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Background: Human polymorphic nuclear granulocytes
(PMNSs) such as neutrophils and eosinophils play a critical role
in mediating inflammatory responses to microbial and para-
sitic infections. Exposure of these leukocytes to cytokines leads
to an amplification of granulocyte effector functions by a
mechanism termed “priming.” Although many studies have
investigated the effects of granulocyte priming, littleis known
concerning the molecular mechanismsthat lead to this phe-
nomenon.

Objective: The purpose of this study was to identify potential
markersfor granulocyte priming and thus also to gain further
insight into the pathogenesis of inflammatory responses.
Methods: We used a modified differential display technique,
random arbitrary primed—PCR to identify genes regulated dur-
ing the priming of human polymorphic nuclear granulocytes by
GM-CSF in vitro. Genesidentified were validated by Northern
blot analysis of in vitro and in vivo primed leukocytes.

Results: Several genes were identified and their expression
characterized in vitro. One of these genes, 5-lipoxygenase—acti-
vating protein, was also found to be up-regulated in leukocytes
isolated after allergen challenge of allergic asthmatic patients.
Conclusion: The use of differential display technology isa
rapid and effective means of identifying genes whose expres-
sion isregulated by priming in vitro and in vivo. Further
analysiswill lead to a better understanding of the priming
phenotype and may provide further insight into the pathologic
mechanisms of inflammatory processes. (J Allergy Clin
Immunol 2000;105: 760-8.)
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Human polymorphic nuclear granulocytes (PMNSs)
such as neutrophils and eosinophils play a critical rolein
mediating inflammatory responses to microbial and para-
sitic infections.® At the site of infection granulocytes par-
ticipate in the inflammatory reaction by phagocytosis,
intracellular killing of bacteria, production of inflamma-
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Abbreviations used
cDNA: Complementary DNA
CO,: Carbon dioxide
EST: Expressed sequence tag
FLAP: 5-Lipoxygenase—activating protein
ILT-2: |g-like transcript-2
MRNA: Messenger RNA
oligo-dT: Oligodeoxythymidine
PAF: Platelet-activating factor
PC,y: Provocative concentration causing a 20% fall
in FEV,
Polymorphic granulocyte
Random arbitrary primed-PCR

PMN:
RAP-PCR:

tory mediators, and release of preformed cytotoxic
enzymes and proteins. Environmenta factors can quickly
amplify these granulocyte functions by a mechanism
termed “priming,” which is independent of protein syn-
thesis.z4 Priming refers to a process by which the
response of cells to a subsequent (activating) stimulus is
amplified if these cells were previously exposed to a
(priming) stimulus. This processis an important regulato-
ry mechanism whereby phagocytes can be controlled
while responding to the local conditions of their environ-
ment. For example, prior exposure of human eosinophils
to either the cytokine GM-CSF or the inflammatory medi-
ator platelet-activating factor (PAF) will greatly enhance
the ability of these cells to be activated by subsequent
exposure to opsonized particles.>6 Although many studies
have analyzed the effects of granulocyte priming, little is
known concerning the molecular mechanisms that lead to
this phenomenon. Recent studies have demonstrated the
cytokine-mediated activation of various intracellular sig-
naling pathways in human granulocytes, whereas the use
of specific pharmacologic inhibitors has implicated some
of these events in the regulation of cell effector func-
tions.”12 It is, however, unclear whether cytokine stimu-
lation may also result in changes in granulocyte gene
expression that might correlate with this phenomenon.
Indeed, cytokine-induced regulation of gene expressionin
human granulocytes and the functional consequences
thereof have not been studied in any detail.

In an attempt to gain further insight into the pathogene-
sis of inflammatory responses and aso to identify potential
markers for granulocyte priming, we used the technique of
differential display.13 This PCR-based technique allowsthe
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identification and cloning of genes that are differentially
expressed in cells under predetermined conditions. The
advantage of thistechnique liesin its ease of operation and
the ability to process many samples at onetime, unlike pre-
vious methods such as subtractive hybridization. With use
of amodified differential display technique, random arbi-
trary primed—PCR (RAP-PCR),14 we have analyzed the
expression of genes either up- or down-regulated in human
PMNSs after treatment with physiologic concentrations of
GM-CSF. Severd known geneswere identified in vitro and
their regulation by GM-CSF was confirmed by Northern
blotting. Furthermore, we demonstrate that one of the
genes identified, 5-lipoxygenase—activating protein
(FLAP), was also up-regulated in vivo in peripheral
blood leukocytes after alergen challenge.

