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Neonatal Hypersusceptibility to Endotoxin Correlates with Increased Tumor

Necrosis Factor Production in Mice

Vitaliano Cusumano, Giuseppe Mancuso,
Francesco Genovese, Maria Cuzzola, Maria Carbone,
James A. Cook, Joel B. Cochran, and Giuseppe Teti

Istituto di Microbiologia, Facolta di Medicina e Chirurgia
dell’Universita di Messina, Messina, Italy; Departments of Physiology
and Pediatrics, Medical University of South Carolina, Charleston

Septic shock is a major cause of mortality in neonates. The hypothesis was tested that neonatal
age is associated with altered sensitivity to shock-inducing bacterial products or proinflammatory
cytokines (or both). Mice of different ages were inoculated with various doses of lipopolysaccharide
(LPS), superantigenic staphylococcal enterotoxin B (SEB), or recombinant tumor necrosis factor-a
(tTNF-a), alone or in combination with the sensitizing agent D-galactosamine. Neonatal mice were
markedly more susceptible to LPS-induced lethality but more resistant to SEB than were adults (P
< .05). Mice of different ages did not differ, however, in their sensitivity to lethal activities of rTNF-
a. Neonatal susceptibility to LPS and SEB correlated directly with plasma TNF-a but not IFN-y
levels, which was confirmed by TNF-a and IFN-y blockade experiments. These data document
marked age-related differences in the pathophysiology of septic shock and suggest that IFN-vy is
not an obligatory mediator of either LPS- or SEB-induced lethality in neonates.

Neonatal septic shock differs clinically from adult septic
shock. Mortality is higher in neonates (50%—70%), as is the
incidence of permanent physical disabilities [1]. In addition,
neonates have often atypical manifestations, such as thermal
instability, lack of febrile response, and higher incidence of
respiratory insufficiency [2]. Hemodynamic features of lipo-
polysaccharide (LPS)-induced shock in young dogs [3] and
piglets [4] include a lack of early systemic hypotension and
right ventricular failure.

Many of the manifestations of septic shock have been related
to high levels of circulating cytokines and other inflammatory
mediators released on interaction of host cells with bacterial
products. There are some indications that neonates may have
altered cytokine responses. Stimulated T cells from human
newborns produced significantly less interferon-y (IFN-y) than
did those of adults but equal amounts of interleukin-2 (IL-2)
[5-7]. T cells from neonatal mice produced minimal IL-2 and
IFN-7y but high levels of IL-4 in response to primary stimula-
tion in vitro with anti-CD3 antibody [8].

Studies investigating differences between human neonates
and adults in the production of tumor necrosis factor-a (TNF-
), IL-1, or IL-6 have often yielded contradictory results. TNF
production by leukocytes in response to LPS from gram-nega-
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tive bacteria was found to be reduced [9], normal [10, 11], or
increased [12] in term neonates compared with adults. Cells
from term neonates also showed decreased or normal IL-1 [13—
17] and IL-6 [18—20] production. TNF and IL-6 responses
were found to be decreased in premature babies [11, 19].

This study was undertaken to test the hypothesis that neona-
tal age is associated with altered sensitivity to shock-inducing
bacterial products or endogenous cytokine mediators (or both).
In view of the conflicting results obtained with in vitro studies,
we used murine models to assess age-dependent mortality and
circulating cytokine levels. LPS and staphylococcal enterotoxin
B (SEB) were selected as shock-inducing agents. LPS is con-
sidered the main component responsible for mediator produc-
tion in sepsis caused by gram-negative bacteria, the most fre-
quent cause of systemic infections in the neonate. SEB is a
member of a family of superantigenic exotoxins produced by
several species of gram-positive bacteria. In contrast to LPS,
which acts predominantly on macrophages [21], SEB and other
superantigenic exotoxins induce shock by stimulating mainly
T cells [22].

Materials and Methods

Mice. BALB/c mice of different ages were used. Parental mice
were obtained from Harlan Nossan (Milan, Italy) and housed in
the animal facilities of the Institute of Microbiology of the Univer-
sity of Messina. Periodic examinations showed that the colony
was free from naturally occurring infections. Females from timed
matings were monitored closely and the date of delivery recorded.
Adults were defined as 8- to 9-week-old mice of both sexes.

