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NF-kB binding sites are present in the promoter regions of many acute phase and inflammatory response genes, suggesting that
NF-kB plays an important role in the initiation of innate immune responses. However, targeted mutations of the various NF-kB
family members have yet to identify members responsible for this critical role. RelA-deficient mice die on embryonic day 15 from
TNF-a-induced liver degeneration. To investigate the importance of RelA in innate immunity, we genetically suppressed this
embryonic lethality by breeding the RelA deficiency onto a TNFR type 1 (TNFR1)-deficient background. TNFR1/RelA-deficient
mice were born healthy, but were susceptible to bacterial infections and bacteremia and died within a few weeks after birth.
Hemopoiesis was intact in TNFR1/RelA-deficient newborns, but neutrophil emigration to alveoli during LPS-induced pneumonia
was severely reduced relative to that in wild-type or TNFR1-deficient mice. In contrast, radiation chimeras reconstituted with
RelA or TNFR1/RelA-deficient hemopoietic cells were healthy and demonstrated no defect in neutrophil emigration during
LPS-induced pneumonia. Analysis of RNA harvested from the lungs of mice 4 h after LPS insufflation revealed that the induction
of several genes important for neutrophil recruitment to the lung was significantly reduced in TNFR1/RelA-deficient mice relative
to that in wild-type or TNFR1-deficient mice. These results suggest that TNFR1-independent activation of RelA is essential in cells
of nonhemopoietic origin during the initiation of an innate immune response. The Journal of Immunology,2001, 167: 1592–1600.

T he NF-kB/Rel family of transcription factors is believed
to be an important regulator of innate immunity in species
as diverse as insects and mammals (reviewed in Refs.

1–3). The mammalian transcription factors are homodimeric and
heterodimeric complexes of five family members, p50 (NF-kB1),
p52 (NF-kB2), c-Rel, RelB, and RelA (p65), that are held inactive
in the cytoplasm by association with IkB inhibitory proteins. Ac-
tivation of the cell with a wide variety of different stimuli leads to
degradation of IkBa and nuclear translocation of NF-kB, resulting
in the transcription of multiple target genes necessary for acute
phase, inflammatory and immune responses (reviewed in Refs.
4–6). Mice deficient for one or more of these family members
have been generated, revealing both redundant and nonredundant
biological roles for the different proteins (7–17). These roles in-

clude promoting cell survival, regulating hemopoiesis, and con-
trolling innate and adaptive immune responses (reviewed in Refs.
18 and 19).

The role of RelA in immune protection remains unclear because
targeted mutation of RelA results in lethality on embryonic day 15
(E15)5 from extensive liver degeneration (7). Studies of the RelA-
deficient immune system using radiation chimeras generated with
fetal liver-derived hemopoietic progenitors revealed that a RelA-
deficient hemopoietic system develops normally, but that lympho-
cyte responses are impaired (9, 20). Nonetheless, these chimeras
were relatively healthy, suggesting that RelA function is not es-
sential in hemopoietic cells for innate immune protection. How-
ever, this does not obviate the potential importance of RelA in the
response of nonhemopoietic tissue to infection.

Mouse embryonic fibroblast cells and 3T3 cells cultured from
RelA-deficient animals undergo apoptosis when treated with
TNF-a (21), as do Jurkat cells (22), human and mouse fibroblasts
(22), and HT1080 cells (23) that express dominant-negative mu-
tants of IkBa. These results revealed that TNF-a-induced activa-
tion of NF-kB, and specifically RelA, protects cells from the cy-
tocidal effects of TNF-a in vitro and suggested that genetically
abrogating the apoptotic TNF-a signal might suppress the exten-
sive apoptosis in the RelA-deficient fetal liver and rescue the
RelA-deficient mice. However, it was unclear which TNF receptor,
TNFR1 (p55) or TNFR2 (p75), elicited the apoptotic response that
must be counteracted by NF-kB activity for cells to survive. Both
can mediate activation of NF-kB, and both have been implicated in
programmed cell death.

The extensive apoptosis and subsequent liver degeneration ob-
served in the RelA-deficient fetuses can be genetically suppressed

*Center for Cancer Research and Department of Biology, Massachusetts Institute of
Technology, Cambridge, MA 02139;†Physiology Program, Harvard School of Public
Health, Boston, MA 02115;‡Division of Immunology Research, Department of Pa-
thology, Brigham and Women’s Hospital, and Division of Emergency Medicine,
Children’s Hospital, Boston, MA 02115;§Department of Pathology, Tufts University
School of Medicine and Veterinary Medicine, Boston MA 02111;¶Department of
Biological Sciences, Columbia University, New York, NY 10027;iBiogen, Cam-
bridge, MA 02142;#California Institute of Technology, Pasadena, CA 91125.

Received for publication December 12, 2000. Accepted for publication May 17, 2001.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby markedadvertisementin accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by the National Institutes of Health grants (to D.B., E.A.,
B.H.H., and M.S.). J.P.M. was supported by a research grant from the American Lung
Association and a Parker B. Francis Fellowship from the Francis Families
Foundation.
2 Current address: Department of Biological Sciences, Stanford University, Stanford,
CA 94305.
3 Current address: Rainbow Babies and Children’s Hospital, Cleveland, OH 44106.
4 Address correspondence and reprint requests to Dr. David Baltimore, MC 204-31,
California Institute of Technology, Pasadena, CA 91125. E-mail address:
baltimo@its.caltech.edu

5 Abbreviations used in this paper: Ex, embryonic day x; TNFR1, TNF receptor 1; Px,
postnatal day x; MIP2, macrophage inflammatory protein 2; mTNF-a, mouse TNF-a.

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00



by breeding the RelA deficiency into a TNF-a-deficient back-
ground (24), thereby illustrating that TNF-a is cytotoxic to cells in
the absence of RelA in vivo as well as in vitro. Furthermore, it has
been shown that the absence of TNFR1 suppresses RelA-like fetal
liver apoptosis observed in mice deficient for IKK2 (25), one of the
signaling molecules implicated in NF-kB activation. Finally, it has
recently been reported that the absence of TNFR1 genetically sup-
presses the phenotype of the RelA-deficient mouse, indicating that
TNFR1 is the mediator of this cytotoxic TNF-a signal (26), and
that the resulting TNFR1/RelA-deficient mouse is susceptible to
endogenous hepatic infection. We report these results as well, but
also extend our observations to demonstrate that this susceptibility
to infection is not liver specific, but, rather, is a more global phe-
nomenon, revealing a critical role for the NF-kB family member
RelA in the innate immune response.

