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Abstract

Expression of IL-la and ft genes was studied in human blood
PMNwith close monitoring of the effects of contaminating
mononuclear leukocytes (MNL). Weprovide evidence that
PMNboth transcribe and translate IL-la and ft genes after
stimulation with LPS or IL-la. A combination of mouse thy-
mocyte comitogen proliferation assay, ELISA, and immunocy-
tochemistry was required to establish that IL-la and ft synthe-
sis observed in preparations of PMNcould not be accounted for
by the low level of contaminating MNL. Synthesis of IL-l in
PMNexceeded that of IL-la, but little or no IL-1a was re-
leased by PMN.

Although increases in IL-1 mRNAafter stimulation of
PMNand MNLwith LPS were similar, PMNwere less effi-
cient than MNLin translating IL-1 mRNA. In contrast, PMN
and MNLIL-ia and P mRNAswere translated with equal
efficiency in rabbit reticulocyte lysates, suggesting that synthe-
sis of IL-1 in PMNis subject to some form of translational
control.

Weconclude that PMNstimulated with LPS efficiently
transcribe but inefficiently translate IL-1 genes relative to
MNL. IL-1, transcription and translation predominates over
that of IL-la, and IL-1# is the predominant IL-1 protein re-
leased by PMN. IL-1 can induce its own synthesis in PMN. (J.
Clin. Invest. 1991. 87:1312-1321.) Key words: neutrophils.
endotoxin - mononuclear leukocytes

Introduction

Interleukin 1 a and ,3 are 17-kD proteins coded by separate
genes. The proteins, which are synthesized by a variety of cell
types including activated macrophages (1), keratinocytes (2),
stimulated B lymphocytes (3), and fibroblasts (4), are potent
mediators of inflammation and immunity (reviewed in 2, 5).
Effects of IL- I during the inflammatory process include produc-
tion and release of prostaglandins and collagenase by fibro-
blasts and synovial cells, induction of fever, and production
and release of acute-phase reactants in hepatocytes (2). The
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cloning and expression of the human IL- 1 a and : genes (1)
make it possible to determine other cell types that may produce
IL- 1 and play a role in the inflammatory process.

Polymorphonuclear neutrophilic leukocytes are funda-
mental participants in acute inflammation. They have often
been characterized as terminally differentiated cells with insig-
nificant RNAor protein synthesis, consistent with their limited
quantity of ribosomes and endoplasmic reticulum (6, 7). Re-
cent reports advocate that PMNare capable of RNAand pro-
tein synthesis and that gene products of PMNmay contribute
to the inflammatory process. For example, an increase in fibro-
nectin RNAand protein occurred in synovial PMNprepara-
tions obtained from patients with inflammatory joint disorders
as compared with peripheral blood PMNfrom the same pa-
tients (8, 9). It has also been reported that preparations of blood
PMNsynthesize other mRNAand proteins important in in-
flammation including plasminogen activator (10), elastase
(1 1), heat shock proteins (12), actin, CR1, FcR, CR3 a-chain,
MHCclass 1 antigen (13), tumor necrosis factor (TNF) a',
granulocyte-colony-stimulating factor (G-CSF), and macro-
phage-colony-stimulating factor (M-CSF) (14).

Since Bennett and Beeson originally reported that PMN
were the source of endogenous pyrogen (15), the notion that
PMNsynthesize endogenous pyrogens such as IL-1 has been
controversial. Several reports suggest that PMNmay synthe-
size and release the endogenous pyrogen IL-1. Tiku et al. re-
ported that human blood PMNreleased bioactive IL-1 (16,
17). Goto et al. ( 18) demonstrated that preparations of mouse
and rabbit PMNproduced an IL-1-like protein when stimu-
lated with kaolin. Lindemann et al. observed that human blood
PMNstimulated with GM-CSFexpressed IL- 1 a and 3 mRNA
and secreted IL- 1-like bioactivity into the culture media (19).
Although these studies provided provocative information, the
possibility that even a minor contamination with mononuclear
leukocyte (MNL) cells might account for the results precluded
a definite conclusion that PMNexpress IL- 1 genes.

Wereport here a study of IL- 1 a and ,B gene expression in
human blood PMNin which we closely monitored the effects
of contaminating MNL. Weprovide evidence that PMNboth
transcribe and translate IL- 1 a and ,3 genes after stimulation
with LPS. Also, IL- 1 stimulates its own synthesis in PMN.
Transcription of IL- 1 a and p mRNAis similar in PMNand
MNL. However, PMNtranslation of mRNAin whole cells is
less efficient than that of MNL. In contrast, both PMNand
MNLmRNAswere translated with equal efficiency in an in
vitro rabbit reticulocyte lysate protein synthesis system.