Lethality test. Suckling pups from each litter were randomly
assigned to experimental groups, marked, and kept with the mother
until completion of the experiments. Mice were weighed and in-
jected subcutaneously with various doses of Salmonella enteritidis
LPS (Sigma Chimica, Milan, Italy), SEB (Sigma), mouse recombi-
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nant (r) TNF-a, or mouse rIFN-vy (both from Genzyme, Cinisello
Balsamo, Italy). Where indicated, mice were inoculated subcutane-
ously with 350 mg/kg D-galactosamine (D-gal) at the same time
as LPS, SEB, or rTNF-« challenge. All materials were dissolved
and diluted in pyrogen-free PBS (0.01 M phosphate, 0.15 M NaCl,
pH 7.2). Injection volumes were 25, 50, 100, and 250 uL, respec-
tively, in mice aged 1, 8, and 15 days and adults. Lethality was
recorded every 12 h for 4 days. Moribund animals were euthanized
by ether inhalation.

To assess the protective effects of TNF-«a or IFN-y blockade,
animals were inoculated subcutaneously with anti—TNF-« rabbit
serum or anti—IFN-y hamster monoclonal antibody (both from
Genzyme) at 4 h before challenge. The neutralizing activities of
these preparations were determined in preliminary tests. One unit
of anti—TNF-a was defined as the amount of antibody giving 50%
neutralization of the cytotoxic effects of 10 U of mouse rTNF-«
on WEHI 164 clone 13 cells [23]. One unit of anti—IFN-y was
defined as the amount of antibody giving 50% neutralization of
the antiviral effects of 10 U of mouse rIFN-y on L929 cells in-
fected with vesicular stomatitis virus. All reagents used were free
from endotoxin, as determined by the limulus amebocyte lysate
assay (Sigma).

Cytokine measurements. To measure circulating cytokine
levels, groups of 5—10 animals were sacrificed by decapitation
under ether anesthesia at different times after injection with LPS
and SEB. Mixed venous-arterial blood was collected in heparin-
ized containers and centrifuged. Pooled plasma from groups of
5-10 animals was stored at —70°C until assayed for cytokine
concentrations.

TNF-« activity was quantitated exactly as described [24], by use
of a cytotoxicity assay, and was expressed in units per milliliter, 1
U being defined as the amount of cytokine inducing 50% lysis of
WEHI 164 clone 13 cells [23]. Seven serial 2-fold dilutions (final
dilutions, 1:16 to 1:1024) were tested in duplicate for each sample.
The assay was calibrated with murine rTNF-« as a standard. In
selected plasma pools, TNF activity was neutralized with rabbit
anti—TNF-a or anti—TNF-£ serum (both from Genzyme). These
studies indicated that TNF bioactivity in plasma from neonates
or adults challenged with LPS was entirely due to TNF-a. TNF
bioactivity in plasma from either adults or pups injected with SEB
was neutralized by 65%—75% with anti—-TNF-a and by 35%-—
45% with anti—TNF-£.

IL-2, IL-4, IL-6, IFN-vy, and IL-18 were measured by use of
mouse-specific commercial antigen-capture ELISAs, according to
manufacturer’s instructions. IL-2, IL-4, and IL-6 kits were gifts
from Bender MedSystems (Vienna). IFN-y and IL-14 kits were
purchased from Genzyme. Plasma samples were diluted 1:2 (IL-
2, IL-4, IFN-vy, and IL-18 measurements) or 1:100 (IL-6). When
absorbance values exceeded the linear portion of the standard
curve, samples were diluted further and reassayed. The lower limits
of detection, calculated by use of the standard curve, were 30 pg/
mL for IL-2, 20 pg/mL for IL-6, 30 pg/mL for IL-14, 150 pg/mL
for IFN-vy, and 25 pg/mL for IL-4. Since samples were diluted
before the assays, the actual lower limits of detection were calcu-
lated by multiplying the standard curve lower limit by the dilution
factors.

Data expression and statistical analysis. Cytokine levels are
expressed as means * SDs of three independent observations, each
conducted in duplicate on a different plasma pool. To calculate
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mean values, results below the detection level were assigned a
theoretical value of half of the detection level. Differences in
plasma cytokine levels were assessed by one-way analysis of vari-
ance and Student-Newman-Keuls test. Differences in lethality were
analyzed with Fisher’s exact test. With both tests, differences were
considered significant at P < .05.

