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ABSTRACT Interleukin 1 receptor antagonist (IL-1ra) is
a cytokine whose only known action is competitive inhibition
of the binding of interleukin 1 (IL-1) to its receptor. To
investigate the physiological roles of endogenously produced
IL-1ra, we generated mice that either lack IL-1ra or overpro-
duce it under control of the endogenous promoter. Mice
lacking IL-1ra have decreased body mass compared with
wild-type controls. They are more susceptible than controls to
lethal endotoxemia but are less susceptible to infection with
Listeria monocytogenes. Conversely, IL-1ra overproducers are
protected from the lethal effects of endotoxin but are more
susceptible to listeriosis. Serum levels of IL-1 following an
endotoxin challenge are decreased in IL-1ra nulls and in-
creased in IL-1ra overproducers in comparison to controls.
These data demonstrate critical roles for endogenously pro-
duced IL-1ra in growth, responses to infection and inflam-
mation, and regulation of cytokine expression.

Interleukin 1 (IL-1) is a proinflammatory cytokine that par-
ticipates in the response to infectious and inflammatory chal-
lenges by recruiting and activating neutrophils and macro-
phages, by producing fever and vascular dilation, and by
inducing mediators such as IL-6, acute phase reactants, and
prostaglandin E2 (reviewed in ref. 1). These potentially ben-
eficial functions require modulation to avoid causing serious
damage to the organism. Examples of IL-1-mediated injury
include shock and organ failure associated with sepsis (2), and
joint inflammation in rheumatoid arthritis (3). Endogenous
modulation of IL-1 activity is achieved via regulation of IL-1
synthesis and processing, release from intracellular and mem-
brane-bound stores, and the expression of cell-surface and
soluble receptors (4). A unique mode of IL-1 inhibition is
effected by the action of the IL-1 receptor antagonist (IL-1ra).
Binding of IL-1ra to IL-1 receptors prevents access by IL-1 and
fails to elicit any agonistic activities, including receptor inter-
nalization, induction of NF-«B, or binding of the IL-1 receptor
accessory protein (5-7).

IL-1ra is encoded by a single-copy gene. There are three
known forms of this protein, two intracellular and one se-
creted. The intracellular variants are generated by differential
splicing of alternative 5’ exons I and II (4, 8). All three forms
of IL-1ra have comparable abilities to inhibit IL-1 effects when
administered to cells in culture. High doses of recombinant
IL-1ra given to experimental animals have been shown to
improve survival during endotoxemic shock (9, 10) and to
reduce inflammation in experimental arthritis (11). However,
the role of endogenously produced IL-1ra during inflamma-
tion has only recently been addressed. Antibody neutralization
of IL-1ra has been shown to lead to exacerbation of inflam-
mation in animal models of formalin-immune complex colitis
(12), Schistosoma mansoni egg-induced granuloma formation
(13), and Propionibacterium acnes-induced hepatitis (14).
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These studies suggest that one role of IL-1ra in vivo is to
modulate inflammatory events mediated by IL-1. Although
the secreted form of IL-1ra performs this modulation by
competing for the IL-1 receptor, the function of intracellular
IL-1ra is less clear. A recent report suggests that it antagonizes
IL-1 by destabilizing IL-1-induced mRNAs (15).

To examine the functions of IL-1ra during infection and
inflammation, as well as in development and homeostasis, we
have created transgenic mice that either lack IL-1ra or over-
produce it under the control of the endogenous promoter. The
use of these mutant mice presents several advantages over
antibody neutralization of IL-1ra and the administration of
exogenous IL-1ra protein: Antibody studies may be limited by
nonspecific binding or incomplete neutralization, particularly
as IL-1ra levels in disease may exceed 100 ng/ml in tissues.
Exogenous IL-1ra protein may not have access to all relevant
tissue sites in vivo. This was recently demonstrated in a murine
model of experimental arthritis, in which IL-1ra expressed by
transfected synoviocytes was more potent by four orders of
magnitude than systemically administered IL-1ra (16). Neither
antibody neutralization nor systemic IL-1ra administration is
practical for long-term use in utero or over the lifetime of the
animal. Furthermore, unlike exogenously administered pro-
tein, use of the natural promoter is likely to produce excess
IL-1ra with endogenous expression kinetics. This is important
because the timing of appearance of IL-1ra in pathophysiology
is likely to be critical, given that the cytokine network is
complex, redundant, and controlled on multiple levels.

