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Tolerance to Endotoxin-induced Expression of the Interleukin-1/.l
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Abstract

The induction of genes of host cells stimulated by microbial
products such as endotoxin and the tolerance of cells to endo-
toxin excitation play critical roles in the pathogenesis of micro-
bial-induced acute disseminated inflammation with multiorgan
failure (the sepsis syndrome). One gene that is induced in
phagocytic cells by endotoxin and that appears to play an es-
sential role in the pathogenesis of the sepsis syndrome is IL-1,8.
Wereport here that blood neutrophils (PMN) of patients with
the sepsis syndrome (sepsis PMN)are consistently tolerant to
endotoxin-induced expression of the IL-1,8 gene, as determined
by decreased synthesis of the IL-113 protein and reductions in
IL-1,8 mRNA.This down-regulation of the IL-1#j gene in sepsis
PMNoccurs concomitant with an upregulation in the constitu-
tive expression of the type 2 IL-1 receptor (IL-1R2). These
phenotypic changes do not persist in PMNof patients recover-
ing from the sepsis syndrome. Tolerance has stimulus and re-
sponse specificity since sepsis PMNtolerant to endotoxin can
respond normally to Staphylococcus aureus stimulation of IL-
1,B production and they normally secrete elastase. Uninfected
patients with severe trauma or shock from causes are not toler-
ant to endotoxin and tolerance is not limited to patients infected
with Gram-negative bacteria. The mechanism responsible for
tolerance involves pretranslational events and is not due to loss
of the CD14 surface protein, a receptor required for endotoxin
induction of IL-1B in PMN. The physiological significance of
the tolerance to endotoxin and increased expression of IL-1R2
on sepsis PMNis unknown, but may represent an attempt by
the host to protect itself from the deleterious effects of dissemi-
nated inflammation. (J. Clin. Invest. 1993. 91:853-861.) Key
words: shock * inflammation * CD14 * interleukin-lR2 * lipo-
polysaccharide

Introduction

Acute disseminated intravascular inflammation with multior-
gan failure may occur during the course of various infections, a
process often referred to as the sepsis syndrome (for review see
reference 1 ). The sepsis syndrome is the major cause of mortal-
ity in critical care units in this country; it has a mortality rate of
40 to 70% and kills over 100,000 people in this country each
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year (2, 3). Although there has been little improvement in the
mortality of sepsis syndrome since it was defined as a clinical
entity, knowledge of the pathogenesis of this frequently lethal
process has been rapidly increasing (1). From this new infor-
mation, new and promising therapies derived from studies of
the pathogenic mechanisms responsible for the sepsis syn-
drome are emerging (3-6).

The sepsis syndrome in humans is associated with the ex-
pression of a number of genes coding for various potentially
autotoxic cytokines, including TNFa (7), IL- 1 a -f (8), IL-6
(9), y interferon ( 10), and IL-8 ( 10, 11 ). Of these, IL-l and
TNFa have been identified as essential elements in the patho-
genesis of sepsis syndrome in animals (for review see reference
12). The specific cell types producing these cytokines during
the sepsis syndrome have not been identified in humans, but
many cells are capable of synthesizing these proteins after stim-
ulation with microbial toxins or host-derived inflammatory me-
diators. The human blood neutrophil (PMN) is one such cell.

We recently reported that human blood neutrophils
(PMN) rapidly synthesize both IL- I a and -f3 when stimulated
by endotoxin ( 13). IL- 13 is released from endotoxin-stimu-
lated PMN, but IL- 1 a remains associated with the cell. Al-
though the capacity of PMNto translate IL- 1 mRNAis less
than that of human blood mononuclear cells ( 13), the predom-
inance of PMNin the circulation and at local sites of acute
inflammation could provide a major source of IL- 1, as well as
TNFa (14).

Although the sepsis syndrome can be induced by a variety
of infecting microorganisms and a similar syndrome can be
seen in the absence of detectable infection (e.g., severe trauma
and acute pancreatitis) ( 1), the lipopolysaccharide endotoxin
of Gram-negative microorganisms is a particularly important
cause of the sepsis syndrome in animals and humans and a
potent stimulus of cells in vitro (for review see reference 15).
Cells and whole organisms can also become tolerant to stimula-
tion by endotoxin ( 16). Tolerance or adaptation to endotoxin
occurs in at least two forms ( 17). One type of tolerance takes
1-2 wk to develop and requires the production of specific anti-
bodies ( 18); a second form of tolerance develops within hours
and is characterized by desensitization of cells to stimulation
by endotoxin ( 19). This early adaptation or tolerance to endo-
toxin follows stimulation of whole organisms or cells by either
low concentrations of endotoxin, TNFa, or IL- 1 (20-22).
Cells or whole organisms tolerant to endotoxin can withstand a
challenge of endotoxin many times above that that is usually
stimulatory to cells and lethal to whole organisms ( 16). Cross-
tolerance can occur between endotoxin and TNFa or IL- 1 (20,
23-25).

Studies of endotoxin tolerance induced in vitro (26-29)
and in vivo (24, 30, 31 ) in animals have shown a decrease in
the production of several cytokines by macrophages, including
IL- 1, TNFa, and IL-6. Weare aware of only two studies of
tolerance to endotoxin performed in humans. Tolerance to en-
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dotoxin-induced synthesis of TNFa, IL- I:, and IL-6 of blood
monocytes obtained from humans with the sepsis syndrome
was recently reported (32). Another recent study found toler-
ance to endotoxin-induced synthesis of putative IL-1 bioac-
tivity in monocytes from two children with Hemophilus
influenza meningitis (33). To our knowledge, there are no re-
ports of in vitro or in vivo endotoxin tolerance of animal or
human PMN.