Materials and Methods
Mice

TNFR1/RelA-deficient mice were established from TNFR1-deficient and
RelA heterozygous mice (both 129/Sv3 C57BL/6J) and subsequently
maintained by intercrosses (27, 28). Mice were genotyped by PCR ampli-
fication of tail DNA. DNA was prepared by digesting samples 6 h to over-
night at 55°C in 400 ml 67 mM Tris (pH 8.8), 16.6 mM ammonium sulfate,
6.5 mM MgCl2, 0.5% Triton X-100, 1% 2-ME, and 0.2 mg/ml proteinase
K, then heating at 95°C for 5 min. One microliter of the supernatant was
used per 25ml reaction. Amplification of the RelA locus was by PCR (1
min at 94°C and 2.5 min at 66°C for 30 cycles) using three primers, 59-
AAT CGG ATG TGA GAG GAC AGG-39, 59-CCT ATA GAG GAG
CAG CGC GGG-39, and 59-AAA TGT GTC AGT TTC ATA GCC TGA
AGA ACG-39, that recognized the intactRelA locus (oligonucleotides 1
and 2) and the targetedRelA-neo locus (oligonucleotides 2 and 3). Am-
plification of theTNFR1locus was achieved by PCR (1 min at 94°C, 0.5
min at 63°C, and 1.5 min at 72°C for 30 cycles) using three primers,
59-TGT GAA AAG GGC ACC TTT ACG GC-39, 59-GGC TGC AGT
CCA CGC ACT GG-39, and 59-ATT CGC CAA TGA CAA GAC GCT
GG-39, that recognized the intactTNFR1locus (oligonucleotides 1 and 2)
and the neo-targetedTNFR1locus (oligonucleotides 2 and 3).

TUNEL assay

Wild-type, RelA1/2, and TNFR12/2RelA1/2 females were impregnated
by matched males and sacrificed 15.5, 16.5, and 17.5 days postcoitum by
cervical dislocation. Livers were harvested from fetuses and fixed in buff-
ered formalin at 4°C for 2 h, embedded in paraffin, and sectioned (4–6
mm). Sections were deparaffinized and washed in water. They were then
preincubated for 5 min in 10 mM Tris (pH 8.0)-20 mM EDTA, incubated
for 10 min in 10 mg/ml proteinase K in 10 mM Tris (pH 8.0)-20 mM
EDTA, and rinsed in water. Fragmented ends of DNA were labeled by
incubating 1 h at37°C in 13 TdT buffer with 15 U TdT (Life Technolo-
gies, Gaithersburg, MD) and 5 nM biotinylated dUTP (Roche, Indianap-
olis, IN). The reaction was stopped by washing twice in 23 SSC and
rinsing in PBS. Sections were blocked for 1 h with 2% BSA in PBS, then
rinsed again in PBS. Biotinylated dUTP was visualized using an alkaline
phosphatase Vectastain ABC kit (Vector Laboratories, Burlingame, CA).

Tissue culture

Viability assays of fibroblastic and 3T3 cells were performed essentially as
previously described (21). Briefly, 200,000 cells of each genotype were
plated per well of a six-well dish in DMEM supplemented with 10% FBS.
Twenty-four hours later the medium was replaced with DMEM-0.1% FBS
with or without 10 ng/ml mouse TNF-a (mTNF-a; sp. act., 6.03 107

U/mg; Roche) and incubated 8 or 24 h. The cells were trypsinized and
assayed for trypan blue exclusion. Percentage of viability was defined as
the number of cells remaining per well following serum starvation in the
presence of mTNF-a divided by the number of cells remaining per well
following serum starvation in the absence of mTNF-a. Two cell lines were
used per genotype, and each experiment was performed twice.

Histology

Moribund mice were sacrificed by CO2 inhalation, and tissues were fixed
by immersion in Bouin’s solution (Sigma, St. Louis, MO) for 3 days.
Tissues were embedded in paraffin, sectioned (4–6mm thick), stained with
H&E, and examined by light microscopy.

Flow cytometry

Spleen and thymus were harvested and prepared as single-cell suspensions
by crushing between two slides and filtering through sterile mesh cell
strainers (Applied Scientific, South San Francisco, CA). Bone marrow was
harvested from the femur, passaged through a 26-gauge needle to make a
single-cell suspension, and filtered through a cell strainer. Blood was col-
lected from the severed necks of postnatal day (P) 3–5 pups and from the
inferior vena cava in radiation chimeras. Bronchoalveolar lavage of radi-
ation chimeras was performed as previously described (29). All samples
were subjected to red cell lysis with ammonium chloride before staining.

For flow cytometric analysis, cells were first incubated with Fc-block
(anti-CD32/CD16, FcgII/IIIR, 2.4G2; BD PharMingen, San Diego, CA)
for 5 min. They were then incubated with combinations of the following
primary and secondary Abs: anti-GR-1-biotin (Ly-6G; BD PharMingen),
anti-Mac-1-FITC (M1/70; BD PharMingen), anti-TER-119-biotin (BD
PharMingen), anti-Pan-NK-FITC (Dx5; BD PharMingen), anti-
B220-biotin (RA3-6B; BD PharMingen), anti-IgM-FITC (R6-60.2; BD
PharMingen), anti-CD4-PE (RM4-5; BD PharMingen), anti-CD8-FITC
(Ly-2; Caltag, South San Francisco, CA), anti-F480-biotin (Caltag), anti-
CD45.1-FITC (A20; BD PharMingen), anti-CD45.2-FITC (104; BD
PharMingen), streptavidin-PE (BD PharMingen), and streptavidin Cy-
Chrome (BD PharMingen; used with anti-F480-biotin only). Three mice of
each genotype were analyzed; shown is a representative plot of each
genotype.

Reconstitution of bone marrow with fetal liver cells

For radiation chimera experiments, TNFR11/2RelA1/2 males and females
were crossed to generate TNFR1/1RelA1/2 and TNFR12/2RelA1/2 mice.
Donor embryos were then generated by crossing TNFR1/1RelA1/2 males
to females and TNFR12/2RelA1/2 males to females. Fetal livers were
harvested from day 14.5 embryos, and prepared and genotyped as previ-
ously described (12). Meanwhile, 6- to 8-wk-old C57BL/6 CD45.11 hosts
were delivered two doses of irradiation (800 and 400 rad, separated by 3 h)
using a137Cs source. Mice were anesthetized with avertin (2.5% solution
of 2,2,2-tribromoethanol-tert amyl alcohol, 12ml/g mouse) immediately
after the second irradiation and transplanted with 13 106 liver cells from
wild-type, TNFR1-deficient, RelA-deficient, or TNFR1/RelA-deficient fe-
tuses in 200ml medium by retro-orbital injection with a 26-gauge needle.
The extent of reconstitution was analyzed by flow cytometry 4 wk after
transplantation, and LPS-pneumonia experiments were performed 6 wk
after transplantation.

Thioglycolate-induced peritonitis

Mice, aged 14–16 days, were anesthetized with an i.p. injection of avertin
and retro-orbitally bled with Unopettes (BD Biosciences, Mountain View,
CA). Blood cells were quantitated with a hemocytometer according to the
manufacturer’s instructions to determine total circulating leukocyte counts.
Immediately after being bled, mice received an i.p. injection of sterile
2.98% thioglycolate broth (50ml/g mouse; Sigma) to induce peritonitis.
Mice were sacrificed with CO2 6 or 48 h later, and the peritonea were
washed with 3 ml ice-cold lavage solution (0.1% BSA-0.65 mM EDTA-
heparin at 20 U/ml) delivered with a 26-gauge needle. After massaging for
30 s, 2 ml lavage solution was harvested from each peritoneum with an
18-gauge needle. Concentrations of leukocytes and cellular differentials
were quantitated by hemocytometer counts and cytospin preparations,
respectively.