Mice lacking all three forms of IL-1ra were created by gene
targeting. Mice producing excess amounts of the secreted form
of IL-1ra were generated by pronuclear injection of mouse
zygotes with a genomic DNA construct containing the endog-
enous regulatory sequences. We find that IL-1ra has important
functions in the attainment of normal body mass, in survival
following challenge with either endotoxin or Listeria monocy-
togenes, and in the regulation of the expression of IL-1.

EXPERIMENTAL PROCEDURES

IL-1ra Gene Targeting and Overexpression Constructs. A
9.0-kb HindIII/EcoRI restriction fragment from a murine
strain 129 A genomic DNA library was used to make overex-
pression and targeting vectors (Fig. 14, first line). This frag-
ment contains the four exons and three introns encoding the
secreted form of IL-1ra, plus approximately 2.0 kb of upstream
and 2.5 kb of downstream untranslated regions. Studies with
the human gene suggest that the important transcriptional
regulatory elements are contained within the 2.0-kb upstream
sequence (17). The alternative exon I and exon II of the
intracellular forms of IL-1ra lie in a region several kilobases
upstream (based on the human sequence), which is not present
in the construct. The construct was modified by the site-
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FiG. 1. Targeted disruption of the IL-1ra locus. (4) Targeting
strategy. The first line shows the endogenous genomic IL-1ra locus,
including the four exons (numbered black boxes) and three introns of
the secreted form of IL-1ra. The second line depicts the linearized
targeting construct, with neomycin resistance (Neo) and herpes sim-
plex thymidine kinase (7K) genes. The third line represents the
targeted IL-1ra locus. Restriction enzyme sites: H, HindIlI; E, EcoRI;
K, Kpnl; P, Pst1. Short black lines indicate the location of PCR primers.
Longer black lines indicate the locations of the probes used in
Southern blot analysis (5’ out, upstream probe external to the targeting
construct; 3’ in, downstream probe within the construct). Double-
arrowed lines and corresponding numbers depict the length of the
various fragments in kb. (B) Southern blot showing the genotyping of
offspring of IL-1ra hemizygote matings. Genomic DNA was digested
with PstI and probed with the 5’ out external probe. +/+, wild type;
+/—, hemizygously disrupted IL-1ra; —/—, homozygously disrupted
IL-1ra. (C) Northern blot of total lung RNA from individual mice
sacrificed 3 hr after i.p. injection with 20 mg/kg lipopolysaccharide
(LPS). The corresponding ethidium bromide-stained formaldehyde
gel is reproduced for loading comparison.

directed mutation of guanine 3168 (18) within exon III to
adenine (Altered Sites Mutagenesis System, Promega). This
modification resulted in the generation of a unique Kpnl
restriction site, but did not alter the amino acid sequence of the
protein. The construct was cloned into the pBluescript 11
SK(+) vector (Stratagene). The excised HindIII/EcoRI frag-
ment was used to generate IL-1ra-overexpressing transgenic
mice by pronuclear injection.

The transgenic construct was further modified for gene
targeting by the insertion of a neomycin resistance gene (Neo)
(pMClneo Poly A, Stratagene) at the artificially generated
Kpnl restriction site. A herpes simplex thymidine kinase (7K)
cassette (pIC-19R/MC1-TK) was added at the 3’ end of the
construct to enrich for recovery of targeted clones. The
targeting vector was linearized using Clal prior to electropo-
ration (Fig. 14, second line).