Werecently reported that blood PMNobtained from pa-
tients with sepsis syndrome have marked and consistent eleva-
tions in expression of the type 2 interleukin-1 receptor (IL-
1 R2) (34), as well as one or both of the receptors to TNFa
(35). Here, we report a study of IL- 1f Bgene expression in blood
PMNobtained from patients with sepsis syndrome. We find
that sepsis PMNare consistently tolerant to endotoxin-induced
expression of the IL-13 gene. The mechanism responsible for
endotoxin tolerance has not been precisely defined, but it is
pretranslational and it does not involve loss of the CD14 recep-
tor for endotoxin from the surface of sepsis PMN.

Methods

Patients
Patients admitted to the Wake Forest University Medical Center were
selected for entry into the study on the basis of the criteria shown in
Table I; these are slight modifications of the criteria of Bone (36).
Exclusions included patients with leukocyte counts < 1,000/mm3 and
patients with known human immunodeficiency virus infection. The
study was endorsed by The Internal Review Board for Clinical Re-
search of the Medical Center. Samples of heparinized venous or arterial
blood were drawn and delivered to the lab immediately. A venous
blood sample obtained from healthy adults served as a source of nor-
mal cells; the control blood was drawn within 15 min of the patient
blood and both samples were handled and processed identically. A
chart review and data analysis was conducted on all patients after com-
pletion of the study.

PMNisolation
Human PMNwere isolated from heparinized venous blood obtained
from normal adult volunteers or patients by Plasma Gel (Cellular Prod-
ucts, Inc., Buffalo, NY) sedimentation followed by centrifugation in
Isolymph (Gallard-Schlesinger Chemical Mfg. Corp., Carle Place, NY)
as previously described (34). Contaminating red cells were removed by
hypotonic lysis and isolated PMN(97-99% pure) were resuspended in
culture medium (RPMI 1640) (Gibco BRL, Gaithersburg, MD) con-
taining 5%low-endotoxin bovine FCS(Hyclone Laboratories Inc., Lo-
gan, UT), 40jug/ml of gentamicin (Lyphomed Inc., Rosemont, IL),
and 25 mMHepes (Calbiochem Corp., LaJolla, CA) at 2 x I07 PMN/
ml for binding studies and 3 x 106 PMN/ml for IL-I# production.
Pyrogen-free reagents were used wherever possible and all solutions
were routinely monitored for endotoxin contamination by the Limulus
amebocyte lysate assay (sensitivity 10 pg/ml). The percentage of
immature forms of PMNafter isolation did not differ significantly
from the whole blood differential when using this method. PMNfrom
both normal controls and patients remained > 90% viable over the
course of study as determined by exclusion of trypan blue dye.

IL-Jf3 synthesis
PMN(3 x 106/ml) were incubated in the presence or absence of 100
ng/ ml (unless indicated) O11J:B4 Escherichia coli endotoxin (Difco
Laboratories Inc., Detroit, MI) or an in-house strain of Staphylococcus
aureus (at a ratio of - 20:1 microbes to PMN) in a 24-well tissue
culture plate (Becton-Dickinson & Co., Oxnard, CA); cells were not
shaken or rocked. After incubation in culture medium for 8 h at 370C
in 5% C02, an equal volume of a lysis buffer (0.16 MNaCl, 0.02 M
deoxycholate, 1% Triton, 0.1% SDS, 0.01 MTris, pH 7.4, with apro-

Table I. Clinical Criteria for Enrollment of Subjects
with the Sepsis Syndrome

a) Presumptive or documented primary focus of infection
b) Evidence of acute disseminated inflammation (two or more of the following):

(a) fever (> 380C or 100.40F, rectal) or hypothermia (< 360C or 96.80F,
rectal); (b) tachycardia otherwise unexplained (heart rate > 90 beats per
min); (c) tachypnea otherwise unexplained (respiratory rate > 20, or > 10
liter/min if on mechanical ventilation, or PaCO2 < 20 mmHgduring
unassisted respiration); (d) absolute leukocytosis (> 12,000/mm3) or
leukopenia (< 3,000/mm3), or 2 20% immature forms of PMN

c) Evidence of multiorgan dysfunction (hypotension or pressor dependency
alone or at least two of the other signs of organ failure):

Hypotension (< 90 mmHgsystolic arterial pressure or a 25% drop of
baseline blood pressure)
Increased cardiac index (> 4 liter/min per M2) or decreased systemic
vascular resistance (< 800 dyn/sec per cm-5)
Hypoxemia (arterial P02 < 75 mmHgon room air or an abnormal ratio of
paOJFiO2 [< 280] in the absence of other pulmonary or cardiovascular
causes)
Acute renal impairment (oliguria < 30 ml/h 2 1 h)
Metabolic acidosis (elevated serum lactate [> 2.2 mg/dl], or decreased
serum bicarbonate [. 15 meq/liter] or anion gap of > 15 [base deficit 2 5
mEq/liter] unless there is chronic renal failure)
Abnormal mentation (in relation to patient's baseline, usually measured
by deterioration in the Glasgow ComaScore at least one point below
baseline)
Disseminated intravascular coagulation (fibrin degradation fragments
> 1:40; o-dimers > 2.0; platelet count < 25% of a previously documented
value).

tinin and pepstatin) was added to lyse the cells. These lysates were
frozen at -20'C and assayed for IL-I# by an ELISA (Cistron Corp.,
Pine Brook, NJ) with a sensitivity of - 25 pg/ml.