1. Abbreviations used in this paper: MNL, mononuclear leukocytes;
PCR, polymerase chain reaction; TNF-a, tumor necrosis factor a;
rhIL-l, recombinant human IL-I (a or f3); rmIL-la, recombinant
mouse IL-la.
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Methods

PMNisolation. Heparinized venous blood from adult volunteers was

mixed 1:1 with 3%Dextran T500 (Pharmacia Fine Chemicals, Piscata-
way, NJ) at 220C for red cell sedimentation. The leukocyte-rich plasma
then was removed and centrifuged. Cells were resuspended in HBSS
and centrifuged through Isolymph (Gallard-Schlesinger Chemical Mfg.
Corp., Carle Place, NY) to separate MNLand PMN. After isolymph
centrifugation, preparations containing PMN(henceforth referred to a

PMNp) and erythrocytes were pelleted. Contaminating erythrocytes
were removed from PMNpby hypotonic lysis. Isolated PMNpwere

99% granulocytes (1-3% eosinophils, 97-99% neutrophils), and 1-2%
MNLas determined by a modified Wright's stain. Monocytes were

uniformly present at < I%, as measured by nonspecific esterase stain.
MNLremoved from the interface of the Isolymph and HBSSwere

routinely 30-40% monocytes and 60-70% lymphocytes as determined
by a modified Wright's stain or nonspecific esterase stain. At times
monocytes were further separated by adherence to plastic for 12 h in
RPMI 1640 media with 10% FCS.

Culture conditions. PMNpor MNL(3 X 106 cells/ml unless indi-
cated) were suspended in sterile polypropylene tubes or tissue culture
dishes with RPMI 1640 media with L-glutamine, 10% low endotoxin
FCS, and 50 Mg/ml gentamicin. Cell suspensions were incubated with
or without 10 ug/ml Escherichia coli lipopolysaccharide (0111:B4;
Sigma Chemical Co., St. Louis, MO) for various times (0-18 h) at 370C
in 5% CO2 incubator. Other stimuli employed were recombinant
mouse IL- I a (Hoffmann LaRoche, Inc., Nutley, NJ), recombinant hu-
man (rH)-IL-la and (Immunex Corp., Seattle, WA), and recombi-
nant human TNFa (Chiron Corp., Emeryville, CA). Viability was de-
termined at each time point by trypan blue exclusion and was routinely
> 90% for up to 18 h. Controls to which no LPS had been added con-

tained < 50 pg/mI of LPS as determined by the limulus lysate assay.
RNAisolation. Total cellular RNAwas isolated by guanidine thiocy-

anate: ethanol precipitation as described (20). Briefly, PMNpor MNL
were centrifuged at various times and the cell pellet lysed in 4 Mguani-
dine thiocyanate buffer (4 Mguanidine thiocyanate, 50 mMTris, pH
7.6, 10 mMEDTA, 2%Sarkosyl, and 0.1 M2-mercaptoethanol). The
cells were then disrupted using a Polytron (Brinkmann Instruments,
Inc., Westbury, NY), and the RNAprecipitated using 0.63 vol of 100%
ethanol. Precipitated RNAwas separated by centrifugation at 17,000 g
for 30 min at -I 0°C. The RNApellet was resuspended in 4 Mguani-
dine thiocyanate buffer and again precipitated with 0.5 vol of 100%
ethanol. The precipitated RNAwas again centrifuged and the pellet
resuspended in 100 mMNaCl, 50 mMTris, pH 9.0, 10 mMEDTA,
and 0.5% SDS. The RNAwas then extracted twice in phenol, twice in
chloroform:isoamyl alcohol, and then precipitated in ethanol. Rou-
tinely, 100-200 Mg of total RNAwas isolated from I x 109 PMNpand
200-400 Ag of total RNAwas isolated from I x 109 MNL.

Northern blot analysis. Between 10 and 15 Mg of total RNAwere

electrophoresed through 1% agarose, 6.6% formaldehyde gels in I
x 3-(4-morpholino)propane sulfonic acid (MOPS) buffer (0.02 M
MOPS,5 mMsodium acetate, and I mMEDTA(21), and electroblot-
ted onto Nytran (Schleicher and Schuell, Keene, NH) as described by
the manufacturer. Equal amounts of RNAwere loaded onto the gels as

determined by ethidium bromide staining of the gel before and after
transfer. After transfer, Nytran filters were baked at 80°C in a vacuum
oven for 2 h.

The plasmids containing human IL-la cDNA (pHIL No. 7) or

human IL-lI, cDNA (pHIL No. 11) (kindly supplied by Peter Lome-
dico, Hoffmann-LaRoche, Nutley, NJ) were labeled by nick-transla-
tion with [a-32PJdCTP (3,000 Ci/mmol, New England Nuclear, Bos-
ton, MA) to a sp act of I X I0 cpm/Mg DNA. Nytran filters were

hybridized as described by Schibler et al. (22). Filters were wet in 2
X SSC (I X SSCcontains 0.15 MNaCl, 0.015 Msodium citrate) and
prehybridized for 2-3 h at 42°C in 50% formamide, 5 X SSC, 50 mM
NaPO4pH 6.5, 50 Mg/ml heparin, and 0.1% SDS. After prehybridiza-
tion, filters were maintained for 24 h at 42°C in fresh prehybridization
solution containing 1-3 x 106 cpm/ml of denatured nick-translated

32P-labeled cDNA probe. Filters were washed twice in 2 X SSC, 0.2%
SDSfor 15 min at room temperature and then once in 0.2 x SSC, 0.2%
SDSfor 15 min at 570C. Autoradiography of hybridized Nytran mem-
branes was done at -70'C using XAR-5 film (Eastman Kodak Co.,
Rochester, NY) and Duplex Cronex Lightning Plus intensifying
screens (EA, Wilmington, DE). For quantitative analysis, Nytran
membranes were exposed to preflashed Kodak XAR-5 film and autora-
diographs scanned using a laser densitometer (Ultroscan XL; LKB In-
struments, Inc., Bromma, Sweden) (23).