Production of IL-1ra Null Mice. Embryonic stem cells from
the CCE line, derived from 129/Sv mice, were donated by
Elizabeth Robertson (Harvard University). Embryonic stem
cells were cultured over an STO cell feeder layer in DMEM
supplemented with 100 units/ml penicillin, 100 pg/ml strep-
tomycin sulfate, 2 mM glutamine, 0.1 mM 2-mercaptoethanol,
50 ng/ml ciliary neurotrophic factor, and 15% fetal calf serum.
Twenty million cells were electroporated with 15 ug of lin-
earized plasmid DNA. Antibiotic selection with G418 (30-350
pg/ml) and gancyclovir (2 uM) were begun after 48 and 120
hr, respectively. After 10 days, surviving clones were trans-
ferred to 24-well plates and expanded. When confluent, the
majority of cells were frozen in liquid nitrogen for future
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blastocyst injection. The remaining cells from each clone were
expanded for DNA extraction and Southern blot analysis.
Clones were screened for homologous recombination by
Southern blotting of genomic PstI digests using a 5’ genomic
DNA probe external to the end of the DNA construct. A 3’
probe internal to the construct was used to confirm targeting
and lack of second site recombination.

Hemizygously disrupted embryonic stem cell clones were
microinjected into C57BL/6J blastocysts, which were then
transferred to pseudopregnant females, yielding chimeric off-
spring. These chimeras were mated with C57BL/6J mice.
Germ-line transmission was identified by agouti coat color.
Genotyping was performed by Southern blot analysis, as noted
above, or by PCR. Mice used in the experiments detailed below
are homozygous IL-1ra null, hemizygous, and wild-type litter-
mate offspring of hemizygous parents derived from a first or
second generation backcross to the C57BL/6]J strain.

Production of IL-lra-Overexpressing Mice. The IL-1ra
transgene (lacking the Neo and TK cassettes) was microin-
jected into one of the two pronuclei of 1-day-old B6CBAF2
embryos. The embryos were then transferred to pseudopreg-
nant females. Pups were screened for integration of head-to-
tail tandem arrays of the transgene by Southern blot analysis.
Because the artificially produced KpnI site is unique within the
construct, Kpnl digestion of genomic DNA extracted from
transgenic mice and hybridized with an internal probe yields a
9.0-kb band that is equal to the length of the construct.
Transgenic lines were perpetuated by repeated back-crossing
to B6CBAF1/J mice.

Oligonucleotide Primers and Probes. All numerical desig-
nations of nucleotide positions are based on the published
genomic sequence of Zahedi et al. (18).

PCR was performed to distinguish the endogenous from the
disrupted IL-1ra locus using an exon II sense primer comple-
mentary to bases 2149-2172 (AACCAGCTCATTGCTGGG-
TACTTA) and an exon III antisense primer corresponding to
bases 3175-3198 (GCCCAAGAACACACTATGAAGGTC).
The reaction was amplified for 30 cycles.

Northern blot detection of IL-1ra mRNA was performed
using a 40-mer oligonucleotide complementary to sense nu-
cleotides188-227inexon(TGAAGGCTTGCATCTTGCAG-
GGTCTTTTCCCAGAAGGGCG). The external 5’'-genomic
DNA probe used to screen Southern blots of embryonic stem
cell clones for homologous recombination events was an
800-bp Sspl/EcoRI restriction fragment approximately 4 kb
upstream of the transcription start site for the secreted protein.
The 3'-internal genomic probe used for Southern blot analysis
of genomic IL-1ra DNA was a 1032-bp EcoRV/Stul restriction
fragment corresponding to bases 3246-4277.

Northern Blot Analysis and Histology. RNA was extracted
from murine tissues using the guanidine isothiocyanate
method (TRIzol Reagent, GIBCO/BRL). Ten micrograms of
total RNA was loaded per lane in formaldehyde agarose gels
and transferred to nylon membranes (Hybond-N, Amersham).
Hybridization was performed at 65°C with the 40-mer oligo-
nucleotide noted above. Tissue sections for histologic evalua-
tion were stained with either hematoxylin and eosin or with
tissue Gram stain (Accustain, Sigma).

LPS Administration. Purified LPS (endotoxin) extracted
from Salmonella typhimirium (Sigma) was dissolved in sterile
phosphate buffered saline (PBS) at 2 mg/ml, then boiled for
5 min prior to freezing in aliquots at —20°C. Animals were
administered LPS by peritoneal injection. The data from males
and females were combined for analyses of survival and
cytokine production following administration of LPS.