These data confirm that differential-display technolo-
gy can indeed be used to gain further insight into the
mechanisms of granulocyte priming and the pathogene-
sis of inflammatory reactions.

MATERIAL AND METHODS
Isolation of human granulocytes

Blood was obtained from a healthy donor with no history of
allergy or asthma. There was no relevant clinical history (no aller-
gy, no parasitic infection, no indications of other eosinophilic dis-
eases). However, a persistent (>10 years) finding in blood of slight
leukocytosis (~8 x 10° leukocytes/L) and 30% eosinophils in the
granulocyte fraction was observed. Apart from the el evated amount
of eosinophils the remainder of the leukocyte population was with-
in the normal range. Total leukocytes numbered 7.3 x 109/L: 2%
basophils, 18% eosinophils, 34% neutrophils, 35% |lymphocytes,
and 11% monocytes.

Mononuclear cells were removed by centrifugation over Ficoll-
Paqgue (density 1077/cm3), 1000g, 20 minutes at room temperature.
The lower cell layer was collected and the remaining erythrocytes
were lyzed by incubation in isotonic 115 mmol/L ammonium chlo-
ride solution (pH 7.4) on ice for 20 minutes. After centrifugation the
granulocytes were incubated in RPMI 1640 (Life Technologies,
Paisley, UK) containing 0.5% horse serum albumin (wt/vol) for 30
minutes at 37°C. Cells were washed with PBS and half the cells
were stimulated with GM-CSF (10-10 mol/L) for 3 hoursin RPMI
medium supplemented with 25 mmol/L HEPES, 8% FCS
(Hyclone), 1 mg/mL penicillin, and 1 mg/mL streptomycinin acar-
bon dioxide (CO,) incubator (5% CO,, 37°C).

RNA isolation

Total RNA was isolated as follows: 108 cells were resuspended
in 500 pL of sterile PBS, and 10 pL of RNAsin (Promega, Madison,
Wis) was added. The cells were lyzed in 20 mL of GIT solution (6
mol/L guanidine thiocyanate, 25 mmol/L sodium citrate, 0.5% N’-
lauroyl sarcosine, 100 mmol/L [3-mercaptoethanol). One volume of
sodium acetate (2 mol/L, pH 4.0 ) was added and an egua volume
of phenol, followed by vortexing. Half the total volume of chloro-
form/isoamylalcohol was added to the solution and vortexed. The
solution was incubated on ice for 15 minutes and centrifuged at 4°C
for 20 minutes at 10,000g. The upper phase was extracted with a
half volume of chloroform/isoamylalcohol and centrifuged for 2
minutes. RNA was precipitated with an equal volume of 2-propanol
and 200 mg of carrier glycogen at —20°C overnight. Samples were
centrifuged at 81,000 revolutions/min for 1 hour and resuspended in
asmall volume, and RNA was reprecipitated with ethanol. Poly A*
messenger RNA (mRNA) was extracted by oligodeoxythymidine
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(oligo-dT) affinity purification with use of Dynabeads Oligo(dT)25
(Dynal, Oslo, Norway). Complementary DNA (cDNA) was synthe-
sized with use of a ProStar First Strand reverse transciption—PCR
kit as described by the manufacturer’s protocol (Stratagene).

RAP-PCR

The differential display PCR reactions were performed with 1
pL of cDNA, 1x Goldstar reaction buffer, 1.5 mmol/L magnesium
chloride, 200 ng of primer, 2 mmol/L deoxyribonucleoside triphos-
phates, 1 uCi of phosphorus 33-abeled deoxyadenosine triphos-
phate and 4 units of Goldstar Taq polymerase (Eurogentec, Seraing,
Belgium) per 20-pL reaction. Cycles were performed as follows: 3
minutes at 96°C; two cycles: 1 minute at 96°C, 5 minutes at 37°C,
5 minutes at 37°C to 72°C; thirty cycles: 1 minute at 96°C, 2 min-
utes at 50°C, 5 minutes at 72°C; and 10 minutes at 72°C. The
annealing temperature was increased stepwise from 37°C to 50°C,
alowing the arbitrary primer to bind over multiple homologous
regions. From the PCR reaction, 5 pL was mixed with 5 pL of 96%
formamide loading buffer (0.05% [wt/vol] xylene cyanol, 0.05%
[wt/vol] bromophenol blue) and boiled for 2 minutes. The amplified
cDNAs were loaded on a 6% sequencing gel and subjected to elec-
trophoresis. Gels were vacuum dried and autoradiographed with
Biomax MR film (Eastman Kodak, Rochester, NY) at —70°C. The
dried gel and autoradiogram were orientated and cDNA bands of
interest were excised and immersed in 100 uL of TE (10 mmol/L
TRIS-chloride, pH 8.0, 1 mmol/L EDTA). DNA was eluted by
twice freezing and thawing in liquid nitrogen and vortexing. Sam-
ples were extracted twice with phenol/chloroform/isoamylal cohol
(25:24:1) and once with chloroform/isoamylalcohol. cDNA was
reamplified by use of 5to 10 pL in astandard 50 pL PCR reaction
and with use of the primer used for the original differential display
(annealing temperature 50°C). The mixture was separated by
agarose gel electrophoresis, bands were excised, purified with
Glassmax (Life Technologies, Paisley, UK), and cloned in pGEM-
T (Promega, Madison, Wis) or PCR-script (Stratagene, La Jolla,
Calif). Plasmid DNA was isolated from 5 to 8 colonies per excised
band and inserts were sequenced.