First strand synthesis. First strand DNAwas synthesized by dissolv-
ing 2 .g of total RNAin DEPC-treated H20, 0.1 Mg/ml BSA(Promega
Biotec, Madison, WI), I x HRTbuffer (Bethesda Research Laborato-
ries, Gaithersburg, MD), 0.5 mMdNTP (Pharmacia), 20 U RNasin
(Promega), 0.01 ng/ml olido (dT)15 primer (Promega), 100 UM-MLV
reverse transcriptase (Bethesda Research Laboratories) with a final vol
of 10 ul. The reaction was incubated for 1 h at 370C followed by 10 min
at 750C.

Polymerase chain reaction (PCR). The 10-Mu first strand cDNA
mixture was combined with 4 Ml 10 X PCRreaction buffer (buffer
conditions determined by Mary Sorci-Thomas, Wake Forest Univer-
sity, Winston-Salem, NC) containing: 670 mMTris pH 8.8, 160 mM
(NH4)2 S04, 67 mMM9Cl2, 100 mM2-mercaptoethanol, 67 4M
EDTA. 5' and 3' primers for IL- 1I were obtained from Clonetech Labo-
ratories, Palo Alto, CA. They consisted of 5'-ATGGCAGAAGTACC-
TAAGCTCand 3'-TTAGGAAGACACAAATTGCATGGTGAACT-
CAGT. Each IL- lI , primer was added to give a final concentration of 1
mMalong with 50 ,M dNTP and 2.5 U of Thermus aquaticus DNA
Polymerase (Perkin-Elmer, Norwalk, CT) with a final vol of 50 Ml. The
PCRamplification was carried out in a Perkin-Elmer thermal cycler set
for 45 cycles. The PCRtemperatures used were: 940C for denaturing;
50°C for annealing; 720C for primer extension. The PCRproducts
were ethanol precipitated and electrophoresed in a 1.5% agarose gel
and diffusion blotted to Nytran.

Southern blot analysis. A 23-bp IL-1,B oligonucleotide (a gift from
S. Kunkel, University of Michigan, Ann Arbor, MI) contained within
the PCRfragment was end labeled as described (24). PCRfilters were
prehybridized and hybridized at 50°C in 6 X SSC, 1 X Denhardts, 100
Mg/ml salmon sperm DNA, 100 Mug/mI heparin, 0.1% nonfat dry milk
for 24 h. Hybridization conditions contained 2 x 106 cpm/ml end-la-
beled oligonucleotide. Filters were washed twice in 2 X SSC, 0.1% SDS
at room temperature. Autoradiographs were produced and analyzed as
described in Northern blot analysis.

Biological assay for IL-I. Suspensions of PMNpor MNLwere in-
cubated as described under culture conditions. At various times, the
media were harvested and centrifuged to remove cell debris. The media
supernatant was then filter sterilized and assayed for IL- I activity using
the C3H/HeJ mouse thymocyte comitogen proliferation assay (25).

ELISA assayfor IL-la and fl. IL- l a and IL-lIl immunoreactivities
were measured with commercially available assay kits. The IL- l a assay
(Endogen, Inc., Boston, MA) had a sensitivity of 75 pg; the IL- If, assay
(Cistron Technologies, Pine Brook, NJ) had a sensitivity of 25 pg.
These assays do not cross-react significantly with other known cyto-
kines.

Immunocytochemistry. Immunocytochemistry was performed es-
sentially as described by Chensue et al. (26). Briefly, PMNor MNL(3
x 106 cells/ml) were plated on Lab-Tek 8 chambered slides (American
Scientific Products Div., American Hospital Supply Corp., McGraw
Park, IL) and incubated with or without 10 Mg/ml of E. coli 01 11 :B4
LPS for 1 h at 37°C in a 5%CO2 incubator. The PMNwere then fixed
with 4%paraformaldehyde in PBS for 5 min. The fixed cells could be
stored in PBS at 4°C for up to one week. In some experiments PMN
were treated with 20 Mg/ml of cycloheximide for I h before stimulation
with LPS.