L. monocytogenes Handling and Inoculation of Mice. A
starting culture of L. monocytogenes strain EGD donated by
Edward A. Havell (North Carolina State University) was
passaged through a mouse, grown in overnight culture, and
then frozen in aliquots. All liquid media culturing and dilution
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was performed in brain—heart infusion media (Difco). Prior to
each experiment an aliquot was thawed, brought to log-phase
growth after overnight culture, and diluted to an estimated 5 X
10® colony-forming units per 100 ul of inoculum, which was
administered via the tail vein. The inoculum size was con-
firmed by titering on Luria—Bertani plates. Animals were
monitored daily. No deaths were observed after the sixth day
of infection. Bacterial titers in liver were determined in a group
of mice euthanized on the sixth day. Organs were weighed,
homogenized in PBS, and plated in serial log dilutions. Colony-
forming units were counted at 48 hr. Bacterial titers are
expressed as the number of colony-forming units per gram
organ. Tissue samples for histology were obtained postmortem
or from surviving animals on the fourth or sixth day after
inoculation.

Serum Protein Determinations. Mouse serum was collected
by cardiac puncture, frozen at —70°C, and later thawed for
protein determinations by ELISA [for IL-1e, Intertest-1aX,
Genzyme; for IL-1, IL-6, and tumor necrosis factor a (TNF-
a), Cytoscreen Immunoassay Kit, BioSource International].
IL-1ra ELISAs were performed as follows: 96-well plates
(Corning) were coated with 15 ug/ml protein G-purified
polyclonal goat anti-mouse IL-1ra antibody. Samples and
standards were then captured and sandwiched with 50 ug/ml
protein G-purified biotinylated secondary polyclonal goat
anti-mouse IL-1ra antibody (materials kindly provided by Lyle
Moldawer, University of Florida). Colorimetric detection was
performed following incubation with a 1:3000 dilution of
streptavidin-horse radish peroxidase (Sigma) and 0.5 mg/ml
o-phenylenediamine dihydrochloride chromagen (Sigma). Ab-
sorbance readings at 490 nm with background correction at 650
nm were used to calculate concentrations in samples in com-
parison to murine IL-1ra standards. The lower limit of detec-
tion of the IL-1ra assay was approximately 5 ng/ml.

Mice. Mice were housed in a conventional animal facility,
which was known to harbor mouse hepatitis virus. All animals
were handled in accordance with institutional guidelines.

Statistics. Continuous variables with normal distributions
(e.g., body mass) were analyzed using Student’s ¢ test or
one-way ANOVA, respectively, for comparisons between two
or more than two groups. Continuous variables with nonnor-
mal distributions (serum protein values, listerial titers within
harvested organs) were analyzed by the Mann-Whitney U test
or Kruskal-Wallis one-way ANOVA by rank. Survival curves
after LPS injection were compared using the Kaplan-Meier
statistic. Survival rates 6 days after inoculation with L. mono-
cytogenes were compared using the x? test.

RESULTS

Generation of IL-1ra Null Mice. Of 386 embryonic stem cell
clones surviving electroporation and double selection with
G418 and gancyclovir, three were found in which the targeting
construct had replaced the endogenous locus by homologous
recombination. These three clones were injected into
C57BL/6J blastocysts, yielding 13 chimeric mice. One of these
13 chimeras transmitted the mutation through its germ line,
yielding offspring hemizygous for the disruption construct.
Matings between hemizygotes generated wild-type, hemizy-
gous, and IL-1ra null offspring, as depicted in Fig. 1B.