Northern blotting analysis

PMNSs (97% neutrophils, <3% eosinophils) were isolated from
blood obtained from healthy volunteers from the Red Cross Blood
Bank, Utrecht, The Netherlands, as described above. Cells were
incubated in the presence or absence of GM-CSF (10-10 mol/L) or
TNF-a (100 U/mL) in RPMI medium (Life Technologies) supple-
mented with 25 mmol/L HEPES, 8% FCS, 1 mg/mL penicillin, and
1 mg/mL streptomycin in a CO, incubator (5% CO,, 37°C). Cells
were washed twice with PBS and total RNA was isolated with use
of the acid-phenol method.1®

Twenty micrograms of RNA was lyophilized and separated on a
0.8% agarose formaldehyde gel. RNA was transferred to Hybond-N
membranes (Amersham, Rainham, UK) by capillary transfer with
10x SSC (1.5 mol/L sodium chloride, 0.15 mol/L sodium citrate)
overnight. The blots were washed and baked for 2 hours at 80°C.
Differential display fragments were used as probes and were |abeled
with a-[32P]-deoxycytidine triphosphate by Rediprime random
priming according to the manufacturer’s protocol (Amersham).
Blots were hybridized overnight at 42°C, washed subsequently with
2x SSC/0.1% SDS, 1x SSC/0.1% SDS, 0.1x SSC/0.1% SDS and
exposed to film (Kodak, Rochester, NY). A 1.4-kb cDNA fragment
of the human glyceral dehyde-3-phosphate dehydrogenase gene was
used to control for equal loading.

Allergen challenge

Patients used for this study had a history of periodic wheeze and
demonstrated a reversibility of more than 15% in FEV; 15 minutes
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TABLE I. PC, and effects of allergen inhalation challenge on lung function

Fall in PEF from baseline (%)

PC,( histamine Specific Fall in FEV, from
Allergen (mg - mL-1) IgE (kU - L-1) baseline <20 min (%) <20 min 3-8h
Der p 57 29 28 30
Cat 59 27 18 13

Allergen inhalation challenge was performed with house dust mite (Dermatophagoides pteronyssinus [Der p]) or cat allergen. After PC,, allergen challenge,
perecntage fall in FEV; from baseline within 20 minutes and percentage fall in peak expiratory flow from baseline within 20 minutes and 3 to 8 hours were

measured. PEF, Peak expiratory flow.
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FIG 1. Flow diagram of RAP-PCR method. Human PMNs are iso-
lated from 500 mL of whole blood and cultured for in presence or
absence of GM-CSF. Total RNA is isolated, and poly-A* mRNA and
cDNA are prepared and subjected to RAP-PCR analysis. Up- or
down-regulated bands were excised, cloned, and sequenced. See
Material and methods for full details.

after inhalation of 400 pg of salbutamol from a pressurized
metered-dose inhaler attached to an aerosol chamber (Volumatic,
Allen and Hanburys, Greenford, UK). None of them had used oral
corticosteroids in maintenance doses during the 12 months before
the study. All subjects were clinically stable at the time of the study
and had no evidence of systemic or respiratory disease. On the day
of the experiment the FEV value was >60% predicted. Further-
more, patients were required to show an increased bronchial hyper-
responsiveness to histamine with a provocative concentration caus-
ing a20% fall in FEV of lessthan 4.0 mg - mL-1 (PC,,) and afall
in FEV, within 1 hour after alergen inhalation challenge of at least
20%. All patients had blood eosinophilia (>5%) and raised levels of
total serum IgE and specific IgE antibodiesto either house dust mite
or cat. Patient data are summarized in Table .