For staining, the slides were treated with 50% methanol and 3%
hydrogen peroxide for 10 min then washed three times with PBS. A
1:50 dilution of normal rabbit serum was added for 15 min at 37°C, the
slides were decanted and treated for 15 min at 37°C with a 1:1,000
dilution of goat anti-human IL- I a or j# or the same dilution of nonim-
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mune goat serum. Preparations were then rinsed three times with PBS
and incubated for 10 min at 370C with a 1:200 dilution of biotinylated
rabbit anti-goat IgG (Vector Laboratories, Inc., Burlingame, CA).
After washing three times with PBS, the slides were treated with a
1:1,000 dilution of peroxidase-labeled streptavidin (Sigma) at a stock
concentration of 0.1 mg/ml in PBSwith 1%BSA. The slides were then
incubated for 15 min and washed three times with PBS. Cells were then
overlaid with 100 ,l of equal vol of 3-amino-9-ethylcarbazole 40 mg/
ml in NN-dimethylformamide, (Sigma) (40 mg/ml in NN-dimethyl-
formamide), 3%hydrogen peroxide in 0.1 Msodium acetate, and incu-
bated at 370C for 5 min. Preparations were then washed and counter-
stained with Mayer's hematoxylin solution (Sigma) and Biomedic
crystal mount (Fisher Scientific Co., Allied Corp., Pittsburgh, PA).

In vitro translation of RNA in rabbit reticulocyte lysates. In vitro
translation of PMNpor MNLwas done using an in vitro translation kit
(NEK-001; New England Nuclear). For the assay, 5 gg of total RNA
from PMNpor MNL, 10 td of rabbit reticulocyte lysate, 8 td of in vitro
translation cocktail mix, and 50 MtCi of [35S]methionine (800 Ci/mmol)
were incubated at 370C for 1 h. The translations were terminated either
by the addition of sample buffer for SDS-polyacrylamide gel or by the
addition of immunoprecipitation buffer. Those samples that were di-
luted with immunoprecipitation buffer were then immunoprecipitated
with anti-human IL- l a or 13 antisera and analyzed on SDS-polyacryl-
amide gels.

Results

IL-a and IL-J-,8 mRNAsynthesis by LPS-stimulated PMNp.
To determine levels of IL- l a or 13 mRNAin PMNp, total RNA
isolated from PMNpincubated with or without 10 ,g/ml LPS
for various times was analyzed by Northern blot hybridiza-
tions. Fig. I is a representative autoradiograph of three such
time course experiments in which panels A and B were probed
with 32P-labeled IL- I a or 13 cDNA. There was no IL- I a mRNA
detected in PMNpin the basal state (panel A, lane 1) and IL- I a
mRNAwas not seen in PMNpafter a 2-3 h incubation with
LPS (panel A, lanes 2 and 3). However, the 2.2-kb IL-la
mRNAwas observed in PMNpafter 4 h stimulation with LPS
and it became most abundant after 9 h LPS stimulation (panel
A, lanes 4 and 5). PMNp, although 90% viable, had no detect-
able IL- I a mRNAafter stimulation with LPS for 18 h (panel A,
lane 6).

IL-1(8 mRNAwas also detected in LPS-stimulated PMNp
and it was present at higher levels than IL- I a mRNA(panel B,
lanes 2-6). IL- 1I mRNAwas not detected in unstimulated
cells and levels peaked between 4 and 9 h after stimulation
with LPS.

Since MNL(including monocytes and lymphocytes) are
also capable of transcribing the IL- 1 genes when stimulated (1),
we wished to eliminate the possibility that MNLcontamina-
tion might be responsible for the IL- 1 a and 13 mRNAsignal
observed with PMNp. As previously indicated, our PMNp
preparations were routinely contaminated with - 1% MNL.
Thus, total RNAfrom suspensions of MNLthat were equiva-
lent to either 10%, 5%, 2.5%, or 1% of the total cell number of
PMNwas probed after 9 h with IL- 1 a or 13 cDNA. MNLstimu-
lated with LPS for 9 h had no detectable IL- 1 a mRNAat any
cell concentration used, and PMNIL-113 mRNAlevels were
eight times higher than the IL- 113 mRNAobserved at the equiv-
alent 10% MNLcontamination (data not shown). To further
compare PMNpand MNLwe performed PCR on equal
amounts of RNAisolated from control PMNpand MNL, and
PMNpand MNLstimulated by LPS. One experiment was per-
formed after 3 h of LPS stimulation, and another at 6 h. As
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Figure 1. Northern blot analysis of IL- la and IL-1I RNAproduction
in PMNp. 15 ,ug of total RNAfrom PMNpstimulated for 0 (lane 1),
2 (lane 2), 3 (lane 3), 4 (lane 4), 9 (lane 5), or 18 h (lane 6) with 10
gg/ml of LPS were electrophoresed on formaldehyde gels, blotted,
and probed with 32P-labeled IL-la cDNA (A) or IL-1,8 cDNA (B).

shown in Fig. 2, levels of IL- 11 mRNAin MNLwere some-
what greater (2.4 times as determined by scanning) than PMN
when stimulated with LPS for 3 h; no appreciable differences
between PMNpand MNLwere seen at 6 h, and no mRNAwas
detected by PCRin unstimulated PMNpor MNL.

Monocytes enriched by adhesion to plastic and then stimu-
lated with LPS for 9 h were also examined by Northern blot
hybridizations. Even at the equivalent of 10% monocyte con-
tamination, no IL- l a and a faint signal of1 mRNAwere detect-
able for up to 9 h (data not shown).