IL-I1f mRNAanalysis
Poly(A)J RNAisolation. RNAwas isolated by using modifications of
the methods described (37). Briefly, PMNwere centrifuged and the
cell pellet was resuspended in 6 ml of lysis buffer (4 Mguanidinium
thiocyanate; 25 mMsodium citrate, pH 7.0; 0.1 M2-mercaptoethanol;
and 0.5% N-lauroylsarcosine) followed by 0.6 ml of 2 Msodium ace-
tate, equal volumes of water-saturated phenol, and 1.6 ml of 49:1 chlo-
roform/isoamyl alcohol. The mixture was vortexed between each addi-
tion and then incubated on ice for 15 min, spun at 9,000 g at 40C for 30
min, the aqueous phase was removed, and the RNAwas precipitated
with 1 vol isopropanol. The precipitated RNAwas resuspended in bind-
ing buffer (0.5 MNaCl; 0.01 MTris, pH 7.5; 1 mMEDTA; and 0.5%
SDS) and mixed with a slurry of oligo(dT)cellulose (Boehringer
Mannheim Corp., Indianapolis, IN). A column was poured in a 0.1 M
NaCl, 0.01 MTris buffer at pH 7, containing 1 mMEDTAand 0.5%
SDS. Poly(A)' RNAwas eluted with a 0.01 MTris buffer at pH 7,
containing 1 mMEDTAand 0.05% SDS.

Northern blot analysis. Equal amounts of poly(A)+ RNAwere
electrophoresed through 1% agarose, 6.6% formaldehyde gels in lX
3-(N-morpholino)propanesulfonic acid (MOPS) buffer (0.02 M
MOPS,5 mMsodium acetate, and 1 mMEDTA) and diffusion blotted
onto Genescreen (New England Nuclear, Boston, MA) as described by
the manufacturer.

The plasmid containing huIL- 1I cDNAinsert (570 bp SstI to PvuII
restriction in pGEMI was kindly supplied by Steven Gillis, Immunex,
Seattle, WA). To generate an antisense RNAprobe for Northern analy-
sis, the plasmid was cut with EcoR I and transcribed in vitro (38) with
SP6 RNA polymerase in the presence of [a-32P]CTP (Amersham
Corp., Arlington Heights, IL). The IL-1,B insert was cut with SstI and
BamHI and contained a specific activity of 1 X 108 cpm/,ug. Gene-
screen filters were prehybridized for 30 min at 65°C in 50% form-
amide; 0.25 MNaPO4, pH 7.2; 0.25 MNaCl; 1 mMEDTA; 7%SDS;
and 5% polyethylene glycol. After prehybridization, filters were main-
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tained for 24 h at 65'C in the same prehybridization solution contain-
ing 1 X 106 cpm/ml of 32P-labeled riboprobe. Filters were washed twice
in 2x SSCfor 15 min at room temperature. The 13-actin cDNAcontrol
(Clontech, Palo Alto, CA) was labeled by nick-translation with [ a] 32p
dCTP (3,000 Ci/mmol; NewEngland Nuclear) to a specific activity of
I X 108 cpm/,ug of DNA. Genescreen filters were hybridized as de-
scribed by Virca et al. (39). Autoradiography of hybridized Gene-
screen membranes was done at -70'C using XAR-5 film (Eastman
Kodak Co., Rochester, NY) and Duplex Cronex Lightning Plus inten-
sifying screen (EA, Wilmington, DE). Autoradiographs were scanned
using a laser densitometer (Ultrascan XL; LKB Instruments Inc.,
Bromma, Sweden).

"2SI IL-la binding assay for the IL-IR2 of PMN
Recombinant human IL-la (a gift from Dr. Peter Lomedico, Hoff-
mann-LaRoche, Nutley, NJ or Drs. Steve Gillis and Steve Dower, Im-
munex Corp.) was radioiodinated with carrier-free Na- 1251 (Amersham
Corp.) by using Enzymobeads (Bio-Rad Laboratories, Richmond, CA)
as previously described by Paganelli-Parker et al. (40). The 1251I IL-la
among preparations exhibited a specific activity of 30 to 70 4Ci/,g
protein; this labeling procedure maintains - 90% of IL- I a bioactivity
as measured by the DIO.G4.1 murine comitogen assay. The radiola-
beled protein was stored at 40C and used within - 4 wk.

PMNfrom patients or controls and 1251 IL- 1 a at varying concentra-
tions were incubated in culture medium in a total volume of 150 ,ul for
4 h at 4°C on a rocker platform (34). Nonspecific binding was mea-
sured by incubations of cells in the presence of 2 100-fold molar excess
of unlabeled recombinant human rhuIL- I a. Samples were performed
in triplicate with a variation in triplicate binding of < 10% in most
instances. Cell-bound and free 1251 IL- Ia were separated by centrifuga-
tion through 100 pl of a silicone oil mixture (one part Thomas oil to
two parts Gallard-Schlesinger oil). Tips containing pelleted cells and
bound labeled protein were then counted on a gammacounter and
Scatchard analysis of saturation curves was used to determine the Kd
and receptor sites per cell.