LPS-induced pneumonia

Pneumonia was induced in mice, aged 3–5 days, by intranasal insufflation.
Mice were anesthetized by inhalation of 2% halothane. Ten microliters of
a solution ofEscherichia coliLPS (2 mg/ml; Sigma L-2880) and colloidal
carbon (5%) in PBS was placed into the nares and allowed to be inhaled.
Six hours later, mice were sacrificed by an overdose of halothane. Lungs
were removed, intratracheally instilled with 6% glutaraldehyde under 22
cm H2O pressure, tied off, and submerged in 6% glutaraldehyde overnight.
Fixed tissue was embedded in paraffin, sectioned (5–7mm), and stained
with H&E.

Pneumonia was induced in radiation chimeras by intratracheal instilla-
tion as previously described (30). Mice were anesthetized by i.m. injection
of ketamine hydrochloride (100 mg/kg) and acepromazine maleate (5 mg/
kg). The tracheas were surgically exposed, and 50ml of a solution ofE. coli
LPS (2 mg/ml) and colloidal carbon (5%) was instilled intratracheally. Six
hours later lungs were removed and prepared for analysis as described
above.

Neutrophil emigration was quantitated by morphometry of histological
sections essentially as previously described (30). Briefly, a multipurpose
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test system containing 42 points was reflected onto the microscope field
using a drawing tube. Fields of pneumonic peripheral lung were randomly
selected for analysis. As LPS is only heterogeneously deposited into lungs
following intranasal insufflation, sections that did not contain colloidal car-
bon-laden macrophages were not scored, and another region was randomly
selected. The 42 points of the counting grid were classified as landing on
1) air space or tissue and 2) neutrophil or not a neutrophil. Ten fields (420
points) were assayed per lung. Statistical significance was determined by
ANOVA.

Emigration was quantitated in at least six P3–5 mice per genotype, and
in at least four radiation chimeras per donor genotype. P3–5 mice that were
runted and lethargic were excluded from analysis, as were those with
chronic organizing pneumonia, as these observations suggested preexisting
illness. In addition, lungs of mice that had received a poor instillation of
LPS, as defined by the macroscopic absence of colloidal carbon, were not
analyzed.

RNA analysis

Mice, aged P3–5, were intranasally insufflated withE. coli LPS as de-
scribed above. Four hours later pups were sacrificed by decapitation, and
the lungs were excised and snap-frozen in liquid nitrogen. When all tissue
samples had been dissected and frozen, samples were simultaneously
thawed and homogenized with a Polytron homogenizer (Brinkmann, West-
bury, NY) in 1 ml TRIzol reagent (Life Technologies). Total RNA was
extracted and precipitated according to the manufacturer’s instructions.

For Northern blot analysis, 20mg RNA from five animals of each ge-
notype was electrophoresed separately on a 1.2% agarose gel containing
0.38 M formaldehyde, and transferred overnight by standard capillary ac-
tion to a Hybond N1 membrane filter. ICAM-1 message was detected
using a probe generated by RT-PCR that spanned from the third Ig repeat
to the 39 untranslated region. Superscript II reverse transcriptase (Life
Technologies) and an oligo(dT) primer were used for first-strand synthesis
of 10 mg total RNA from an LPS-treated wild-type lung sample. ICAM-1
cDNA was amplified using 1/25th of this reaction mix, Pfu polymerase
(Stratagene, La Jolla, CA), and oligonucleotide primers (59-GCG GAT
CCG ATC TTC CAG CTA CCA TCC CAA AG-39 and 59-GCG AAT
TCG TTC TGT GAC AGC CAG AGG AAG TG-39). Probes for macro-
phage inflammatory protein 2 (MIP2) and KC were those used previously
(31). The GAPDH transcript was detected with a probe to human cDNA
(Clontech, Palo Alto, CA). All probes were randomly labeled to a sp. act.
of at least 13 109 dpm/mg with a Prime-It RmT Random Primer Labeling
Kit (Stratagene) and were cleaned over a Sephadex G-25 column (Roche).
Prehybridization and hybridization were performed with Church buffer
plus 10% dextran sulfate. Hybridization of all probes was conducted over-
night at 65°C. After hybridization, blots of ICAM-1 and GAPDH were
washed at 65°C with two 15-min low stringency washes in 23 SSC/1%
SDS, followed by two 30-min high stringency washes in 0.13 SSC/1%
SDS. Blots of MIP2 and KC received two low stringency washes and one
high stringency wash. Blots were exposed to film as well as scanned on a
phosphor imager for quantitation with ImageQuant software (BD Bio-
sciences). Area was quantified by a line 11 pixels wide, after which back-
ground was subtracted. Three animals were quantitated per genotype.

Results
Inactivation of TNFR1 rescues RelA-deficient mice from
embryonic lethality

RelA heterozygous mice (7) were bred with TNFR1 homozygous
mutant mice (27), and the F1 progeny subsequently bred to gen-
erate TNFR1/RelA homozygous mutant mice, which were born in
the expected Mendelian ratios. Gross dissection and serial tissue
sectioning and staining with H&E revealed the absence of lymph
nodes and Peyer’s patches and a disorganized splenic white pulp.6

No other histological or morphological abnormalities were
observed.

The viability of the TNFR1/RelA-deficient mice demonstrated
that TNFR1 mediates the signals that induce embryonic lethality in
the RelA-deficient mice. To determine whether and to what extent
apoptosis in the fetal liver was suppressed, fetal livers from day
15–17 wild-type, RelA-deficient, or TNFR1/RelA-deficient em-
bryos were harvested and analyzed by TUNEL and H&E staining.

As previously reported (7), significant apoptosis was readily ob-
served in the livers of most E15.5 RelA-deficient fetuses, and no
viable E16 RelA fetuses could be recovered. In contrast, livers
from wild-type and TNFR1/RelA-deficient E15.5, E16, and E17
fetuses displayed substantially less apoptosis (Fig. 1A). This sug-
gests that TNFR1 mediates cytotoxicity of TNF-a in the RelA-
deficient liver. To determine whether this were true in other cell
types, we treated wild-type, RelA-deficient, TNFR1-deficient, and
TNFR1/RelA-deficient mouse embryonic fibroblast and 3T3 lines
with mTNF-a, which stimulates both TNFR1 and TNFR2, and

6 E. Alcamo, R. O. Hynes, and D. Baltimore.Submitted for publication.

FIGURE 1. Apoptosis in wild-type, RelA-deficient, and TNFR1/RelA-
deficient fetal livers. E15.5 fetal livers were harvested from viable RelA-
deficient fetuses and compared with livers harvested from E15.5, E16, and
E17 wild-type and TNFR1/RelA-deficient fetuses by TUNEL assay.A,
Wild-type fetal liver on E16.B, RelA fetal liver on E15.5.C, TNFR1/RelA
fetal liver on E16. Darkened nuclei are TUNEL-positive apoptotic cells.
Sections are counterstained with methyl green.
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assayed for viability by trypan blue exclusion. RelA-deficient cul-
tures were significantly apoptotic 8 h following treatment with
mTNF-a, but TNFR1/RelA-deficient mouse embryonic fibroblasts
(data not shown) and 3T3s (Fig. 2) were as resistant to the cyto-
toxic potential of mTNF-a as wild-type or TNFR1-deficient cells.