Results

Age-related mortality to LPS. Initial experiments were
done to determine if mouse pups differed from adult animals
in their sensitivity to LPS-induced lethality. Mice of different
ages were inoculated with various doses of LPS alone or in
combination with the sensitizing agent D-gal. The latter agent
has been extensively used to overcome the natural resistance
of mice to LPS or SEB [21, 22]. Table 1 shows that 50
mg/kg LPS induced 100% and 71% lethalities, respectively, in
1- and 8-day-old unsensitized pups. In contrast, the same dose
did not produce any lethality in 15-day-old or adult animals.
Eight-day-old mice exhibited slightly but significantly lower
lethality to LPS relative to 1-day-old pups (P < .05 with 20
mg/kg LPS). Estimated LDsos were 12, 38, 122, and 139
mg/kg, respectively, for 1-, 8-, and 15-day-old and adult mice.
D-gal increased to a similar extent the sensitivity of either
neonatal or adult animals (table 1). Estimated LDs, values
for LPS in D-gal-sensitized mice were 0.2 and 4.5 mg/kg,
respectively, in 1-day-old and adult animals. Therefore, the

Table 1. Lethal toxicity of lipopolysaccharide (LPS) in mice of
different ages.

D-galactosamine LPS Lethality
Age (350 mg/kg) (mg/kg) (dead/total)
1 day - 1 0/14
- 10 6/14
- 20 10/14
- 50 14/14*
8 days - 20 3/14
- 50 10/14*
- 100 14/14
15 days - 50 0/14
- 75 2/14
- 150 10/14
- 300 14/14
Adult - 50 0/14
- 75 1/14
- 150 8/14
- 300 14/14
1 day + 0.01 0/14
+ 0.1 6/14*
+ 1 13/14*
Adult + 0.1 0/14
+ 1 3/14
+ 10 13/14
NOTE. Data are cumulative results of 3—5 experiments.

* P < .05 compared with adults.
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susceptibility to the lethal activities of LPS was >10-fold
higher in 1-day-old pups than in adults, both in the presence
and in the absence of sensitization with D-gal. LPS-induced
lethality showed a prolonged course in neonatal pups. The
majority of adult mice died within 24 h, while 1-day-old pups
died in 24—72 h (not shown).

rTNF toxicity in neonatal mice. tTNF can reproduce most
of the pathophysiologic changes of LPS-induced shock alone
or in combination with other proinflammatory cytokines such
as IFN-v. Therefore it was of interest to ascertain if the in-
creased susceptibility of neonates to LPS could be accounted
for by differences in sensitivity to endogenous TNF. Table 2
shows that this was unlikely, since 5 X 10° U/kg rTNF-«
induced similar mortality in 1-day-old and adult animals sensi-
tized with D-gal. A mixture of rTNF-a (10° U/kg) and rIFN-
v (0.5 X 10° U/kg) also induced similar lethality in sensitized
adult and neonatal mice. Thus, rTNF-a—induced lethality was
at variance with LPS lethality. rTNF-a was able to reproduce
in neonatal pups the same changes observed with LPS, includ-
ing the prolonged course of lethality.

SEB-induced lethality. To determine if other shock-induc-
ing bacterial toxins, in addition to LPS, also caused increased
lethality in neonates, the effects of SEB were compared in mice
of different ages. This agent was selected because, unlike LPS,
it can produce cytokine-mediated toxicity by stimulating pre-
dominantly T lymphocytes rather than macrophages [22]. In
addition, SEB may play a pathogenic role in infections by
enterotoxin-producing Staphylococcus aureus isolates, which
frequently cause infections in both adults and children [25].
SEB alone was insufficient to induce lethality at doses as high
as 200 mg/kg in either neonates or adults (table 3). However,
in the presence of D-gal, 5 mg/kg was sufficient to induce
lethality in 100% of the 15-day-old or adult animals. In con-
trast, doses as high as 20 mg/kg did not produce any lethality
in 1- or 8-day-old sensitized mice. Estimated LDs, values for
SEB in D-gal—sensitized mice were 46.0, 35.2, 1.5, and 1.0
mg/kg, respectively, in 1-, 8-, and 15-day-old and adult ani-
mals. These studies indicated that 45-fold-higher SEB doses

Table 2. Recombinant tumor necrosis factor-a (rTNF-«) lethality
in D-galactosamine—sensitized mice.