Flow cytometry analysis of the CD14 receptor
PMNwere isolated and then suspended in binding medium at a con-
centration of 2 x 106 cells/ml. For evaluation of CD14, cells were
incubated at 4°C for 30 min with either the phycoerythrin-conjugated
monoclonal antibodies Leu M3 (Becton-Dickinson & Co.) or MY4
(Coulter Corp., Hialeah, FL), which recognize different epitopes of the
CD14 receptor for lipopolysaccharide (41), or an isotype control
IgG2a antibody (Becton-Dickinson & Co.). PMNwere then washed
once, fixed in 4% paraformaldehyde, and washed again. Analysis was
performed on a FACStarP'us (Becton-Dickinson & Co.) and fluores-
cence intensity was expressed in Logl0 units per relative number of
cells. The horizontal axis was set as a four log scale, with each 250
channels representing one log.

Elastase analysis
Elastase secretion by stimulated PMNwas determined as described by
Sklar et al. (42). This is a spectroscopic assay that measures cleavage of
the artificial substrate MeO-SUC-Ala-Ala-Pro-Val-MCA (Peninsula
Laboratories, Inc., Belmont, CA) after release of secretion of elastase
from the primary granules of PMN. PMN(2 x 106) in 0.1% gelatin and
Hanks' buffer were stimulated with 1 AMFMLP in the presence of 5
,g/ml of cytochalasin B for 5 min at 37°C. The fluorescence generated
by cleavage of 1 X I0-5 MMeO-SUC-Ala-Ala-Pro-Val-MCA to amino-
methylcoumarin was measured using an SLM 8000 computer-inter-
faced spectrofluorometer (SLM Instruments, Inc., Urbana, IL) at an
excitation of 380 nmwith emission fluorescence monitored at 460 nm.
Secretion of elastase was expressed as the maximum slope (rate of
cleavage of fluorogenic substrate) during the first 5 min of stimulation.

Statistical analysis
Nonpaired and paired two-tailed Student's t tests were used to deter-
mine statistical significance.

Results

Synthesis ofIL-i1f bysepsis PMN. Synthesis of IL- 11 was evalu-
ated in blood PMNobtained from 24 patients with the sepsis
syndrome and compared in parallel with normal PMN, with
and without stimulation by endotoxin. The results are shown
in Fig. 1. No synthesis of IL- 11 was observed in unstimulated
normal or sepsis PMN, but all preparations of sepsis PMNhad
reductions in endotoxin-induced IL-1: synthesis in compari-
son with a parallel control. The difference in endotoxin-in-
duced synthesis of IL-1: by normal and sepsis PMNas ana-

lyzed by the paired or nonpaired t test was highly significant (P
<0.001).

Our previous study of increased expression of IL- 1 R2 on

sepsis PMNsuggested that this phenotypic change in sepsis
PMNmight have specificity for the sepsis syndrome (34).
Munoz et al. (32) recently found that, in contrast with patients
with the sepsis syndrome, endotoxin tolerance of monocytes
was not present in cells obtained from patients with hypoten-
sion from other causes (e.g., hemorrhage or myocardial fail-
ure). To determine whether endotoxin tolerance of IL- 11 syn-
thesis is just the result of being critically ill, we evaluated pa-
tients with a similar level of disease severity (43), but without
the presence of detectable infection. Most of these patients had
severe trauma or shock without detectable infection. Table II

provides a list of these patients with the type of illness and the
quantity of IL- 113 produced after stimulation with endotoxin.
The mean level of IL- 11 synthesized by this group was no dif-
ferent from that of normal subjects (P > 0.5).

To determine if endotoxin tolerance persists after reversal
of the sepsis syndrome, we evaluated the endotoxin-induced
synthesis of IL- 11 during and after the reversal of hypotension
in three patients. Fig. 2 shows that the tolerance to endotoxin-
induced synthesis of IL-11 was not present in PMNfrom pa-

tients who recovered from organ failure.
To ascertain whether tolerance was related to the concen-

tration of endotoxin used to stimulate PMN, sepsis PMNwere

treated with concentrations of endotoxin (from 1 to 105 ng/
ml). Reduced synthesis of IL- 113 was observed at all concentra-
tions of endotoxin (Fig. 3). Wealso determined that the re-
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Figure 1. Endotoxin-induced synthesis of IL-1: in sepsis versus nor-

mal PMN. Isolated PMNwere stimulated for 8 h at 370C with 100
ng/ml of 011 :B4 E. coli endotoxin and IL-1B measured by ELISA.
The cross-bar represents the mean of each group. Synthesis of IL- 1 o
was always less in sepsis PMNthan the normal PMNparallel control
(P < 0.0001 by the paired and P < 0.001 by the nonpaired t test).
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Table II. Synthesis of IL-1,8 by PMNof Patients
wstith Severe Illness but Without Detectable Infection

Patient Disease process IL-1,0*

pg/9 X 106 cells

I Trauma 5,700
2 Trauma 3,444
3 Trauma 4,137
4 Trauma 531
5 Trauma 2,874
6 Trauma 2,946
7 Trauma and burn 492
8 Hypovolemic shock 2,200
9 Cardiac shock 2,000

10 53% burn 1,100
11 Trauma 1,500
12 Toxic erythema 2,800

* Mean±SD = 2,477±1,520. Isolated PMNwere stimulated as de-
scribed for Fig. 1. The mean synthesis for this group was not signifi-
cantly different from that of controls, as shown in Fig. 1.
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Figure 3. Synthesis of IL- 11: sepsis versus normal PMNafter stimula-
tion with varying concentrations of endotoxin. Sepsis PMNand nor-
mal PMNwere stimulated for 8 h at 370C with varying concentra-
tions of 0 11 :B4 E. coli endotoxin and IL- 113 measured by ELISA.

duced synthesis of IL- 113 was not related to the single time point
routinely used in our assay; defective synthesis of IL-1: by
sepsis PMNstimulated by endotoxin was present at all time
points during 1 to 18 h of incubation with endotoxin (not
shown).