Generation of Mice with Extra Copies of the IL-1ra Gene.
IL-1ra transgene tandem arrays were found in five separate
loci in two founder mice generated by pronuclear injection.
These distinct loci segregated from each other during breeding
with wild-type mates. Two such loci and corresponding trans-
genic mouse lines were designated “T14” and “T16.” To
maximize gene dosage of IL-1ra, the experiments reported
here were performed with mice hemizygous at both the T14
and the T16 loci, unless otherwise specified. These mice were
generated from crosses of a mouse homozygous for both T14
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and T16 with a wild-type BOCBAF1/J mate. Control animals
for these experiments were taken from matings of a wild-type
sibling of the T14/T16 homozygote with a B.CBAF1/J mate.
A Southern blot analysis of the genomic DNA from these
mouse lines shows the common endogenous locus and 9.0-kb
transgenic tandem array, as well as the distinct flanking
regions, which vary depending on the site of integration (Fig.
24).
IL-1ra Null Mice Have a Growth Deficit. Both IL-1ra null
and IL-1ra overexpressing mice were born in expected Men-
delian ratios and were developmentally normal upon gross
examination, demonstrating that IL-1ra is not required for
normal development. However, IL-1ra null mice had lower
body weights than control littermates (Table 1). The weight
discrepancy was apparent by 6 weeks of age and continued into
adult life. IL-1ra overexpressors had similar weights as wild-
type controls.

IL-1ra Gene Copy Number Determines the Level of IL-1ra
Production. IL-1ra expression was undetectable by Northern
blot analysis or serum ELISA in healthy mice at rest. To
demonstrate that alteration of the number of functional copies
of the IL-1ra gene results in alteration of IL-1ra production,
mice were stimulated with LPS. IL-1ra mRNA and protein
were produced in proportion to the number of copies of the
IL-1ra gene present in the genome (Figs. 1C and 2B and Table
2). Peak levels were reached between 8 and 16 hr after LPS
stimulation (see Figs. 4 4 and B) and were sustained for at least
24 hr (data not shown).

Endogenously Produced IL-1ra Is Critical for Survival
During Endotoxemia. To examine the role of endogenously
produced IL-1ra in a murine model of septic shock, IL-1ra
mutant mice were monitored for survival after administration
of 10 mg/kg LPS by intraperitoneal (i.p.) injection. IL-1ra null
animals were more susceptible, and IL-1ra overexpressors
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F1G. 2. Overexpression of IL-1ra. A 9-kb genomic IL-1ra DNA
HindlIl/EcoRI restriction fragment, as depicted in Fig. 14, was
modified by a silent point mutation within exon III, generating a
unique Kpnl restriction site. This fragment was used to generate IL-1ra
overexpressing mice by pronuclear injection. (4) Southern blot anal-
ysis of genomic DNA digested with Kpnl, showing differential banding
patterns from mice of the following genotypes: wild type (+/+),
hemizygous for the transgene in the T14 locus (+/T14), hemizygous for
the transgene in the T16 locus (+/T16), and hemizygous for both loci
(T14/T16). (B) Northern blot analysis of total liver RNA from
individual mice sacrificed 3 hr after i.p. injection with 20 mg/kg LPS.
The corresponding ethidium bromide-stained formaldehyde gel is
reproduced for loading comparison.
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Table 1. Weight in grams * SD of wild-type (IL-1ra*/*), IL-1ra
hemizygous (IL-1ra*/~), and IL-1ra null (IL-1ra~/~) littermates at
13 weeks of age

Genotype Males Females
IL-1ra*/+* 32229 246 =33
(n=29) (n=17
IL-1ra*/~ 321+38 241 %35
(n = 11) (n = 14)
IL-1ra=/~ 229+3.0 202 %25
(n=25) (n =12)
P value <0.001 0.005

were less susceptible than controls to the lethal effects of
endotoxin (Fig. 3). IL-1ra hemizygotes had intermediate sur-
vival. The protection afforded by IL-1ra overexpression was
limited, since it could be overcome by increasing the dose of
LPS. At 30 mg/kg LPS, there was no difference in survival
between wild-type and overproducing animals (survival =
0/22 for wild type vs. 1/22 for overproducers).

The numbers of circulating blood leukocytes were not
significantly different between IL-1ra null and control animals
harvested 8 hr after LPS administration (mean * SEM: IL-1ra
nulls = 640 + 387/mm?3; controls = 867 = 278 /mm?3; n = 3 per
group; P = 0.6, Student’s ¢ test). Liver sections obtained 16 hr
after administration of LPS were either normal or contained
mild or nonspecific changes (hepatocytic vacuolization or focal
acute necrosis), with no differences among the genotypes.