Early mortality of TNFR1/RelA-deficient mice

Although TNFR1/RelA-deficient mice were born healthy, they be-
gan to appear runted, lethargic, and unkempt within a few days
after birth, and 95% died by P20. Necropsy of moribund animals

revealed the development of organized pneumonia (Fig. 3A) as
well as bacterial aggregates associated with minimal inflammatory
responses in the pharynx, s.c. fat, marrow, and gut (Fig. 3,B and
C). Blood, lung, and liver tissue collected from five moribund mice
was cultured for microorganisms; all preparations yieldedPasteu-
rella pneumotropica.

To determine whether the susceptibility to bacterial infections
was limited to a sensitivity toP. pneumotropica, the colony was
treated with enrofloxacin, an antibiotic against Gram-positive bac-
teria, to clear the colony ofPasteurella,or was rederived into
cleaner facilities, free ofPasteurella, Pneumocystis, andHelico-
bacter pylori.TNFR1/RelA-deficient mice still died very prema-
turely, although these measures delayed the onset of illness by 1
wk or more, and several mice survived.6 mo. Bacterial infections
remained evident in moribund mice, although the affected tissues
were predominantly the perivascular regions of the liver, kidney,
and epicardium (Fig. 3D) instead of the lung. These lesions ex-
hibited a paucity of neutrophils and an unusual accumulation of
eosinophils. All five of the animals assayed from this cleaner fa-
cility were bacteremic as well, although blood microcultures
yieldedb-hemolytic streptococcus andStaphylococcus aureusin-
stead ofPasteurella. Thus, the premature mortality of the TNFR1/
RelA-deficient mice may be due to a susceptibility to infection by
both common and uncommon mouse pathogens.

Hematopoiesis in TNFR1/RelA-deficient mice

The poor immune response to infection in TNFR1/RelA-deficient
mice could be due to the aberrant production of leukocyte popu-
lations, as has been observed in PU.1-deficient (32) and C/EBPa-
deficient mice (33). To determine whether hemopoiesis was intact
in the absence of TNFR1 and RelA, the cellular compositions of
primary and secondary hemopoietic tissues from P3 wild-type,
TNFR1-deficient, and TNFR1/RelA-deficient mice were com-
pared by flow cytometry (Fig. 4). The data indicate no substantial

FIGURE 2. Sensitivity to TNF-a in wild-type, RelA-deficient, TNFR1-
deficient, and TNFR1/RelA-deficient 3T3 cells. Cells were plated in
DMEM-10% FBS at a high density and allowed to adhere for 24 h, after
which the medium was changed to DMEM-0.1% FBS with or without 10
ng/ml mTNF-a. Viability was determined by trypan blue exclusion at the
times indicated in the text.h, Wild-type cultures;e, TNFR1-deficient
cultures; E, RelA-deficient cultures; and‚, TNFR1/RelA-deficient
cultures.

FIGURE 3. Histologic sections showing inflammatory foci in tissues from moribund TNFR1/RelA-deficient mice. Tissues were fixed with Bouin’s
fixative and stained by H&E.A, Organized pneumonia surrounding bacterial colonies (marked by arrows) in the lung;B, large bacterial colonies (arrows)
in the pharynx;C, a large bacterial colony growing over the s.c. muscle of aPasteurella-infected mouse. All mice were 8 days old. Note how minimal the
inflammatory response is in the pharynx and muscle.D, Perivascular inflammation in the liver of a B-hemolytic streptococcus-infected mouse at 3.5 wk
old. Arrows indicate bacterial infections. Original magnification,310.
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difference in the relative distribution of leukocyte populations in
thymus, spleen, and peripheral blood in TNFR1/RelA-deficient
mice. Total circulating leukocyte counts in peripheral blood were
also comparable among newborns of the three genotypes (Table I),
indicating no deficiency in generating appropriate numbers of cir-
culating cells. However, leukocytosis was observed in the blood of
TNFR1/RelA-deficient mice by P14 (Table I). In contrast, radia-
tion chimeras generated with TNFR1/RelA-deficient hemopoietic
progenitor cells did not have increased circulating leukocyte
counts relative to those generated with wild-type or TNFR1-defi-
cient progenitors (data not shown), suggesting that the leukocyto-
sis in the TNFR1/RelA-deficient mice was not due to a cell intrin-
sic defect in hemopoietic cells.

Neutrophil emigration during thioglycolate-induced peritonitis

An attenuated inflammatory response to the spontaneous bacterial
overgrowth observed in soft tissues could be due to a difficulty

advancing leukocytes to sites of infection. To determine whether
leukocyte recruitment was impaired in TNFR1/RelA-deficient
mice, we measured neutrophil emigration into the peritoneal cavity
of P15 mice following peritonitis induced by the sterile irritant
thioglycolate. The number of leukocytes recovered by lavage be-
fore thioglycolate injection was elevated 2-fold in the TNFR1/
RelA-deficient mice, although this was predominantly due to an
increased number of eosinophils (data not shown). Substantial neu-
trophil accumulation in the peritoneal cavity of wild-type mice
could be observed 6 h after thioglycolate injection; by 48 h these
numbers had decreased to some extent (Fig. 5). In contrast, sig-
nificantly fewer emigrated neutrophils were recovered from
TNFR1-deficient mice at 6 h, and numbers comparable to wild-
type numbers were recovered at 48 h (Fig. 5). These data demon-
strated that TNFR1 is an important mediator of thioglycolate-in-
duced neutrophil recruitment into the peritoneal cavity. TNFR1/
RelA-deficient mice displayed a similar defect in neutrophil

FIGURE 4. Hematopoietic cell populations in wild-
type, TNFR1-deficient, and TNFR1/RelA-deficient mice
at age P3. Flow cytometry was used to analyze the bone
marrow, spleen, thymus, and peripheral blood (data not
shown). A, Analysis of neutrophils (GR-11, Mac-11)
and macrophages (GR-12, Mac-11). B, Analysis of
erythrocytes (TER1, Pan-NK2) and NK cells (Ter2,
Pan-NK1). C, Analysis of B-lineage cell (pro- and pre-B,
B2201, IgM2; immature and mature, B2201, IgM1). D,
Analysis of T-lineage cells (immature, CD41, CD81;
mature, CD41, CD82 or CD42, CD81).