Wehave observed that S. aureus is an equally potent stimu-
lus for IL- 11 production in normal PMNand that the kinetics
of IL- 113 production are similar to those induced by endotoxin
(not shown). Using S. aureus, we tested the premise that toler-
ance of IL-:I synthesis has stimulus specificity for endotoxin.
Fig. 4 shows that sepsis PMNtolerant to endotoxin can re-
spond normally to stimulation of IL- 1Osynthesis induced by S.
aureuts. No statistical difference was observed between sepsis
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Figure 2. Reversal of tolerance to endotoxin-induced IL- I1 synthesis
in a patient recovering from sepsis syndrome. IL-11 was measured
by ELISA in sepsis PMNand normal PMNduring the hypotensive
phase of a patient with the sepsis syndrome and - 5 d after recovery
from hypotension. Experimental conditions were like those of Fig.
1. This figure exhibits one of three experiments, all of which showed
that IL-113 synthesis by PMNwas normal after recovery from the
sepsis syndrome.

versus normal PMN, as determined by paired or nonpaired t
test.

Concomitant decreases in endotoxin-induced synthesis of
IL-11 and increases in expression of IL-IR2. Wepreviously
reported that the number of IL- I R2 expressed on sepsis PMN
is consistently 6-10-fold higher than that of normal PMNand
that the increase occurs among all of the PMN(34). To deter-
mine if tolerance to endotoxin-induced synthesis of IL- 113 and
increased constitutive expression of IL- I R2 are concomitantly
present in sepsis PMN, we evaluated both synthesis of IL-113
and expression of IL-IR2 in seven patients. All sepsis PMN
with reduced synthesis of IL-113 had enhanced expression of
IL- I R2, measured as sites per cell by saturation binding of 1251
IL-la (Fig. 5).

Levels of IL-1IO mRNAin sepsis and normal PMN. To de-
termine if reduced synthesis of IL- 113 was related at least in part
to a decrease in expression of the IL-11 gene, we quantified
IL-1: mRNAin sepsis PMN. Fig. 6 shows a representative
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Figure 4. Synthesis of IL- 11 in sepsis versus normal PMNafter stim-
ulation with S. aureus. Isolated PMNwere stimulated for 8 h at 370C
with S. aureuts at a ratio of - 20 microbes to I PMNand IL-1Io
measured by ELISA. The horizontal line represents the mean of each
group. P > 0.3 by the paired t test.
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Figure 5. Tolerance to endotoxin-induced
synthesis of IL- I( and enhanced expression
of the IL- 1 R2 occur concomitantly in sepsis
PMN. Synthesis of IL- I( was performed
as described in Fig. 1. Quantitation of IL-
I R2 expressed as sites per cell was deter-
mined by saturation binding of '25I-IL-Ia
and Scatchard analysis. All sepsis PMN
tolerant to endotoxin-induced synthesis of
IL- 1# had concomitant increases in expres-
sion of IL- 1R2. The Kd of sepsis and nor-
mal PMNwere similar at 1.0 nM (not
shown).

experiment from seven. All preparations of sepsis PMNstud-
ied had a quantity of IL, Ifl mRNAbelow that of-normal PMN,
when signals were corrected for actin or quantity of mRNA
loaded per lane (sepsis PMNmeanwas 24±19% SDof control,
P < 0.001 ). Sepsis PMNcould not increase their steady state
IL- 13 mRNAat earlier (1 h) or later (4 h) time points (data
not shown).

Elastase secretion by sepsis versus normal PMN. To deter-
mine if a rapid or early functional response of PMNto another
receptor-mediated agonist is altered during the sepsis syn-

drome, we determined the rate of elastase secretion after stimu-

lation of normal and sepsis PMNwith 1 X 10-6 MFMLPin the
presence of 5 'tg/ml of cytochalasin B. Sepsis PMNfrom three
patients whose PMNwere tolerant to endotoxin-induced syn-

thesis of IL- 13 were evaluated; none of these had a decrease in
elastase secretion (Table III).

Expression of CD14 on sepsis versus normal PMN. Both
PMNand monocytes functionally respond to stimulation by
endotoxin at least in part via the CD14 glycosylphosphoinosi-
tol-anchored membrane protein (44-46). To determine if en-

dotoxin tolerance is associated with a loss of expression of this
receptor, we evaluated CD14 in nine sepsis PMNversus nine
normal PMN. Wedetermined in parallel that the sepsis PMN
were tolerant to endotoxin-induced IL- 1(3 synthesis or in-
creases in IL- 1(3 mRNA. No differences between sepsis and
normal PMNwere detected in the mean fluorescence intensity

measured by binding of two different monoclonal antibodies to
CD14, MY-4 and Leu M3. MY4 gave a stronger signal than
Leu M3and the results using this antibody are shown in Fig. 7,
but both antibodies could detect CD14and gave similar results
in sepsis versus normal PMN. Using the MY4 antibody, the
mean fluorescence (in log units) of sepsis PMNwas 163 as

compared with 171 in control PMN(P > 0.5) by the paired t
test).