Treatment (U/kg X 10°)

Lethality

Age rTNF-a Recombinant interferon-y (dead/total)
1 day 1.0 — 0/6

5.0 — 4/6

1.0 0.5 4/6
Adult 1.0 — 0/4

5.0 — 4/6

1.0 0.5 5/6

NOTE. Data are cumulative results of 3—5 experiments. Animals were
injected with D-galactosamine at same time of injection with recombinant
cytokines.
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Table 3. Lethal toxicity of staphylococcal enterotoxin B (SEB) in
mice of different ages.

D-galactosamine SEB Lethality
Age (350 mg/kg) (mg/kg) (dead/total)
1 day — 10 0/14
- 200 0/14
Adult — 10 0/14
- 200 0/14
1 day + 10 0/14*
+ 20 0/14
+ 40 6/14
+ 80 13/14
+ 100 14/14
8 days + 20 1/14
+ 40 9/14
+ 80 14/14
15 days + 0.1 0/14
+ 1 6/14
+ 5 13/14
+ 10 14/14
Adult + 0.1 0/14
+ 1 7/14
+ 5 14/14
+ 10 14/14

NOTE. Data are cumulative results of 3—5 experiments.
* P < .05 compared with adults.

were needed to induce comparable lethality in neonatal mice
relative to adults. Again, SEB-induced lethality showed a pro-
longed course in neonatal mice, but not in adults, paralleling
similar changes observed after administration of rTNF-a or
LPS.

LPS-induced cytokine production. The above experiments
indicated that the increased mortality of neonates to LPS was
specific and did not reflect a hypersusceptibility to rTNF-a.
Therefore, in further experiments we tested the hypothesis that
age-dependent lethality was related to altered cytokine produc-
tion. Mice were injected with 20 mg/kg LPS, and cytokine
levels were measured in plasma samples obtained at different
times after challenge.

Significant plasma TNF elevations over baseline (uninjected
or 0 h controls) were detected in all age groups at 1, 2, and 3
h after challenge and returned to basal values thereafter (figure
1). The most striking age-related differences were significantly
higher (P < .05) TNF production in the younger age groups
(643 £ 119, 288 = 106, 53 = 16, and 24 * 12 U/mL, respec-
tively, in 1-, 8-, and 15-day-old pups and adults at 2 h after
LPS). Differences in kinetics were also apparent. TNF bioactiv-
ity reached peak values later but persisted for longer times in
1- and 8-day-old animals compared with the older age groups.

The appearance of IL-15 was also delayed in younger ani-
mals compared with adults (figure 2). In addition, IL-14 levels
were consistently lower at 2, 3, and 4 h after challenge in 1-
and 8-day-old mice compared with adults (P < .05).
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800

600

Figure 1. Tumor necrosis factor (TNF) plasma levels
in mice of different ages at various times after challenge
with lipopolysaccharide. Data are means = SDs of mea-
surements on 3 different plasma pools, each obtained
from 5—10 animals. * Significantly different from adult
levels as determined by 1-way analysis of variance and
Student-Newman-Keuls test. P < .05 was considered sig-
nificant.

Figure 3 shows that significant elevations of IL-6 levels over
baseline were observed after LPS challenge in all age groups.
No significant differences were detected between different age
groups in the levels of this cytokine, with the exception of
lower values in the younger pups at 2 h after LPS. IFN-vy levels
(figure 4) were >90% lower (P < .05) in 1-, 8-, or 15-day-
old animals than in adults. Peak values were observed at 6 h
after challenge in all age groups. No significant plasma IL-4
elevations were detected in any of the age groups after LPS
injection (not shown).

SEB-induced cytokine production. TNF, IFN-vy, and IL-2
are known to be released in the circulation and to play important
roles in the pathophysiology of superantigen-induced shock.
Therefore, plasma levels of these cytokines were measured in
1-, 8-, and 15-day-old and adult mice at various times after
challenge with 5 mg/kg SEB. This dose was shown to be
sufficient, in the presence of D-gal, to kill all of the adult
animals but none of the pups (table 3). IFN-vy, IL-2, and TNF
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TNF (U/ml)

I —— 1d old
—o— 8dold

—e— 15d old

—A— Adult

Time (h)

elevations (figures 5—7) showed similar kinetics in all age
groups. Peak values were always observed at 4 h after chal-
lenge. One- and 8-day-old pups produced consistently lower
levels of all three cytokines in response to SEB (P < .05). In
contrast, 15-day-old animals displayed adult-like levels of all
of the measured cytokines. Eight-day-old mice displayed inter-
mediate peak levels, which were significantly different from
those of either the younger pups or the adults (P < .05).
Therefore, SEB-induced production of TNF, IFN-vy, and IL-
2 closely paralleled lethality in the different age groups. No
significant plasma IL-4 elevations were detected in any of the
age groups after SEB injection (not shown).