Table I. Total and differential leukocyte counts in wild-type, TNFR1-deficient, and TNFR1/RelA-deficient 2-wk-old pupsa

Genotype Total Circulating Leukocytes Neutrophils (%) Eosinophils (%) Mononuclear Cells (%)

Newborns
Wild type 3.13 106 6 0.53 106 35.66 8.0 1.76 1.6 62.76 7.4
TNFR12/2 4.33 106 6 0.93 106 32.26 5.4 1.56 1.1 66.36 5.6
TNFR12/2RelA2/2 4.53 106 6 1.53 106 32.46 9.3 0.86 0.9 66.86 8.7

2-wk-old mice
Wild type 4.03 106 6 1.33 106 13.26 2.6 1.66 0.9 85.26 2.4
TNFR12/2 4.03 106 6 1.53 106 14.36 5.6 1.36 1.7 84.46 5.9
TNFR12/2RelA2/2 25.93 106 6 20.73 106 19.36 11.5 2.56 1.8 78.26 12.0

a Blood was collected from wild-type, TNFR1-deficient, and TNFR1/RelA-deficient pups at P3 (collected from severed neck) or P14 (collected by eyebleed).
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emigration, suggesting that RelA activity independent of TNFR1
signaling is not important for neutrophil recruitment to the
peritoneum.

Neutrophil emigration during LPS-induced pneumonia

To determine whether TNFR1-independent RelA activity was im-
portant for leukocyte recruitment to the lungs, we analyzed neu-
trophil emigration into pulmonary air spaces of P3–5 mice follow-
ing delivery of E. coli LPS by intranasal insufflation. Before
treatment, neutrophils were not observed in the uninflamed alve-
olar air spaces of the P3–5 TNFR1/RelA-deficient mice or wild-
type controls (data not shown). Six hours after delivery, LPS-in-
duced neutrophil emigration was observed in wild-type and
TNFR1-deficient mice and did not significantly differ between
these genotypes. In contrast, mice deficient for both TNFR1 and
RelA showed significantly less neutrophil emigration compared
with either wild-type or TNFR1-deficient mice (Fig. 6), suggesting
that RelA activity independent of TNFR1 signaling is essential for
initiating maximal neutrophil emigration in response to LPS in the
pulmonary air spaces.

Neutrophil emigration during LPS-induced pneumonia in
radiation chimeras

To determine whether TNFR1/RelA-deficient neutrophils were ca-
pable of being recruited into inflammatory foci, lethally irradiated
C57BL/6 CD45.11 hosts were engrafted with wild-type or
TNFR1-, RelA-, or TNFR1/RelA-deficient fetal liver hemopoietic

progenitor cells, and the reconstituted mice were assayed for their
ability to recruit neutrophils during LPS-induced pneumonia. Flow
cytometry confirmed that virtually all peripheral blood neutrophils
were donor derived (CD45.21; Fig. 7A). Six hours after delivery of
LPS, neutrophil emigration was comparable in all radiation chi-
meras (Fig. 7B), suggesting that the emigration defect in the
TNFR1/RelA-deficient mice is not a cell intrinsic defect of RelA-
deficient neutrophils. Interestingly, the vast majority of alveolar
macrophages, which are critical for inciting responses to bacteria
in the lungs (34, 35), were donor derived as well (Fig. 7A). This
suggests that RelA is not specifically required in alveolar macro-
phages for the induction of neutrophil emigration into the lungs in
response to LPS.

Gene expression in TNFR1/RelA-deficient tissue during LPS-
induced pneumonia

ICAM-1, KC, and MIP2 often regulate neutrophil recruitment to
the lungs, particularly in response to LPS (36–38). To determine
whether the transcriptional induction of these and other inflamma-
tory genes by LPS was altered in the absence of RelA, RNA was
collected from the lungs of wild-type, TNFR1-deficient, and
TNFR1/RelA-deficient mice following insufflation of LPS and was
analyzed by Northern blot. Four hours after LPS insufflation, levels
of expression of ICAM-1, KC, and MIP2 were somewhat reduced
in TNFR1-deficient mice relative to those in wild-type controls

FIGURE 5. Neutrophil emigration during thioglycolate-induced perito-
nitis. Wild-type, TNFR1-deficient, and TNFR1/RelA-deficient mice, aged
P14–16, were injected i.p. with thioglycolate. Neutrophil accumulation
was quantitated 6 h later by lavage, followed by cytospin (n 5 20).

FIGURE 6. Neutrophil emigration during LPS-induced pneumonia.
Wild-type, TNFR1-deficient, and TNFR1/RelA-deficient mice, aged P3–5,
were intranasally insufflated with LPS. Neutrophil accumulation was quan-
titated in tissue 6 h later by morphometric analysis of histologic sections
(n 5 6). p, Statistically significant differences in response compared with
wild-type andpp, TNFR1-deficient tissues (p , 0.05).

FIGURE 7. Neutrophil emigration in radiation chimeras during LPS-
induced pneumonia. C57BL/6 CD45.11 mice were lethally irradiated and
reconstituted with wild-type, TNFR1-deficient, RelA-deficient, or TNFR1/
RelA-deficient fetal liver hemopoietic progenitor cells.A, Hemopoietic re-
constitution. Origins of hemopoietic cells in peripheral blood and bron-
choalveolar lavage of untreated radiation chimeras. Circulating neutrophils
were defined as GR-11 cells in the blood, and alveolar microphages were
identified as F4/801 cells in the BAL fluid.B, Neutrophil emigration. Mice
were intratracheally instilled with LPS, and neutrophil accumulation was
quantitated in tissue 6 h later by morphometric analysis of histologic sec-
tions (n 5 4).
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and were substantially reduced in TNFR1/RelA-deficient mice rel-
ative to those in wild-type TNFR1-deficient mice (Fig. 8). These
data demonstrate that in lung stromal cells, representative genes
for chemokine and adhesion proteins show reduced expression in
the absence of RelA.

Discussion
We report here that RelA provides protection from TNFR1-medi-
ated proapoptotic signaling in vivo. Viable TNFR1/RelA-deficient
mice were protected from the hepatocyte apoptosis observed in
RelA-deficient embryos. Furthermore, TNFR1/RelA-deficient fi-
broblasts and 3T3 cells were as resistant as wild-type cells to TNF-
a-mediated apoptosis. Taken together, these results indicate that
TNFR1 is the primary receptor mediating TNF-a cytotoxicity in
RelA-deficient cells.

We also report here that the antibacterial host defenses of
TNFR1/RelA-deficient mice were severely compromised. Unlike
mice with targeted deficiency of the NF-kB family members RelB
(8, 16) or p50/RelB (17) or the IkB family member IkBa (39),
which develop chronic inflammation in the absence of bacterial
infections, all moribund TNFR1/RelA-deficient mice presented
with numerous inflammatory lesions and septicemia. The strains of
infecting bacteria, the sites of infection, and the age of mortality
were constant among animals raised in the same facility, but varied
from facility to facility (data not shown). Therefore, progression of
the infection was most likely directed by the type of bacteria to
which the animal was first exposed, rather than by a susceptibility
to bacterial infection in a specific organ or tissue. TNF-a/RelA-
deficient mice exhibit a similar immune phenotype, although
the onset of symptoms is delayed by several weeks (24). Given the

variation in phenotype observed in our colony depending on the
infecting pathogen, it is likely that the differences in phenotypes of
the TNF-a/RelA-deficient and TNFR1/RelA-deficient mice are
due to differences in pathogen exposure as well.