Analysis of clinical data. In reviewing patient characteris-
tics, no correlation was found between the magnitude of the
tolerance to endotoxin-induced synthesis of IL- I#3 and patient
age, sex, race, temperature, total white blood cell, absolute
PMNcount, presence of immature forms of PMN(range < 5
to > 30%), presence of hypotension (septic shock was present
in 86% of patients), metabolic acidosis, adult respiratory
distress syndrome (8 1%), number of organs in failure, microor-
ganism responsible for infection (Gram-positive, Gram-nega-
tive bacteria, mixed Gram-positive and Gram-negative, Can-
dida species, staphylococcal 'exotoxin, rickettsia were pre-
sumed causes), location of infection, presence of bacteremia
(46%), use of vasopressors, or mortality (50%). A reduction in
tolerance was not observed among the patients that survived.
There was no apparent relationship betweenstolerance to endo-
toxin and the time blood samples were obtained with respect to
onset of the sepsis syndrome. The earliest that a patient was

studied after onset of the sepsis syndrome was - 8 h, but most
patients were first investigated within 72 h of the onset of organ
failure.

IL-1,B
a

2A

is

0

c Co p p.

O-Actin

Figure 6. Levels of IL-
1(3 mRNAin sepsis ver-

sus normal PMNafter
stimulation with endo-
toxin. PMNwere incu-
bated with or without
100 ng/ml of 01I1:B4
E. coli endotoxin for
1.5 h at 370C and affin-
ity-purified mRNA
probed by Northern
analysis with antisense
RNAprobes to IL- I
and a cDNA probe to
(3-actin. One of seven

experiments is demon-
strated, all of which
showed a reduction in
endotoxin-induced IL-
1,B mRNAin sepsis
PMN.

Discussion

This study shows that sepsis PMNdo not constitutively pro-
duce IL- I 3 and are consistently tolerant to endotoxin-induced

Table III. Secretion of Elastase by Sepsis versus Normal PMN

Patient Control mean Patient mean

1 166 196
2 173 347
3 305 184

Total mean±SD 215±45.2 243±52.2

PMNwere stimulated with 10' MFMLP for 5 min at 370C in the
presence of S g/ml cytochalasin B and with release of elastase con-
tinuously monitored by spectrofluorometry. Values represent
mean±SDof the maximum slope. There is no significant difference
between the means.
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Figure 7. Expression of CD14 receptor for endotoxin on sepsis versus
normal PMN. Fluorescence of nine normal PMN(A) or nine sepsis
PMN(B) expressed in log units was measured by flow cytometry us-

ing the phycoerythrin-conjugated mouse monoclonal antibody (MY
4) to human CD14. All values are corrected for the fluorescence ob-
served using an IgG2a isotype control antibody. Results were similar
when the Leu M3 monoclonal antibody to CD14 was used (not
shown).

expression of the IL- 113 gene as defined by combined reduc-
tions in endotoxin-stimulated levels of IL-11 mRNAand im-
munoreactive IL- 113. This tolerance of sepsis PMNto endo-
toxin occurs concomitant with the enhanced expression of the
IL- 1 R2 that we previously reported (34). Tolerance specifi-
cally involves the endotoxin signal transduction path since sep-
sis PMNrespond normally to S. aureus induction of IL- 113

synthesis. This phenotypic alteration in sepsis PMNis not lim-
ited to infection by Gram-negative bacteria; it is also seen when
the sepsis syndrome is apparently induced by Gram-positive
bacteria, rickettsia, candida species, or staphylococcal exotox-
ins. Although we have not shown that suppressed expression of
the IL- I gene in tesponse to endotoxin and increased expres-
sion of IL- 1R2 occur in the same population of PMN, this is
likely since the enhanced expression of IL- I R2 in sepsis PMN
is a unimodal event (34). Both tolerance to endotoxin and
enhanced expression of IL- 1R2 return to normal in PMNof
patients who recover from the sepsis syndrome. Tolerance is
not predictive of the type or number of organs failing or the
mortality, which was high in this group of patients despite the
presence of tolerance.

The correlation between tolerance to endotoxin-induced
IL- 113 gene expression and increased expression of IL- 1R2 is
striking in that we observed both events in all nine patients in
which the assays were performed concomitantly. In prelimi-
nary studies, we have found that the steady state level of IL-
1 R2 mRNAis consistently elevated in sepsis PMN(Crater, D.
and C. E. McCall, unpublished observations). This raises the

possibility that increased IL- 1 R2 expression and decreased abil-

ity to express the IL- 11 gene may be causally related and per-
haps represent the effects of one or more counter-regulatory
signals on sepsis PMN. There is precedent for this idea. Signals
that amplify expression of IL-i R2 in monocytes, as well as