Effects of TNF-a and IFN-vy blockade. TNF or IFN block-
ade can ameliorate pathophysiologic changes in both SEB- and
LPS-induced shock [22, 26, 27]. Since our data indicated age-
related differences in cytokine release, we sought to determine
if the response to anti-cytokine treatments also differed in adult
and neonatal animals. Mice were injected with graded doses

2500+
0 ] —a— 1d old
| —e— 8dold
= 2000 { 8d o
E i —e— 15dold
Figure 2. Interleukin-18 (IL-15) plasma levels o Adult
in mice of different ages at various times after R 1500+
challenge with lipopolysaccharide. Data are means &
+ SDs of measurements on 3 different plasma 1000
pools, each obtained from 5—-10 animals. * Sig- E’-
nificantly different from adult levels as determined f
by l-way analysis of variance and Student-New- o] 500 X
man-Keuls test. P < .05 was considered signifi- i *
cant. 0 1 I
*
0 2 4 6 8 10
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=13 150000 —h— Adult Figure 3. Interleukin-6 (IL-6) plasma lev-
3 els in mice of different ages at various times
after challenge with lipopolysaccharide. Data
\? 100000 are means * SDs of measurements on 3 dif-
’_] ferent plasma pools, each obtained from 5—
- . 10 animals. * Significantly different from
50000+ adult levels as determined by 1-way analysis
of variance and Student-Newman-Keuls test.
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P < .05 was considered significant.
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of anti—TNF-« rabbit serum 4 h before challenge with LPS or
SEB at doses inducing ~50% lethality in controls (table 4).
Anti—-TNF-a pretreatment protected both neonatal and adult
animals against LPS mortality. However 10-times-higher doses
were needed to induce complete protection in neonates relative
to adults (P < .05, table 4).

Anti—TNF-« induced complete protection also against SEB
in D-gal-sensitized adults and neonates. However, in contrast
with observations in LPS shock, >3-times-higher doses of
anti—TNF-a were needed to protect adults relative to neonates.
Therefore, observations performed with anti—TNF-« paralleled
findings that neonates produce higher levels of TNF in response
to LPS and lower levels in response to SEB, relative to adults.
These data also indicate a crucial role of TNF-a in neonatal
as well adult LPS and SEB shock.

Although plasma IFN-vy levels were very low in neonates
inoculated with LPS or SEB, we could not exclude a priori that

these low levels or local IFN-y production affected lethality.
Moreover, previous studies had documented IFN-vy production
in neonatal mice and rats during infection [28, 29]. Therefore
the effects of IFN-y blockade were compared in adult and
neonatal mice (table 5). Anti—IFN-vy protected adult (P < .05)
but not neonatal mice against LPS toxicity. However anti—
IFN-v did not affect lethality in either adults or neonates chal-
lenged with SEB plus D-gal. This lack of IFN-y blockade
should be considered with caution, since D-gal models are char-
acterized by increased sensitivity to TNF-a. However, the lack
of effects of anti—IFN-vy in adult, sensitized mice challenged
with SEB is in agreement with observations by others [27].

Discussion

The present study documents significant age-related differ-
ences in susceptibility to shock-inducing agents. Compared

2

20000 -m— 1d old

/-—g —— 8d old
~ 15000 —e— 15d old Figure 4. Interferon-y (IFN-7y)
on plasma levels in mice of different ages
& —&— Adult at various times after challenge with
> 10000- lipopolysaccharide. Data are means =
1 SDs of measurements on 3 different
Z plasma pools, each obtained from 5—
m 10 animals. * Significantly different
- 5000 from adult levels as determined by 1-
way analysis of variance and Student-
Newman-Keuls test. P < .05 was con-

0 sidered significant.
10
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plasma levels in mice of different ages at D
various times after challenge with staphylo- =" _
coccal enterotoxin B. Data are means = & 50-
SDs of measurements on 3 different plasma Z
pools, each obtained from 5—10 animals. H

* Significantly different from adult levels
as determined by 1-way analysis of vari- 25+
ance and Student-Newman-Keuls test. P <

.05 was considered significant.
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—o— 15d old
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with adults, neonatal mice were ~10 times more sensitive to
the lethal toxicity of LPS but 45 times more resistant to SEB.
LPS is considered the main pathogenic factor in infections by
gram-negative bacteria, the most frequent cause of neonatal
sepsis [30]. Therefore, the increased sensitivity of the newborn
to LPS, as well as its immunologic defects in response to
infection, may account for the increased incidence of mortality
in neonatal sepsis. Conversely, neonates may be less suscepti-
ble to shock induced by exotoxin-producing gram-positive
bacteria.