IL-1ra Acts as a Positive Regulator of IL-1 During Endo-
toxemia. IL-1 has been shown to induce its own expression in
peripheral blood mononuclear cells and endothelial cells in
vitro and in rabbits in vivo (19, 20). This autoinduction can be
inhibited by IL-1ra in peripheral blood mononuclear cells (21,
22), suggesting that IL-1ra functions as a negative regulator of
IL-1 production. Consequently, we predicted that excess IL-1
antagonism in IL-1ra overexpressors would result in dimin-
ished production of IL-1, whereas decreased IL-1 antagonism
in IL-1ra null animals would result in increased production of
IL-1. We tested this prediction by measuring the levels of
cytokines produced in serum following an endotoxin chal-
lenge. Surprisingly, we found that IL-1ra acts as a positive
regulator of IL-1 in serum during endotoxemia (Fig. 4): serum
levels of IL-1a and IL-1B were lower in IL-1ra null animals
than in wild-type controls. Conversely, serum IL-1a was higher
in IL-1ra overproducers. Peak IL-1B levels were higher in
IL-1ra overproducers, and IL-6 levels were higher in IL-1ra
null animals than in controls, but these differences were not
statistically significant.
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There were no significant differences between mutants and
their respective controls in serum TNF-a 1 hr after LPS
injection (n = 3 per genotype; means + SEM: IL-1ra overex-
pressors, 1,960 * 458 pg/ml; wild-type controls, 2,453 =+ 1,420
pg/ml; IL-1ra nulls, 11,223 * 6,707 pg/ml; wild-type controls,
7,167 + 4,224 pg/ml). TNF-a was undetectable at 3 hr or later
after administration of 10 mg/kg LPS, except in 2 mice among
27 tested. In a separate experiment using a higher LPS dose (20
mg/kg) TNF-a was detectable at 1 and at 3 hr, but again there
were no significant differences between mutants and controls.

Endogenously Produced IL-1ra Impairs the Host Response
to L. monocytogenes. IL-1 has been shown to be a critical factor
in the generation of nonspecific immunity during infection
with the facultative intracellular bacterium L. monocytogenes
(23-26). We examined the role of endogenously produced
IL-1ra in listeriosis by administering to mice an intravenous
inoculum of 4.6-5.6 X 103 bacteria. Survival was increased in
IL-1ra null animals and was decreased in IL-1ra overproducers
compared with their wild-type controls (Table 3). The ability
to clear infectious organisms from the liver by the sixth day
after inoculation, as evaluated by bacterial titering, also cor-
related with genotype. Histologic findings in livers ranged from
normal to severely affected with multifocal granulomatous
necrotizing hepatitis. Findings in the spleen ranged from
normal to severe lymphoid depletion with multifocal necrosis
and hemorrhage. The severity of the histologic appearance
correlated with the severity of infection within the organ, as
assessed by bacterial titering and visualization of bacteria on
hematoxylin and eosin and tissue Gram stains. No histologic
findings were specific for genotype.

DISCUSSION

We report here consequences of loss-of-function and gain-of-
function mutations of IL-1ra in mice. The goal of these ongoing
studies is to determine the roles of endogenously produced
IL-1ra in normal and abnormal physiology. Given its specificity
as an IL-1 inhibitor and the fact that its expression accompa-
nies that of IL-1, the simplest hypothesis is that IL-1ra func-
tions in vivo to modulate the effects of IL-1. This hypothesis is
supported by our demonstration of altered susceptibilities of
IL-1ra mutant mice to endotoxemia and listeriosis, two patho-
physiological states in which IL-1 activity is central to the host
response.

Two unanticipated findings arose in these studies. First,
IL-1ra is required for attaining normal body mass. Likely
mechanisms underlying this phenomenon include antagonism
of IL-1-mediated appetite suppression and catabolism (27).