IL- I RI in T lymphocytes, can suppress synthesis of IL- 1. One
such candidate is glucocorticoid hormone, a mediator that is
typically elevated during severe infection (47, 48). The syn-
thetic adrenocorticosteroid dexamethasone enhances expres-
sion of IL- 1 R2 and blocks synthesis of IL- 1 in human mono-

cytes (49, 50). Glucocorticoids can also increase expression of
IL- I R2 in human blood PMNwhen administered in vivo (un-
published observations) or in vitro (Spriggs M., personal com-
munication). Shieh et al. (5 1 ) recently reported that glucocor-
ticoid and granulocyte colony stimulating factor synergistically
amplify expression of IL- 1 R2 on mouse PMNin vitro and in
vivo. The up-regulation of IL- I R2 on mouse PMNinduced by
these two agents required de novo synthesis of the receptor by
mature cells. Wereported that another colony stimulating fac-
tor, granulocyte macrophage colony-stimulating factor, in-
duces de novo synthesis of IL- 1 R2 in normal human PMN
( 13). Prostaglandin E2 is another mediator that can suppress
synthesis of cytokines and enhance expression of IL- 1 R2 in
monocytes (49, 52). It is possible that one or more of these
agents is responsible for inducing the alterations in both IL-
1R2 and IL-1: gene expression in sepsis PMN. For example,
levels of circulating glucocorticoids are known to be elevated in
states of severe infection ( 1 ). Stimulation of IL-1R2 by IL-l
does not activate immediate responses of PMN, and IL- 1 R2
can be shed from Raji B lymphocytes (53). This suggests that
IL-1R2 might play a protective role in inflammatory states
where high levels of IL- I could be autotoxic.

Munoz et al. (32) recently reported that adherent mono-
cytes from patients with the sepsis syndrome are tolerant to
endotoxin-induced synthesis of IL- 1 a and -13, TNFa, and IL-6,
but no studies of cytokine mRNAwere included in that report.
That study, like ours, found that endotoxin tolerance of sepsis
monocytes occurred in patients infected with both Gram-posi-
tive and Gram-negative bacteria. Another similarity between
the study of Munoz et al. and ours is that tolerance of sepsis
monocytes to endotoxin did not correlate with any of the labo-
ratory parameters analyzed or with the severity of the illness,
although endotoxin tolerance persisted in monocytes of pa-
tients that expired (32). Both studies suggest that tolerance to
endotoxin is a consistent phenotypic feature of blood phago-
cytes of patients with the sepsis syndrome, regardless of its
cause.

Both the study of Munoz et al. (32) and ours also suggest
that tolerance to endotoxin may have specificity for the organ
failure syndrome associated with the severe inflammation and
sepsis. Severely ill patients from various causes (e.g., physical
trauma, burn injury, hypotension from volume depletion, or
myocardial failure) appear not to be associated with endotoxin
tolerance unless severe inflammation is a concurrent event (Ta-
ble II). Our finding of marked elevation in expression of IL-
1 R2 in sepsis PMNalso had specificity for acute inflammation
with concomitant organ failure (34). A recent study of bacte-
rial and viral infections without organ failure found that endo-
toxin-induced synthesis of IL- 1 in blood mononuclear cells
from infected patients was equal to or above that observed in
normal cells (54). It is tempting to conclude that tolerance to
endotoxin induction of potentially autotoxic cytokines occurs
only in the presence of organ failure. However, we emphasize
that the data on specificity should be interpreted with caution
and that a more rigorous investigation is needed to establish
both the sensitivity and specificity of endotoxin tolerance (or
other phenotypic changes of sepsis blood leukocytes) for the
sepsis syndrome. Weare presently performing such a study
using whole blood rather than isolated cells, an approach that
allows procurement of smaller samples of blood from ex-
tremely ill patients.

The molecular mechanisms responsible for adaptation or
tolerance to endotoxin are unknown, but "early" tolerance is a
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cell-mediated event ( 18). Mathison et al. (30) demonstrated
that tolerance to endotoxin induction of TNFa synthesis in
rabbit peritoneal macrophages involves an inability of the cells
to increase levels of TNFa mRNA.Tolerance to endotoxin in
this model was also stimulus specific since normal synthesis of
TNFa in macrophages occurred in response to S. aureus. Our
findings in endotoxin-tolerant sepsis PMNare similar to the
observation of Mathison et al., with reductions in steady state
mRNAafter stimulation of tolerant cells by endotoxin but with
normal increases in IL-1: mRNAafter stimulation with S.
aureus. Haas et al. (28) reported that endotoxin tolerance of
TNFa gene expression in the macrophage cell-line Mono-Mac
6 was associated with reductions of TNFa mRNAand that
tolerance could be induced by activation of protein kinase A
and reversed by activation of protein kinase C. In that study,
normal translocation and binding of the transcriptional en-
hancer NFKBwas found, suggesting that the decrease in TNFa
mRNAin these endotoxin-tolerant cells was a posttranscrip-
tional event. Our findings and those of Mathison et al. (30) are
compatible with that thesis. In contrast, Zuckerman et al. (27)
found that tolerance to endotoxin-induced secretion of TNFa
in thioglycolate-elicited murine peritoneal macrophages was
dependent on post-translational regulatory processes that pre-
vented maturation and secretion of the higher relative molecu-
lar mass TNFa precursor protein. Decreased GTPase activity
has also been implicated in tolerance of macrophages to endo-
toxin (55). The differences noted among these studies may
indicate that endotoxin-responsive cells can adapt to endo-
toxin in several ways and that the mechanism responsible for
tolerance varies among cell types or animal species.