Increased susceptibility of neonates to endotoxin was pre-
viously documented in rats [31—35] and guinea pigs [36]. The
mouse seems a preferable species for this kind of study. The
availability of inbred strains with specific defects in the immune
system should permit further understanding of the pathophysi-
ology of neonatal shock.

Time (h)

The central finding of this report is that increased neonatal
lethality to LPS was associated with higher and more persistent
circulating TNF levels. TNF blockade experiments confirmed
that TNF-a production is higher in the neonate since 3- to
4-fold-higher doses of anti—-TNF-a were needed to protect
neonates compared with those required to protect adults. The
increased lethality to LPS was not the consequence of increased
susceptibility to known mediators of endotoxin toxicity. Both
rTNF-a and a combination of rTNF-a and rIFN-y induced
comparable mortality in neonates and adults.

Previous attempts to relate the atypical manifestations of
neonatal sepsis to abnormalities in cytokine regulation have
yielded contradictory results [9, 37]. The reasons for these
discrepancies are not entirely clear but are probably related to
differences in composition and purity of the cell populations
and culture methods used. Most of these investigations used

Figure 6. Interleukin-2 (IL-2)
plasma levels in mice of different
ages at various times after challenge
with staphylococcal enterotoxin B.
Data are means = SDs of measure-
ments on 3 different plasma pools,
each obtained from 5-10 animals.
* Significantly different from adult
levels as determined by 1-way analy-
sis of variance and Student-New-
man-Keuls test. P < .05 was consid-
ered significant.

IL-2 (pg/ml)

- 1d old
—o— 8d old
—o— 15d old
—A&— Adult
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human blood cells. Macrophages and several other types of
cells present in different tissues, including endothelial cells
and fibroblasts, make significant contributions to the overall
cytokine production during inflammatory and immune re-

Table 4. Effects of tumor necrosis factor-a (TNF-«r) blockade on
lipopolysaccharide (LPS)- and staphylococcal enterotoxin B (SEB)—
induced lethality in neonatal mice.

Anti—TNF-a Lethality
Challenge, age (U/kg X 10% (dead/total)
LPS
1 day 0.0 (NRS) 3/6
0.2 4/6
0.6 3/6
2.0 2/6
6.0 0/6
Adult 0.0 (NRS) 2/4
0.2 1/4
0.6 0/4
2.0 0/4
6.0 0/4
SEB + D-galactosamine
1 day 0.0 (NRS) 3/6
0.2 1/6
0.6 0/6
2.0 0/6
6.0 0/6
Adult 0.0 (NRS) 3/4
0.2 2/4
0.6 1/4
2.0 0/4
6.0 0/4

10

sponses. Since cytokine production results from an extensive
network of interactions involving many different cell types, in
vivo studies also seem important.

Studies are underway to identify cell populations responsible
for increased TNF-« production in the neonate in response to
LPS. Cell separation studies are complicated by the low yield
and atypical physical properties of neonatal cells. Preliminary
data, however, indicate that splenic macrophages from neonatal
mice produce more TNF-a than those of adults on a per-cell
basis (unpublished data).

Neonatal sensitivity to exotoxins has not been previously
investigated. In the present study, neonates were highly resis-
tant to SEB challenge, in contrast to their high sensitivity to
endotoxin. Unlike LPS, which acts predominantly on macro-

Table 5. Effect of interferon-y (IFN-vy) blockade on lipopolysac-
charide (LPS)- and staphylococcal enterotoxin B (SEB)—induced le-
thality in neonatal mice.