Thus, PMNpwere capable of expressing both IL- 1 a and 13
mRNAand the IL- 1 mRNAwas not due to MNLcontamina-
tion. The enhancement of IL- I mRNAsin PMNpby LPS was
not a generalized effect since we have found c-ras mRNAis
constitutively expressed in PMNp, but levels of c-ras mRNA
do not increase in PMNpafter stimulation with LPS (Lord,
P. C. W., L. M. G. Wilmoth, and C. McCall, unpublished ob-
servations).

Synthesis and secretion of IL-l a and 13 proteins. Although
both IL- I a and 13 mRNAincreased in LPS-stimulated PMNp,
it was necessary to determine if PMNpcould efficiently trans-
late the mRNA. Initially, cell-free supernatants from unstimu-
lated PMNpor PMNpstimulated with LPS were tested in the
mouse thymocyte comitogen proliferation assay to measure
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tide probe as described in Methods. Results from twc
are shown: one performed at 0 time and 3 h (A) and ti
time and 6 h (B).

released or secreted IL-I-like activity. Fig. 3 show.
incubated without LPS for up to 18 h had little orn
IL-I bioactivity in the extracellular media. In c(
activity appeared in the media of PMNpstimulat
by 8 h and it continued to increase over an 18-1
with LPS. IL- I a and /3 antisera were employed in a
inhibit thymocyte proliferation induced by PMNp
(Table I). IL-I/3 antisera inhibited bioactivity t
1:500 and 1:100 dilutions of antibody; IL-Ia a
blocked 50%proliferation at 1: 100 dilution of anti
data suggested that LPS-stimulated PMNphad pre
released IL- 1/3, and little or no IL-la. This obse
subsequently confirmed by ELISA studies of the rn
munoreactive IL- 1 a and /3.

Wethen determined if the equivalent of 1%coI
of MNLcould account for the release of total IL- ]
in PMNp. Fourfold dilutions of supernatants I

Figure 3. IL- I bioactivity in culture media from PMNpas measured
by mouse thymocyte comitogen proliferation. PMNpwere incubated
with (x) or without (o) 10 ug/ml LPS for various times. Culture
media were removed and IL- I activity measured by increased [3H]thy-
midine uptake by thymocytes of the C3H/He2 strain of mice.

PMNp, or the equivalent contamination with MNL, were in-
cubated for 18 h with LPS and tested for their ability to induce
thymocyte proliferation. As seen in Table II, stimulating activ-
ity of cell-free supernatant from 3 X I04 MNLwas only slightly
less than that of 3 X 106 PMNp. The thymocyte comitogen
stimulation by MNLsupernatants could be inhibited by IL- I#3
antisera, but not IL- 1 a antisera (data not shown). Thus, we
could not exclude from these experiments that as little as 1%
MNLcontamination could have accounted for the total IL- 1
bioactivity released by the PMNp, or that an inhibitor of IL- 1
had been released by PMNp.

Since our experiments using bioactivity did not prove that
h PMNphaving translated IL- 1 a and fl mRNAcould release

6, "6mature" IL- 1, we quantified by ELISA assays IL- I a or fl im-
munoreactivity that was released by cells and that which re-

IL stimulated mained cell associated. In these experiments shown in Fig. 4,
{L were used we used the equivalent of 1%MNLcontamination to compare
oligonucleo- MNLwith PMNp. In some experiments we used up to 10%
Dexperiments MNL(not shown). IL-I,8 immunoreactivity was observed in
he other at 0 both supernatants and lysates of PMNpby 4-8 h and levels

peaked by 8-18 h. In contrast to IL-1/3, measurable levels of
IL-i a activity were detected only in cell lysates after 10-18 h,
and the quantity of cell-associated IL- I a measured was much

s that PMNp less than that of IL- 1I3. It was clear that MNLcould not ac-
no detectable count for the total synthesis of IL- 1 a or /f observed in PMNp,
ontrast, IL- 1 although MNLwere more efficient (about seven times) than
Led with LPS PMNpin synthesizing IL- 1.
h incubation
in attempt to
supernatant Table L Effect of IL-I a or / Antisera on the Mouse Thymocyte

by > 80% at Proliferating Capacity of Supernatant from PMNp(3 X 106
ntisera only cells/ml) Stimulated with 10 tLg/ml E. coli LPSfor 18 h*
body. These
,dominantly
rvation was
elease of im-

ntamination
I bioactivity
from either

IL- I a antibody IL- I antibody

No antisera 1:500 1:100 1:500 1:100

48±9 52±14 29 9±1 6±7

* Expressed in triplicate as mean cpm x 103+SD of [3H]thymidine
from three experiments, each performed.

Interleukin-1 Gene Expression in Polymorphonuclear Neutrophils 1315

A
PMN MNL



Table II. Comparison of IL-I Bioactivity in Culture Media
from PMNpand MNLStimulated with LPSfor 18 h*

Dilutions of
culture media PMNp MNL

3 x 106 cells/ml 3 x 10' cells/ml

1:4 88±7 40±6
1:16 47±1 40±.3
1:64 21±2 17±.9
1:256 13 10

* Expressed as mean cpm X 103+SD (n = 3) of [3H]thymidine incor-
porated into C3H/HeJ mouse thymocytes.