Although we have not identified the precise mechanism
responsible for tolerance of sepsis PMNto endotoxin, the toler-
ance may follow reduced synthesis or enhanced degradation of
IL-13 mRNA. The mechanism by which endotoxin alters the
steady state level of IL-1 mRNAis unknown, but both in-
creased transcription and stabilization of IL-1/ mRNAoccur
when IL-1 synthesis is induced in human PMNby IL-la or
TNFa (56). The IL-1/ gene (as analyzed using GenBanK)
contains consensus sequences that could bind enhancing tran-
scription factors such as NFKB or AP- 1 or repressors such as
heat shock proteins at its 5' untranslated region; the 3' untrans-
lated region of the IL-1/ gene contains A+ U-rich elements
that appear to regulate degradation of mRNAof rapid response
genes such as TNFa and GM-CSF(57). One or more of these
5' or 3' sequences might be involved in regulating IL-1f
mRNAin PMNstimulated by endotoxin. Further research is
needed to determine whether there are specific alterations in
the 5' or 3' events that regulate levels of IL- IO mRNAin sepsis
versus normal PMN.

The prenuclear intracellular signals that regulate the re-
sponse of PMNto endotoxin stimulation are also poorly un-
derstood. However, recent reports indicate that the initial sig-
naling for some functional responses of human PMNand
monocytes requires the recognition of a complex of endotoxin
and a lipopolysaccharide-binding plasma protein (LBP)' by
the CD14 membrane protein (45, 46, 58, 59). This mechanism
is involved in endotoxin stimulation of the TNFa gene in
monocytes (45). Wehave found that endotoxin-induced ex-
pression of the IL-1/ gene in normal human PMNabsolutely
requires binding of endotoxin and LBP to the CD14 receptor

1. Abbreviation used in this paper: LBP, lipopolysaccharide-binding
protein.

(LaRue, K., and C. McCall, manuscript in preparation). The
CD14 receptor is anchored to the external membrane by a
glycosylphosphatidylinositol linkage (60). Humanmonocytes
release CD14 from their surfaces after in vitro stimulation with
a variety of agonists, a process apparently controlled by a pro-
tease and not by a phospholipase (61 ). Elevations of soluble
CD14 have been found in plasma of patients with burn and
trauma injury (62), suggesting that inflammatory processes
may induce release of CD14. However, a quantitative defi-
ciency of CD14 on sepsis PMNdoes not explain endotoxin
tolerance in sepsis PMN, since these cells and normal PMN
express similar levels of CD14 as determined by FACSanalysis.
It is still possible that CD14 receptors expressed on sepsis PMN
do not bind the complex of endotoxin and LBP normally or
that CD14 receptors are uncoupled from intracellular signals
required for gene expression. It is also possible that sepsis PMN
rapidly deacylate and thereby inactivate endotoxin (63, 64).
Another possibility is that PMNinhibit endotoxin by the bacte-
ricidal/permeability-increasing protein that is located in their
primary granules (65). This protein could compete with the
serum LBP for binding of endotoxin. Deacylation of endotoxin
or its inactivation by bactericidal/permeability-increasing pro-
tein are less plausible explanations for tolerance since sepsis
PMNcannot respond to very high concentrations of endotoxin
(Fig. 3).

Tolerance to endotoxin does not represent a global suppres-
sion of the functional ability of sepsis PMN. The response of
sepsis PMNto stimulation of IL-1: synthesis by S. aurelus is
normal in sepsis PMNand sepsis PMNnormally secrete elas-
tase. Wehave found, however, that sepsis PMNhave a consis-
tent and specific decrease in both the p47 phox and p67 phox
cytoplasmic components of NADPHoxidase and that sepsis
PMNwith reductions in these two proteins have marked re-
ductions in their ability to mount a respiratory burst when
stimulated by either phorbol myristate acetate or FMLP
(Leone, P., C. E. McCall, and D. Bass, manuscript submitted
for publication).

Conclusions. The sepsis syndrome is consistently associated
with specific alterations in the phenotype of circulating PMN,
including a concomitant tolerance to endotoxin-induced ex-
pression of IL- 1/3 and increased expression of IL- 1 R2. The pre-
cise mechanism responsible for endotoxin tolerance of sepsis
PMNis unknown, but it results in the inability of sepsis PMN
to increase the steady-state level of IL- 1/ mRNAwhen they are
specifically stimulated by endotoxin. The tolerance to endo-
toxin appears to have specificity since endotoxin-tolerant
sepsis PMNcan respond normally to stimulation of IL- /3 syn-
thesis by S. aureuls. Tolerance occurs during the course of infec-
tion by Gram-positive, Gram-negative, and fungal microorgan-
isms and it is not present in patients seriously ill without detect-
able infection. Tolerance to endotoxin is not related to loss of
the CD14 endotoxin receptor nor is it the result of a global
reduction in functional responses of PMN. Since PMNcan
injure tissue by their ability to synthesize potentially autotoxic
cytokines, such as IL- 1 and TNFa, and to produce toxic oxy-
gen species, it is possible that tolerance to endotoxin (by sup-
pressing cytokine synthesis), enhanced expression of IL- 1 R2
and TNFa R (possibly by enhancing removal of these cyto-
kines from circulation), and downregulation of specific compo-
nents of the respiratory burst enzyme NADPHoxidase (by
reducing toxic oxygen species) are attempts by the host to pro-
tect itself against the adverse effects of disseminated intravascu-
lar inflammation.
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