Anti—IFN-y Lethality
Challenge, age (Ukg X 10° (dead/total)
LPS
1 day 0.0 (NHIgG) 4/6
15.0 4/6
Adult 0.0 (NHIgG) 5/6
15.0 0/6
SEB + D-galactosamine
1 day 0.0 (NHIgG) 3/6
15.0 4/6
Adult 0.0 (NHIgG) 4/6
15.0 3/6

NOTE. Data are cumulative results of 3—5 experiments. Anti—TNF-a was
given subcutaneously 4 h before challenge. Animals were challenged with
doses of LPS or SEB producing ~50% lethality. Actual doses were: adults,
150 mg/kg LPS and 1 mg/kg SEB + D-galactosamine (350 mg/kg); 1-day-old
pups, 15 mg/kg LPS or 50 mg/kg SEB + D-galactosamine (350 mg/kg). NRS,
normal rabbit serum.

NOTE. Data are cumulative results of 3—5 experiments. Anti—IFN-y was
given subcutaneously 4 h before challenge. Animals were challenged with
doses of LPS or SEB producing ~50% lethality. Actual doses were: adults,
150 mg/kg LPS and 1 mg/kg SEB + D-galactosamine (350 mg/kg); 1-day-old
pups, 15 mg/kg LPS or 50 mg/kg SEB + D-galactosamine (350 mg/kg).
NHIgG, normal hamster IgG.
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phages [21], SEB and other superantigenic exotoxins induce
shock by stimulating mainly T cells. Reconstitution studies in
nude mice show that they can be sensitized to SEB by the
transfer of T cells [22].

Increased resistance to SEB in the present study correlated
with decreased plasma levels of TNF, IFN-vy, and IL-2. The
decreased neonatal production of these cytokines after SEB
may be a consequence of reduced Thl responses during early
life. T cells from 4-day-old mice were previously reported to
produce minimal IL-2 and IFN-y but high IL-4 levels in re-
sponse to primary stimulation in vitro with anti-CD3 antibody
[8]. Down-regulation of IL-2 in the neonatal period was the
result of a combination of intrinsic unresponsiveness to CD3-
mediated stimulation and high production of IL-4. Our inability
to detect significant elevations of circulating IL-4 in response
to either LPS or SEB does not rule out that local T cell re-
sponses may involve higher tissue IL-4 production in the neo-
natal period.

It was suggested that IFN-y is the ultimate mediator of
lethality in a number of shock models [26]. Previous studies
have also indicated that IFN-y is produced in neonatal rats
and mice during infection and that this response is TNF-a—
dependent [28, 29]. Therefore, it was of interest to assess the
role of IFN-vy in neonatal shock. It was found here that anti—
IFN-y was effective in protecting adult but not neonatal mice
against LPS challenge. These data indicate that IFN-y is not
an obligatory mediator of disease processes initiated by endo-
toxin or TNF-« and that neonatal shock models are relatively
IFN-y—independent.

Recent data in a live gram-positive bacteria model also indi-
cate that endogenous IFN-vy does not play a major pathophysio-
logic role in neonatal sepsis [28]. Not only was IFN-vy blockade
ineffective in the latter model, but administration of rI[FN-y
improved survival and bacterial clearance.

Neonates are often unable to mount a febrile response, even
in the course of severe infections [2]. IL-1, TNF-a, and IL-
6 are considered the main mediators of fever. In the present
study, maximal levels of IL-15 were significantly decreased
in 1- to 8-day-old pups compared with levels in adults in
response to LPS. IL-1 production reached adult-like values
at 2 weeks after birth. It is possible that a relative inability
of neonates to produce IL-14 is at least partially responsible
for their low febrile responses. Interestingly, high levels of
TNF-a and IL-6 were detected in human neonatal sepsis,
whereas IL-15 appeared to be present in small amounts only
[38]. Although no differences were detected between the IL-
18 secretion of peripheral blood monocytes from preterm and
term neonates and that of monocytes from adults [11], IL-18
production was decreased in infants with infectious complica-
tions postpartum [39].

In conclusion, our data document significant age-related
changes in susceptibility to shock-inducing gram-negative and
gram-positive agents. Neonatal mice were exquisitely sensitive
to LPS but highly resistant to SEB. This could reflect differ-

Cytokines in Neonatal Shock 175

ences in the cell types that are preferentially stimulated by
these agents. In both neonates and adults, however, LPS and
SEB lethality correlated with elevated plasma TNF levels,
which was confirmed by TNF blockade experiments. In con-
trast, [IFN-y may not be an obligatory mediator of lethality in
neonatal shock. Since neonatal sepsis has a high incidence
of serious complications despite aggressive treatment, these
observations may be useful in developing alternative therapeu-
tic strategies.
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