Wenext determined whether IL- I could stimulate its own
synthesis in PMNp. Fig. 5 shows the effects of LPSand recombi-
nant mouse (rmIL)-1 a on synthesis of IL- 1I . The rmIL- l a at a
concentration of 100 U/ml stimulated production of IL- 1I1 al-
though less efficiently than LPS at 10 ug/ml. The values shown
in the figure represent total IL-1,8 (both supernatant and cell
lysate values). These experiments also showed that 10 ,Ag/ml of
actinomycin D blocked IL- 13 synthesis in response to LPS,
confirming that IL- 1 synthesis was under transcriptional con-
trol. Although we routinely used 10 ug/ml of LPS in our
various assays, we determined by IL- 13 ELISA that concentra-
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tions of LPS as low as 1-10 ng/ml were effective in stimulating
IL- 1# synthesis in PMNp(data not shown).

Identification of cell-associated IL-l a and 1 by immunocy-
tochemistry. Immunocytochemistry proved to be a highly sen-
sitive technique for detecting IL-l a or 13 in specific cell types.
Fig. 6, B and C, shows positive immunoperoxidase staining for
IL- l a or IL- 13 in PMNstimulated with 10 ug/ml of LPS for 1
h; virtually 100% of the PMNwere positive. Panel A is a preim-
mune serum control. Using this technique it was also found
that rmIL- I a induced synthesis of IL-1 # in PMN(not shown).
Monocytes were also positive for IL-I a or 13, but only a rare
lymphocyte stained positive for IL- l a or 1 (not shown). Also,
we noted that eosinophils stained falsely positive for IL-I in
control preparations, probably reflecting inefficient inactiva-
tion of eosinophil myeloperoxidase by the 3%H202 used in the
prestaining step of the assay. The finding that cells (both PMN
and monocytes) stained positive for IL- 1 a or 13 by 60 min of
LPS stimulation was a consistent and reproducible finding. Al-
though immunocytochemistry was a sensitive way to demon-
strate IL- 1 a and 13 in specific cells, we could not quantify differ-
ences between IL-la or 13 levels in PMNand MNLby this
technique. It is interesting that the process of cell adherence (in
the absence of LPS) resulted in positive staining of both PMN
and monocytes (not shown). Induction of IL- 1 synthesis after
adherence also has been reported for blood monocytes (27).

Weconsidered the possibility that the IL- l a and 13 observed
in PMNby immunocytochemistry might represent IL- 1 that
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Figure 4. Released or cell-associated IL-la or 13 immunoreactivity from PMNpor MNLstimulated with 10 sg/ml LPS as determined by ELISA.
(A) IL-l a from cell lysates. (B) IL-la released from cells. (C) IL-I # from cell lysates. (D) IL-1IS released from cells. The values in pg/ml for
PMNp(-) are from 9 x 106/cells/ml; the values from MNL(A) are from 9 x I04 cells/ml (.) shows unstimulated PMNp. Note that for clarity
the scales for IL-la differ from IL-11 .
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was internalized by PMNafter its synthesis and release by con-
taminating MNL. Wehave reported that human PMNcontain
receptors for IL- I and that cell-associated IL- 1 a is rapidly inter-
nalized (T112 = 30 min) (28). Internalization of IL- 1# would be
more likely than that of IL-i a, since little or no IL-l a was
released by PMNp. To evaluate internalization of IL-1, we
used the observation that a 1% contamination of MNLcan
release - 200 pg of IL-1f1 per 9 X 104 cells. PMNpwere pre-
treated with cycloheximide (20 sg/ml) for 60 min to inhibit
protein synthesis, and then the cells were incubated for another
60 min in the presence of 10'-106 pg of recombinant human
(rh) IL- I a (an insufficient quantity of rhIL- 1I was available for
these experiments). Although PMNpthat were incubated with
> l05 pg of rIL-la stained positive for IL-la, the preparations
incubated with 10'-104 pg of IL-la were negative (not shown).
This added support to the notion that the IL-I observed in
PMNwas not internalized. Also, we incubated PMNpwith a
concentration of rmIL- 1 a (which does not cross-react with
anti-human IL- 1 a antibody) which should effectively downre-
gulate IL- 1 receptors on PMNand thereby prevent exogenous
IL- 1I3 from being internalized induced. Such cells stained posi-
tive for IL- 1,B suggesting that IL- 113 had been synthesized rather
than internalized (not shown).