Table 2. Serum IL-1ra levels after systemic challenge with LPS

IL-1ra ng/ml

No. of IL-1ra 3 hr after 3 hr after 8 hr after
Genotype gene copies 20 mg/kg LPS 10 mg/kg LPS 10 mg/kg LPS
IL-1ra~/~ 0 Undetectable Undetectable Undetectable
IL-1ra*/- 1 387 41 =17 49 + 13
IL-1ra*/* 2 87 =33 93 + 28 177 £ 50
IL-1ra*/* 2 94 + 27 86+ 7 97 =24
IL-1ra*+/T16 6 512 + 198 — —_
IL-1ra*/T14 8 960 + 327 — —
IL-1raT14/T16 12 1491 + 88 1189 + 51 1350 = 87

Values represent means + SEM of 2 or 3 animals per group at the 3-hr time points, and 4-9 animals
per group at the 8-hr time point. Each sample was run in duplicate. The number of copies of the IL-1ra
gene was determined in overexpressing animals by densitometric comparison of the relative intensities
on a Southern blot of the IL-1ra signal vs. a control representing a single-copy gene (CNTF) (data not
shown). IL-1ra*/*, wild type; IL-1ra*/~, hemizygously disrupted IL-lra; IL-1ra~/~, homozygously
disrupted IL-1ra; IL-1ra*/T16 hemizygous for IL-1ra transgene tandem array at locus T16; IL-1ra*/T14,
hemizygous for IL-1ra transgene tandem array at locus T14; IL-1raT'4/T16, hemizygous for IL-1ra
transgene tandem array at both loci, T14 and T16.
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F1G. 3. Survival after i.p. administration of 10 mg/kg LPS. (a),
IL-1ra homozygous nulls (n = 23); (a) IL-1ra hemizygotes (n = 21);
(8), wild-type controls (n = 22); (@), IL-1ra overproducers (n = 35);
(0), wild-type controls (n = 34). *, P < 0.05 vs. wild type, Kaplan—
Meier statistic.

This is the first demonstration that IL-1ra functions in a normal
developmental process in the absence of a specific pathogenic
stimulus.

The second unanticipated finding is that altered production
of IL-1ra leads to parallel alterations in the production of IL-1,
suggesting that IL-1ra acts as a positive regulator of IL-1 levels
in serum during endotoxemia. As noted above, prior in vitro
data suggested that IL-1ra functions as a negative regulator of
IL-1 by inhibiting a positive feedback loop in which IL-1
induces its own production (21, 22). We believe that the
discrepancy between prior data and our results is a reflection
of the complexity of cytokine regulatory systems in the context
of an intact organism with multiple cell types. The in vivo
presence both of inducers of IL-1 synthesis or release, such as
complement and TNF-q, and of inhibitors, such as corticoste-
roids, prostaglandin E2, IL-4, and TGF-B, may impact upon
the net effect of a stimulus on IL-1 production. Our data
suggest that IL-1ra participates in this multifactorial system in
vivo, both as an inhibitor of IL-1 activity and as a positive
regulator of IL-1 expression.

Parallel regulation of IL-1 and IL-1ra may be part of a
mechanism designed to preserve the level of access of IL-1 to

Proc. Natl. Acad. Sci. USA 93 (1996)
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FiG. 4. Expression of IL-1ra (4 and B), IL-1B8 (C and D), IL-1a (E
and F), and IL-6 (G and H) in serum after injection of 10 mg/kg LPS.
Baseline (time 0), 1- and 3-hr time points were averaged from two to
three animals per genotype. Eight- and 16-hr points represent averages
from 6 to 10 animals per genotype. All samples were assayed in
duplicate. (a), IL-1ra nulls; (a), wild-type controls; (@), IL-1ra
overproducers; (O), wild-type controls; *, P < 0.05 at the indicated
time points, Mann-Whitney U test.

its receptor. Absence of IL-1ra in the null mouse increases the
availability of the IL-1 receptor and, therefore, the biological
effect of a given level of IL-1. By decreasing IL-1 levels in
parallel with the decrease in IL-1ra, the net biological effect of
IL-1 is shifted back toward baseline. The outcomes of IL-1-
mediated processes may be dependent upon the relative
quantities of IL-1 and IL-1ra, rather than on the absolute
quantity of IL-1 alone. This interpretation is supported in our
studies of experimental endotoxemia, in which lethality was