Although the development of secondary lymphoid organs was
perturbed in TNFR1/RelA-deficient mice, such abnormalities
should not compromise the innate immune response to the extent
observed in these mice, suggesting that other aspects of host de-
fense were also perturbed in the absence of TNFR1 and RelA.
Large bacterial colonies devoid of leukocytes were present in var-
ious soft tissues despite normal or elevated circulating leukocyte
counts, suggesting that leukocytes were unable to migrate to in-
fected sites efficiently in the absence of TNFR1 and RelA. There-
fore, we measured leukocyte recruitment in the TNFR1/RelA-de-
ficient mice in two different tissues. Neutrophil emigration induced
in the peritoneum by thioglycolate injection was significantly re-
duced by deficiency of TNFR1 alone, demonstrating that TNFR1
plays an important role in this inflammatory process. Thus, if RelA
activity is important for neutrophil recruitment to the peritoneum,
it is in response to TNFR1-mediated signaling. In contrast, inflam-
matory responses to LPS in the lungs were not reduced in the
absence of TNFR1, allowing us to assess the importance of
TNFR1-independent RelA activity in this inflammatory process.
TNFR1/RelA-deficient newborns displayed a significant impair-
ment in their ability to recruit neutrophils to the lung during a 6-h
exposure to LPS relative to wild-type or TNFR1-deficient new-
borns, suggesting that early neutrophil emigration to the lung re-
quires RelA activity that is independent of TNFR1 signaling.

To determine whether RelA-deficient neutrophils were capable
of being recruited, neutrophil emigration was assayed in radiation
chimeras. These experiments demonstrated that RelA is not intrin-
sically required in neutrophils or alveolar macrophages for neu-
trophil recruitment. Although a population of radiation-resistant
host-derived T lymphocytes remained in the bronchoalveolar la-
vage fluid, which could have contributed to eliciting neutrophil
emigration, these results more likely suggest that the production of
recruitment mediators by parenchymal cells is sufficient for neu-
trophil recruitment and that the recruitment defect in TNFR1/
RelA-deficient mice lies in this nonhemopoietic compartment. We
attempted to confirm that the production of recruitment mediators
by parenchymal cells was necessary by performing the reciprocal
radiation chimera experiment, in which wild-type, TNFR1-defi-
cient, and TNFR1/RelA-deficient mice were reconstituted with
wild-type hemopoietic cells. However, although wild-type and
TNFR1-deficient hosts were successfully reconstituted and ap-
peared healthy 6 wk following transplant, transplanted TNFR1/
RelA-deficient siblings did not survive the 2 wk necessary for
reconstitution to be completed (E. Alcamo, unpublished observa-
tions), preventing further analysis of the importance of RelA in
nonhemopoietic cells.

Previous studies have demonstrated the presence of TNFR1-
independent pathways for recruitment in the lung (40–43). This
study suggests that RelA is an important mediator of these path-
ways. In support of this, the induction of ICAM-1, MIP2, and KC,
proteins that are required for LPS-induced neutrophil emigration
into the lung, was reduced to a greater degree in the absence of
RelA and TNFR1 than in the absence of TNFR1 alone. Thus, in
addition to the TNFR1-dependent mechanisms for mounting an
innate immune responses that may or may not require RelA, RelA
is essential for regulating TNFR1-independent mechanisms of innate
immunity that are indispensable for protection against pathogens.

FIGURE 8. Gene expression in the lungs of wild-type, TNFR1-defi-
cient, and TNFR1/RelA-deficient mice in response to LPS. Mice, aged
P3–5, were intranasally insufflated with LPS. Four hours later mice were
sacrificed, and RNA was prepared by Tri-Reagent (Molecular Research
Center, Cincinnati, OH) according to the manufacturer’s instruction.A,
Northern blot analysis. RNA (20mg) was probed with ICAM-1, KC, MIP2,
and GAPDH probes as discussed inMaterials and Methods. B, Quantifi-
cation of Northern blot analysis by ImageQuant (n 5 3). p, Statistically
significant differences in response compared with wild-type andpp,
TNFR1-deficient tissues (p , 0.05).
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Although leukocyte recruitment to the lungs 6 h following LPS
insufflation is a RelA-dependent process, the spontaneous pneu-
monia that developed in TNFR1/RelA-deficient mice clearly dem-
onstrates the presence of RelA-independent pathways mediating
neutrophil emigration. It is possible that although the initiation of
pulmonary inflammatory responses to LPS are RelA dependent,
RelA-independent mechanisms for recruiting neutrophils develop
over time, just as neutrophil emigration elicited by sterile irritants
or bacteria in the peritoneal cavity progresses from being depen-
dent on E-selectin, P-selectin, ICAM-1, andb2 integrins at early
time points to becoming independent of these same molecules after
24 h (44–46). Alternatively, it is possible that although LPS-in-
duced inflammatory responses are RelA dependent, inflammatory
responses induced by other organisms are not. For example, pre-
vious studies indicate that neutrophil emigration in the lung is
CD18 dependent in response to LPS orE. coli, but CD18 inde-
pendent in response toStreptococcus pneumoniaeor S. aureus
(reviewed in Ref. 47).

In conclusion, the work presented here demonstrates that
TNFR1 is responsible for mediating TNF-a signals that in the
absence of RelA are cytotoxic to fetal hepatocytes and result in
embryonic lethality. Furthermore, the results demonstrate the im-
portance of RelA in inducing an innate immune response. The
innate host defense system is responsible for providing protection
against the vast majority of infectious micro-organisms by recog-
nizing and removing pathogens within hours of contact and acti-
vating the adaptive arm of the immune system should infection
persist (reviewed in Refs. 48–50). As past studies have shown,
deficiencies for hemopoietic cells of the myeloid lineage or mol-
ecules that are involved in mounting an innate immune response
can be fatal (33, 51–54). The results presented here demonstrate
that RelA plays a critical role in activating the transcription of
molecules that are important for leukocyte emigration, an essential
step in the development of an innate immune response.

Acknowledgments
We thank Carlos Lois, Kairbaan Hodivala-Dilke, and Stephen Robinson
for helpful suggestions and critical review of this work.

References
1. Ghosh, S., M. J. May, and E. B. Kopp. 1998. NF-kB and Rel proteins: evolu-

tionarily conserved mediators of immune responses.Annu. Rev. Immunol. 16:
225.