In vitro translation of IL-I mRNAin PMNpand MNL.
Although PMNpsynthesized and released IL-113 and synthe-
sized but did not clearly release IL-la, they were considerably
less efficient in protein synthesis than MNL. Thus, we com-
pared translation of PMNpand MNLmRNAsin an in vitro
assay. Total RNAwas isolated from cells that had been stimu-
lated for 9 h with LPS. An equal amount of PMNpor MNL
RNAwas then incubated in a rabbit reticulocyte in vitro trans-
lation system and protein products analyzed on polyacryl-
amide gels (Fig. 7). Lanes 1 and 2 show negative and positive
controls, respectively. Lanes 3 and 4 demonstrate the total in
vitro translated proteins from 5 ug of MNLor PMNpRNA.
Lanes 5-8 and 9-12 are immunoprecipitations of IL- 1 from 5
gg of MNLor PMNpRNA, respectively. The proteins trans-
lated by MNLincluded the 31 -33-kD precursor IL- I a and p as
shown by competition of the immunoprecipitation of either
IL- 1 a (lane 6) or IL- 113 (lane 8). The in vitro translated prod-
ucts of PMNpalso included precursor IL-la (lane 9) and 1

Figure 5. Synthesis and release of IL-l1# immunore-
activity (ELISA) by PMNpstimulated with rmIL- la
(100 U/ml) for 18 h. LPS stimulation (10 ,g/ml) is
included for comparison. Also shown is the effect of
10 tg/ml of actinomycin Don synthesis of IL-I3 by
PMNpstimulated with 10 ug/ml LPS. Values are total
synthesis (supernatant and lysate) and represent
mean±SE of n = 4 for IL-I and LPS and LPS plus
actinomycin D.

(lane 11), each of which was competed by the addition of unla-
beled rIL-la (lane IO) or 13 (lane 12). The IL-11I precursor was
significantly elevated over that of IL- 1 a in both cell groups,
confirming our Northern analysis and ELISA results that sug-
gested that transcription of IL- 11 mRNAexceeds that of IL- I a
mRNA. Thus, there were no major differences between
mRNAof PMNpor MNLin translating IL- l a or 13 mRNAin
vitro.

Discussion

The findings of this study clearly indicate that human blood
PMNexpress IL- I a and 13 genes. PMNpexhibited increases in
IL-i a and 1 mRNAin response to stimulation with LPS (Fig.
1). These increases could not be accounted for by the 1-2%
MNLcontamination, and the capacity of MNLand PMNpto
increase IL- 11 mRNAin response to LPS was only slightly
greater in MNL(Fig. 2). IL-i a mRNAwas not detected in
unstimulated PMNpor PMNpstimulated with LPS for 2-3 h
but was observed at low levels at 4 h and was most abundant
after 9 h. In contrast, LPS-induced elevations in IL- 113 mRNA
were more abundant than IL- I-a mRNAat all time points, as
reported for IL-1 3 mRNAsin monocytes (2, 5).

Our study of the release of IL-I bioactivity did not com-
pletely eliminate the possibility that MNLand not PMNwere
synthesizing and releasing the bioactive IL- I (Table II). How-
ever, the experiments using ELISA to quantitate released or
cell-associated IL-ia or 13 in PMNpand MNLconvincingly
quantified differences between IL-1 synthesis and release by
the different cell types (Fig. 4). By this analysis, it appeared that
MNLwere about seven times more efficient than PMNpin
synthesis of IL- 113. Both cell-associated and released IL- 11 were
observed in PMNp, whereas IL-I a was predominantly if not
exclusively cell associated. Similar differences were seen in
MNL, as has been previously reported in human mono-
cytes (29).

Final proof of IL- I synthesis by PMNwas provided by im-
munocytochemical analysis that was very sensitive in identify-
ing IL-i a and 13 in individual PMNand monocytes. Virtually
100% of PMNwere positive for IL-i a or 13 after stimulation
with LPS for I h (Fig. 6). It was likely that PMNhad synthe-
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Figure 6. Immunocytochemical staining of IL- l a or ,B in PMN. PMNpwere stimulated for 60 min with 10 pg/ml LPS and prepared as described
in Methods. A represents a zero time control PMNpusing preimmune serum. B shows IL- l a staining, and CIL- l , staining in PMN.
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Figure 6 (Continued)

sized rather than internalized the cell-associated, immunoreac-
tive IL-I since little or no IL-la was released by PMNpor
MNLand PMNstained strongly positive for IL- I a. Also, puta-
tive downregulation of the IL- I receptor by rmIL- 1 a did not
significantly alter the staining pattern of PMNfor IL-l(, sug-
gesting that IL- 13 had not been internalized and that receptor-
mediated responses to rmIL-la induced IL- 1(3 synthesis. The
ELISA results of stimulation of IL- 1(3 synthesis by rmIL- 1 a
supported this notion. The early appearance of IL- 1 by cyto-
chemical analysis differed from our other analyses, a finding
that we cannot explain. It might simply reflect sensitivity of the
assay. Another possibility is that adherence of cells and stimula-
tion by LPS are synergistic for IL- 1 synthesis.

The observation that IL- l can stimulate production of IL- l
in PMNis interesting. Such has been reported in human mono-
cytes (30). While the manuscript was being reviewed Marucha
et al. (3 1) reported their findings of IL- l# synthesis in human
PMNinduced by IL- 1 a.

This induction of IL-l1# by IL- 1 in PMNis the first func-
tional response after receptor-binding of IL- 1 in PMNthat we
have detected. For example, we (28) and others (32) have not
found that IL- 1 receptor-linked stimulation of PMNby rhIL-
1 a or rmIL- I a induces chemotaxis, a respiratory burst, or de-
granulation. However, there are reports that IL- 1 is a weak
stimulus for the respiratory burst and degranulation of human
PMN(33, 34). Wehave also found that PMNstimulated with
rhIL- 1 a do not produce PGE2, or elevate intracellular calcium
(unpublished observations). An attractive concept is that regu-
lation of gene expression in PMNcan occur without inducing
the production and release of potential autotoxins such as pro-
teases and 02-derived moieties; such could be advantageous in

inflammation. In support of this notion are our observations
that radiolabeled IL- 1 a internalizes and may translocate to the
nucleus in PMNfollowing receptor-mediated binding (28).