Table 3. Survival and mean bacterial titers within the livers of mice infected with

Listeria monocytogenes

Mean bacterial titer

Genotype Sex Survival (%) P (cfu per gram of liver) P
IL-1ra*/+ M 10/11 (91) 7.6 X 105 (n = 9)
IL-1ra*/~ M 14/14 (100) 9.2 X 10* (n = 10)
IL-1ra=/~ M 9/9 (100) 0.34 7.6 X103 (n =9) 0.052
IL-1ra*/+ F 1/7 (14)
IL-1ra*/~ F 2/5 (40) — —
IL-1ra~/~ F 9/9 (100) 0.002
IL-1ra*/+ M 14/16 (88) — —
IL-1raT14/T16 M 4/16 (25) 0.001

Results from three separate experiments are combined in each case. Note that improved survival of
IL-1ra nulls was observed only in females, since wild-type males had nearly 100% survival with the
inoculum used. Bacterial titers are reported only in IL-1ra null, hemizygous, and wild-type males because
they represent the only group in which survival approached 100%, allowing a complete data set to be
obtained. Statistical tests used were x? for survival and Kruskal-Wallis one-way ANOVA by rank for
bacterial titers. IL-1ra*/*, wild type; IL-1ra*/~, hemizygously disrupted IL-1ra; IL-1ra~/~, homozy-
gously disrupted IL-1ra; IL-1raT14/T16  hemizygous for IL-1ra transgene tandem array at both loci, T14

and T16. cfu, colony-forming unit.
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increased in IL-1ra null mice despite lower absolute levels of
IL-1, and was decreased in IL-1ra overexpressors despite
higher absolute levels of IL-1. These survival outcomes are to
be distinguished from those observed in mice lacking IL-18
converting enzyme (ICE), in which lower IL-1a and IL-1p8
levels were associated with decreased LPS-induced lethality
(28). Our results also suggest the presence of significant
physiological overlap between IL-1a and IL-1B8. Mice lacking
IL-18 were no different from wild-type animals in their
susceptibility to high-dose endotoxin and listerial infection
(29), whereas animals overexpressing IL-1ra, which inhibits
both IL-1a and IL-1pB, have significantly altered responses to
both of these agents.

Processes that are mediated by IL-1 and that are likely to
impact upon responses to challenge with endotoxin or L.
monocytogenes include the induction of specific inflammatory
mediators and the recruitment of leukocytes to sites of in-
flammation. Among such factors we evaluated, TNF-a appears
to be a proximal and transient factor in experimental endo-
toxemia that is not influenced by IL-1ra. IL-6, a cytokine
inducible by IL-1, was higher in IL-1ra null mice than in wild
type controls, but not significantly. We observed no charac-
teristic differences between IL-1ra mutants and wild-type
animals in the number of circulating leukocytes early in
endotoxemia or in the histologic appearance of tissues early in
endotoxemia or late in listeriosis.

Responses to inflammatory and infectious challenges
should be sufficiently robust to rid the host of an offending
agent, yet sufficiently restrained to avoid self-injury. The
beneficial and harmful actions of IL-1 are a case in point of
this principle. Our experiments using the pathogenic chal-
lenges of endotoxin administration and L. monocytogenes
infection demonstrate an essential role for IL-1ra in main-
taining the delicate balance between remedy and harm.
Although mice lacking IL-1ra were more susceptible than
controls to endotoxin shock, these same mice were protected
from a lethal inoculum of L. monocytogenes. IL-1ra overex-
pressors had the opposite responses. Such a dual potential of
IL-1ra has also been observed in newborn rats inoculated
with live Klebsiella pneumoniae, in which survival increased
after a moderate dose of IL-1ra but decreased after higher
or repeated doses (30). Thus, physiological inhibition of IL-1
by IL-1ra appears to protect the organism from overexuber-
ant responses to infection, but at the risk of impairing the
host’s ability to eliminate infection. The net outcome of these
actions can be unpredictable and may have contributed to
the inconsistency of IL-1ra in improving survival in clinical
trials of patients with septic shock (31).
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