebocyte lysate assay. EU, endotoxin units.

Discussion

With the recognition of the important role played by
inflammatory mediators in the pathogenesis of sepsis,
there has been an increasing interest in studying the
pathophysiological consequences of sepsis so that its
proper management may be achieved.” Animal models
of sepsis could provide valuable information for the
development of new therapeutic strategies in terms of
their safety, efficacy and pharmacokinetics.

In Ity® mice infected with S. typhimurium, produc-
tion of IFN-y, a cytokine known to play an important
role in host defence against several intracellular patho-
gens, had peaked on day 3 but had fallen by the fourth
day post-infection. Freudenberg ez al.? found similar
patterns of IFN-y production in congenic mouse
strains differing in their LPS responsiveness. Both
strains, LPS" (C3H/HeN; C57BL/10ScSn) and LPS?
(C3H/HeJ), exhibited transient levels of IFN-y with
the peak appearing on day 3 and showing a fall by day
4. Ramarathinam et al® observed that spleen cells
from Ity" mice produced significantly higher levels of
IFN-y than spleen cells from Ity* mice. Their study
indicated that the modulation of IFN-y by Ity(r)
gene(s) probably plays a role in controlling resistance
to Salmonella strains. The role of IFN-y in providing
acquired resistance to S. typhimurium has also been
seen in naturally resistant CBA mice.’ In the present
study, the drop in the IFN-y levels after day 3 in the
Ity® C57/BL6J mice might have contributed to the
mortality that occurred from day 4 onwards.

The role of TNF-« in S. typhimurium infection is
unclear. Peel et al.? failed to demonstrate circulating

levels of TNF-a in calves with S. typhimurium septi-
caemia. However, in naturally resistant CBA mice,
antibodies to TNF-a induced proliferation of bacteria
in the spleen and subsequent death, indicating that
endogenous TNF-a production was necessary for
survival.® Exogenous TNF-« has also been shown to
be associated with increased resistance to S. typhi-
murium infection.'® In the present study, TNF-« levels
increased from day 1 onwards, as demonstrated by
ELISA. The specificity of the cytokine assay was
confirmed by neutralisation with mouse MAbs to
TNF-a. Surprisingly, the highly immunoreactive
TNF-a failed to demonstrate TNF bioactivity in the
L-929 cell culture assay. However, sera from mice
given heat-killed S. typhimurium and handled in the
same manner had bioactivity. Kumazawa et al.* also
failed to detect TNF bioactivity during infection with
S. typhimurium in congenic mouse strains differing in
their LPS responsiveness. The possible explanations
for this important observation could be: (i) although
significant TNF levels are produced as a result of S.
typhimurium infection, they are bound to the circu-
lating TNF receptors shed during the course of
infection;!! (i) recently, Luo er al'* showed that
gram-negative bacteria, including S. typhimurium,
have receptors for TNF-a which are heat-labile and, as
a consequence of binding of TNF-«, their virulence
properties may be altered. Therefore, it is possible that
bioactivity of any TNF-a produced during infection
may be neutralised by binding to the bacterial surface
receptors. This hypothesis is further supported by the
fact that significant levels of TNF bioactivity were
observed after administration of heat-killed bacteria.
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Heat killing is known to destroy TNF receptors on the
bacterial surface, thus keeping the bioactivity of TNF
intact.

IL-1 has been found to be present in lethal clinical
sepsis and to act synergically with TNF-o to induce
lethality in animal models.'® Low levels of IL-1 were
observed in the present study because only IL-1a was
measured and not IL-15. High levels of IL-15 have
been observed during sepsis and endotoxaemia.'*
The level of IL-6, another inflammatory and readily
inducible cytokine, showed a good correlation with the
outcome of the infection. There is not much infor-
mation available regarding the role of IL-6 in S.
typhimurium infection. In one study, IL-6 was found
to enhance bactericidal activity and demonstrated a
co-operative effect with recombinant human TNF-a
during S. typhimurium infection in C3H/HeJ mice.'®

In gram-negative bacteria, LPS has been shown to
be the main factor inducing many of the patho-
physiological changes associated with systemic in-
fection.'® After injection of S. zyphimurium LPS or
heat-killed bacteria, all of the cytokines were induced
but their time of appearance, level and duration of
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