2. Kopp, E. B., and S. Ghosh. 1995. NF-kB and Rel proteins in innate immunity.
Adv. Immunol. 58:1.

3. Medzhitov, R., and C. A. Janeway, Jr. 1998. An ancient system of host defense.
Curr. Opin. Immunol. 10:12.

4. Baeuerle, P. A. 1998. Pro-inflammatory signaling: last pieces in the NF-kB puz-
zle?Curr. Biol. 8:R19.

5. May, M. J., and S. Ghosh. 1998. Signal transduction through NF-kB. Immunol.
Today 19:80.

6. Verma, I. M., J. K. Stevenson, E. M. Schwarz, D. Van Antwerp, and
S. Miyamoto. 1995. Rel/NF-kB/IkB family: intimate tales of association and
dissociation.Genes Dev. 9:2723.

7. Beg, A. A., W. C. Sha, R. T. Bronson, S. Ghosh, and D. Baltimore. 1995. Em-
bryonic lethality and liver degeneration in mice lacking the RelA component of
NF-kB. Nature 376:167.

8. Burkly, L., C. Hession, L. Ogata, C. Reilly, L. A. Marconi, D. Olson, R. Tizard,
R. Cate, and D. Lo. 1995. Expression of RelB is required for the development of
thymic medulla and dendritic cells.Nature 373:531.

9. Doi, T. S., T. Takahashi, O. Taguchi, T. Azuma, and Y. Obata. 1997. NF-kB
RelA-deficient lymphocytes: normal development of T cells and B cells, impaired
production of IgA and IgG1 and reduced proliferative responses.J. Exp. Med.
185:953.

10. Franzoso, G., L. Carlson, L. Poljak, E. W. Shores, S. Epstein, A. Leonardi,
A. Grinberg, T. Tran, T. Scharton-Kersten, M. Anver, et al. 1998. Mice deficient
in nuclear factor (NF)-kB/p52 present with defects in humoral responses, ger-
minal center reactions, and splenic microarchitecture.J. Exp. Med. 187:147.

11. Grossmann, M., D. Metcalf, J. Merryfull, A. Beg, D. Baltimore, and
S. Gerondakis. 1999. The combined absence of the transcription factors Rel and
RelA leads to multiple hemopoietic cell defects.Proc. Natl. Acad. Sci. USA
96:11848.

12. Horwitz, B. H., M. L. Scott, S. R. Cherry, R. T. Bronson, and D. Baltimore. 1997.
Failure of lymphopoiesis after adoptive transfer of NF-kB-deficient fetal liver
cells. Immunity 6:765.

13. Iotsova, V., J. Caamano, J. Loy, Y. Yang, A. Lewin, and R. Bravo. 1997. Os-
teopetrosis in mice lacking NF-kB1 and NF-kB2. Nat. Med. 3:1285.

14. Kontgen, F., R. J. Grumont, A. Strasser, D. Metcalf, R. Li, D. Tarlinton, and
S. Gerondakis. 1995. Mice lacking the c-rel proto-oncogene exhibit defects in
lymphocyte proliferation, humoral immunity, and interleukin-2 expression.
Genes Dev. 9:1965.

15. Sha, W. C., H. C. Liou, E. I. Tuomanen, and D. Baltimore. 1995. Targeted
disruption of the p50 subunit of NF-kB leads to multifocal defects in immune
responses.Cell 80:321.

16. Weih, F., D. Carrasco, S. K. Durham, D. S. Barton, C. A. Rizzo, R. P. Ryseck,
S. A. Lira, and R. Bravo. 1995. Multiorgan inflammation and hematopoietic
abnormalities in mice with a targeted disruption of RelB, a member of the NF-
kB/Rel family. Cell 80:331.

17. Weih, F., S. K. Durham, D. S. Barton, W. C. Sha, D. Baltimore, and R. Bravo.
1997. p50-NF-kB complexes partially compensate for the absence of RelB: se-
verely increased pathology in p502/2relB2/2 double-knockout mice.J. Exp.
Med. 185:1359.

18. Barnes, P. J., and M. Karin. 1997. Nuclear factor-kB: a pivotal transcription
factor in chronic inflammatory diseases.N. Engl. J. Med. 336:1066.

19. Sha, W. C. 1998. Regulation of immune responses by NF-kB/Rel transcription
factor. [Published erratum appears in1998 J. Exp. Med. 187:661.] J. Exp. Med.
187:143.

20. Horwitz, B. H., P. Zelazowski, Y. Shen, K. M. Wolcott, M. L. Scott,
D. Baltimore, and C. M. Snapper. 1999. The p65 subunit of NF-kB is redundant
with p50 during B cell proliferative responses, and is required for germline CH
transcription and class switching to IgG3.J. Immunol. 162:1941.

21. Beg, A. A., and D. Baltimore. 1996. An essential role for NF-kB in preventing
TNF-a-induced cell death.Science 274:782.

22. Van Antwerp, D. J., and I. M. Verma. 1996. Signal-induced degradation of IkBa:
association with NF-kB and the PEST sequence in IkBa are not required.Mol.
Cell. Biol. 16:6037.

23. Wang, C. Y., M. W. Mayo, and A. S. Baldwin, Jr. 1996. TNF- and cancer
therapy-induced apoptosis: potentiation by inhibition of NF-kB. Science 274:784.

24. Doi, T. S., M. W. Marino, T. Takahashi, T. Yoshida, T. Sakakura, L. J. Old, and
Y. Obata. 1999. Absence of tumor necrosis factor rescues RelA-deficient mice
from embryonic lethality.Proc. Natl. Acad. Sci. USA 96:2994.

25. Li, Q., D. Van Antwerp, F. Mercurio, K. F. Lee, and I. M. Verma. 1999. Severe
liver degeneration in mice lacking the IkB kinase 2 gene.Science 284:321.

26. Rosenfeld, M. E., L. Prichard, N. Shiojiri, and N. Fausto. 2000. Prevention of
hepatic apoptosis and embryonic lethality in RelA/TNFR1 double knockout mice.
Am. J. Pathol. 156:997.

27. Pfeffer, K., T. Matsuyama, T. M. Kundig, A. Wakeham, K. Kishihara,
A. Shahinian, K. Wiegmann, P. S. Ohashi, M. Kronke, and T. W. Mak. 1993.
Mice deficient for the 55 kD tumor necrosis factor receptor are resistant to en-
dotoxic shock, yet succumb toL. monocytogenesinfection.Cell 73:457.

28. Beg, A. A., and A. S. Baldwin, Jr. 1994. Activation of multiple NF-kB/Rel
DNA-binding complexes by tumor necrosis factor.Oncogene 9:1487.

29. Mizgerd, J. P., B. H. Horwitz, H. C. Quillen, M. L. Scott, and C. M. Doerschuk.
1999. Effects of CD18 deficiency on the emigration of murine neutrophils during
pneumonia.J. Immunol. 163:995.

30. Mizgerd, J. P., H. Kubo, G. J. Kutkoski, S. D. Bhagwan,
K. Scharffetter-Kochanek, A. L. Beaudet, and C. M. Doerschuk. 1997. Neutrophil
emigration in the skin, lungs, and peritoneum: different requirements for CD11/
CD18 revealed by CD18-deficient mice.J. Exp. Med. 186:1357.