A surprising and novel observation was that while intact
PMNwere efficient at transcribing mRNAfor IL- l a and # they
were inefficient in translating these messages when compared
with intact MNL. In contrast, PMNand MNLIL- l (and other)
mRNAswere translated with equal efficiency in reticulocyte
lysates (Fig. 7). The reason for the relative deficiency in transla-
tion of IL- 1 a and (3 mRNAby PMNis not known. One possibil-
ity is that PMNmight require more than one stimulus or trans-
ductional signal to effectively translate IL- l mRNAs. Such has
been reported in macrophages (35) where thioglycollate-elic-
ited peritoneal macrophages contained a pool of TNFamRNA
that was not efficiently translated until the cells were stimu-
lated with LPS. Posttranscriptional control of IL- 13 synthesis
also occurs in fibroblasts (35). However, we have not found
that PMNstimulated with LPS plus other agonists such as
phorbol myristate acetate, the chemotactic peptide N-formyl-
methionyl-leucine, or the calcium ionophore A23187 signifi-
cantly increase synthesis of IL- 1 a or ( (unpublished observa-
tions). Another possibility is that PMNcontain a specific inhibi-
tor of translation of IL-I mRNAs, or that PMNhave a
generalized deficiency in translating their mRNA. The latter
notion is supported by observations of Jack and Fearon who
found that PMNwere less efficient than monocytes in synthe-
sizing complement receptor CR- 1 protein (1 3). PMNhave rela-
tively few ribosomes and endoplasmic reticulum (6), and they
contain less total RNAthan monocytes or MNL(our observa-
tions and 14). The low number of ribosomes in PMNmight
limit the rate of total synthesis of protein by PMN, depending
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M.W. Figure 7. In vitro translation of RNAfrom113 1 2 3 4 5 6 7 8 9 10 11 12 PMNpor MNL. 5 ug of total PMNpor MNL
_10I12 3 4 5 6 7 8 9 10 11 12 RNAfrom LPS-stimulated PMNpor MNL

96- were incubated in a rabbit reticulocyte in vitro

69_ _ he translation system and subsequently electro-
_, s phoresed on 12.5% SDS-polyacrylamide gel or

immunoprecipitated with either IL-la or (3 anti-
sera, with and without the addition of unlabeled

_ 83_̂ ifIL-Ia or /3 protein, respectively. Lane 1, no
- -- ~ (-YeRNAadded to in vitro translation system; lane

3~. ....ailFj :z2, yeast mRNAasa positive control. Lane 3, 5
*i-W _n_ CAL, X:4gof MNLRNA; lane 4, 5 jug of PMNpRNA.

Lanes 5-8, immunoprecipitation of a sample
identical to lane 3 divided into two samples. (A) without the addition of unlabeled IL- l a protein (lane 5) or with the addition of unlabeled IL- l a
protein (lane 6); (B) without the addition of unlabeled IL-/3 (lane 7) or with the addition of IL- I/ protein (lane 8). Lanes 9-12, immunoprecipi-
tation of a sample identical to lane 4 divided into two samples and immunoprecipitated (A) without the addition of unlabeled IL- I a protein (lane
9) or with the addition of unlabeled IL-Ia protein (lane 1O), or (B) without the addition of unlabeled IL-1,8 protein (lane I1) or with the
addition of unlabeled IL-/I protein (lane 12). Sizes of proteins were determined based on their migration relative to protein standards of known
molecular weights (M. W.).

on the quantity of various mRNAs. Despite the observation
that PMNare less efficient at synthesizing IL-1 than MNL,
synthesis of IL- 1 by PMNcould play an important role in in-
flammation when such cells are present in blood and tissue in
high numbers.

In summary, a multifaceted approach was used to evaluate
expression of IL- 1 a and / genes in human blood PMNstimu-
lated with LPS. Weconclude that: (a) PMNcan transcribe and
translate IL-l1a and /3 genes; (b) PMNstimulated with LPS
increase their levels of IL- 1 mRNAwith an efficiency similar to
that of MNL; (c) IL- 1/I mRNAof PMNreaches a higher level
than IL- l a mRNA;(d) more IL- I protein than IL- l a protein
is synthesized by PMN; (e) IL- 13 but little or no IL-a protein is
released by PMN; (f) translation of IL- 1 a or /3 mRNAis less
efficient in intact PMNpthan in MNL, but both IL- 1 a and /3
mRNAsfrom PMNpand MNLare similarly translated to IL- 1
a and / in an in vitro translational system; and (g) IL- 1 can
induce its own synthesis. Finally, we stress the importance of
considering the contribution of even small numbers ofcontami-
nating MNLwhen studying gene expression in preparations
of PMN.
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