31. Ouaaz, F., M. Li, and A. A. Beg. 1999. A critical role for the RelA subunit of
nuclear factorkB in regulation of multiple immune-response genes and in Fas-
induced cell death.J. Exp. Med. 189:999.

32. McKercher, S. R., B. E. Torbett, K. L. Anderson, G. W. Henkel, D. J. Vestal,
H. Baribault, M. Klemsz, A. J. Feeney, G. E. Wu, C. J. Paige, et al. 1996.
Targeted disruption of the PU.1 gene results in multiple hematopoietic abnor-
malities.EMBO J. 15:5647.

33. Yamanaka, R., C. Barlow, J. Lekstrom-Himes, L. H. Castilla, P. P. Liu,
M. Eckhaus, T. Decker, A. Wynshaw-Boris, and K. G. Xanthopoulos. 1997.
Impaired granulopoiesis, myelodysplasia, and early lethality in CCAAT/enhancer
binding proteine-deficient mice.Proc. Natl. Acad. Sci. USA 94:13187.

34. Hashimoto, S., J. F. Pittet, K. Hong, H. Folkesson, G. Bagby, L. Kobzik,
C. Frevert, K. Watanabe, S. Tsurufuji, and J. Wiener-Kronish. 1996. Depletion of
alveolar macrophages decreases neutrophil chemotaxis toPseudomonasairspace
infections.Am. J. Physiol. 270:L819.

35. Broug-Holub, E., G. B. Toews, J. F. van Iwaarden, R. M. Strieter, S. L. Kunkel,
R. Paine III, and T. J. Standiford. 1997. Alveolar macrophages are required for
protective pulmonary defenses in murineKlebsiella pneumonia: elimination of
alveolar macrophages increases neutrophil recruitment but decreases bacterial
clearance and survival.Infect. Immun. 65:1139.

36. Schmal, H., T. P. Shanley, M. L. Jones, H. P. Friedl, and P. A. Ward. 1996. Role
for macrophage inflammatory protein-2 in lipopolysaccharide-induced lung in-
jury in rats.J. Immunol. 156:1963.

37. Frevert, C. W., S. Huang, H. Danaee, J. D. Paulauskis, and L. Kobzik. 1995.
Functional characterization of the rat chemokine KC and its importance in neu-
trophil recruitment in a rat model of pulmonary inflammation.J. Immunol. 154:
335.

38. Kumasaka, T., W. M. Quinlan, N. A. Doyle, T. P. Condon, J. Sligh, F. Takei,
A. Beaudet, C. F. Bennett, and C. M. Doerschuk. 1996. Role of the intercellular
adhesion molecule-1 (ICAM-1) in endotoxin-induced pneumonia evaluated using

1599The Journal of Immunology



ICAM-1 antisense oligonucleotides, anti-ICAM-1 monoclonal antibodies, and
ICAM-1 mutant mice.J. Clin. Invest. 97:2362.

39. Ishikawa, H., E. Claudio, D. Dambach, C. Raventos-Suarez, C. Ryan, and
R. Bravo. 1998. Chronic inflammation and susceptibility to bacterial infections in
mice lacking the polypeptide (p)105 precursor (NF-kB1) but expressing p50.
J. Exp. Med. 187:985.

40. Mizgerd, J. P., J. J. Peschon, and C. M. Doerschuk. 2000. Roles of tumor necrosis
factor receptor signaling during murineEscherichia coli pneumonia.
Am. J. Respir. Cell Mol. Biol. 22:85.

41. Peschon, J. J., D. S. Torrance, K. L. Stocking, M. B. Glaccum, C. Otten,
C. R. Willis, K. Charrier, P. J. Morrissey, C. B. Ware, and K. M. Mohler. 1998.
TNF receptor-deficient mice reveal divergent roles for p55 and p75 in several
models of inflammation.J. Immunol. 160:943.

42. Skerrett, S. J., T. R. Martin, E. Y. Chi, J. J. Peschon, K. M. Mohler, and
C. B. Wilson. 1999. Role of the type 1 TNF receptor in lung inflammation after
inhalation of endotoxin orPseudomonas aeruginosa. Am. J. Physiol. 276:L715.

43. Hybertson, B. M., E. K. Jepson, O. J. Cho, J. H. Clarke, Y. M. Lee, and
J. E. Repine. 1997. TNF mediates lung leak, but not neutrophil accumulation, in
lungs of rats given IL-1 intratracheally.Am. J. Respir. Crit. Care Med. 155:1972.

44. Mizgerd, J. P., W. M. Quinlan, B. W. LeBlanc, G. J. Kutkoski, D. C. Bullard,
A. L. Beaudet, and C. M. Doerschuk. 1998. Combinatorial requirements for ad-
hesion molecules in mediating neutrophil emigration during bacterial peritonitis
in mice.J. Leukocyte Biol. 64:291.

45. Winn, R. K., and J. M. Harlan. 1993. CD18-independent neutrophil and mono-
nuclear leukocyte emigration into the peritoneum of rabbits.J. Clin. Invest. 92:
1168.

46. Bullard, D. C., E. J. Kunkel, H. Kubo, M. J. Hicks, I. Lorenzo, N. A. Doyle,
C. M. Doerschuk, K. Ley, and A. L. Beaudet. 1996. Infectious susceptibility and
severe deficiency of leukocyte rolling and recruitment in E-selectin and P-selectin
double mutant mice.J. Exp. Med. 183:2329.

47. Doerschuk, C. M., J. P. Mizgerd, H. Kubo, L. Qin, and T. Kumasaka. 1999.
Adhesion molecules and cellular biomechanical changes in acute lung injury:
Giles F. Filley Lecture.Chest 116:37.S.

48. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: the virtues of a
nonclonal system of recognition.Cell 91:295.

49. Fearon, D. T. 1997. Seeking wisdom in innate immunity.Nature 388:323.
50. Robertson, M. 1998. Innate immunity.Curr. Biol. 8:R595.
51. Anderson, K. L., K. A. Smith, K. Conners, S. R. McKercher, R. A. Maki, and

B. E. Torbett. 1998. Myeloid development is selectively disrupted in PU.1 null
mice.Blood 91:3702.

52. Anderson, D. C., and T. A. Springer. 1987. Leukocyte adhesion deficiency: an
inherited defect in the Mac-1, LFA-1, and p150,95 glycoproteins.Annu. Rev.
Med. 38:175.

53. Roos, D. 1994. The genetic basis of chronic granulomatous disease.Immunol.
Rev. 138:121.

54. Strieter, R. M., T. J. Standiford, G. B. Huffnagle, L. M. Colletti, N. W. Lukacs,
and S. L. Kunkel. 1996. “The good, the bad, and the ugly:” the role of chemo-
kines in models of human disease.J. Immunol. 156:3583.

1600 SUSCEPTIBILITY TO INFECTION IN TNFR1/RelA-DEFICIENT MICE