The bronchia provocation with alergen was performed by 2-
minute inhalations (tidal breathing) with 10-minute intervals. Aller-
gen provocation was preceded by an initial aerosol of buffer (2.5
mg/mL sodium bicarbonate with 5 mg/mL sodium chloride, 0.03%
human albumin solution and 0.5% phenol) to which none of the
patients reacted with afall in FEV ;. Increasing concentrations of anti-
gen aerosol were delivered through a nebulizer (model 646, de Vil-
biss, Somerset, Pa). House dust mite antigen (10,000 biological

units/mL, Allergy Laboratory, Copenhagen, Denmark) and cat
(10,000 hiological unit¥mL, Allergy Laboratory) were diluted from
stock solution, and the dilution used for the first inhalation was cal-
culated from the skin-prick test and the preantigen PCx, for histamine
according to Cockeroft et a.16 Inhalations were performed by step-
wise doubling the dose of antigen until the FEV, fell at least 20%
from baseline values. Blood was collected at various time points after
allergen challenge as indicated through an intravenous catheter and
was anticoagulated with 0.4% (wt/vol) trisodium citrate (pH 7.4) and
kept at 4°C. Total leukocytes were isolated after isotonic lysis of the
erythrocytes in ice-cold ammonium chloride solution containing 155
mmol/L ammonium chloride, 10 mmol/L potassium carbonate, and
0.1 mmol/L EDTA (pH 7.2). Total RNA isolation, blotting, and
hybridization were performed as previously described.

RESULTS
Method of differential screening for cytokine-
induced genes

Little is currently known concerning the regulation of
genes expressed in response to cytokine challenge of
human granulocytes. Genesthat are regulated by cytokines
may be used as potential markers for preactivation
or “priming” of these phagocytes. Furthermore, these
genes may provide greater insight into the pathogenesis of
inflammatory disorders. To identify differentially ex-
pressed genes, several approaches have been previously
been used. For example, subtractive hybridization or dif-
ferential hybridization is an approach that is based on
removing the common transcripts between different cell
types or tissues, leaving the specific transcripts for fur-
ther manipulation and analysis. These are mainly quali-
tative methods and they are extremely time consuming.
Second, nuclear run-on transcription has been applied to
analyze changesin the level of expression of mRNAs but
this method can only be applied to the detection of
changes in the expression of known genes.

More recently, a novel method of analyzing gene
expression, termed differential display, has been
described.13 This technique provides a sensitive and flex-
ible approach to the identification of genes that are differ-
entially expressed at the mRNA level. Differential display
is based on selective reverse transcription of expressed
mMRNAs and subsequent amplification with PCR in which
a radioactive label is included. For the PCR reaction an
anchored oligo-dT primer was used to selectively amplify
a subset of mRNAs. The amplified, labeled PCR frag-
ments were then separated and compared on a polyacry-
lamide gel with cell-specific band patterns. A modifica-
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FIG 2. Identification of differentially regulated transcripts in PMNs
after GM-CSF treatment. Human PMNs were isolated as indicated
in Material and methods. Cells were incubated with or without
GM-CSF (10-20 mol/L) for 3 hours. Poly A* mRNA was isolated and
cDNA prepared for RAP-PCR analysis. Seven different arbitrary
primers were used as indicated. Lanes are labeled A to N to aid
description. Indicated are bands that were isolated, amplified,
purified, cloned, and sequenced (Table Il).

tion of this technique, termed RAP-PCR, was used in this
study,14 and the procedure is represented schematically in
Fig 1. Inthismodification asingle arbitrary primer is used
inthe PCR cycles. Such an arbitrary primer can be select-
ed with the criteria that it should be approximately 18 bp
long and have roughly a 50% (A/T)/(G/C) ratio and have
an annealing temperature of around 50°C14 (Table II).
Primers were also selected that generated between 20 and
50 bands per lane. This primer is allowed to anneal to the
reverse-transcribed PMN cDNA at low temperature,
allowing it to act as both a forward and reverse primer. It
thus tends to select a subset of cDNAs with somewhat
palindromic 5° and 3" sequences. A disadvantage of the
original anchored oligo-dT method was the identification
of many 3" untranslated regions of genes, which are diffi-
cult to analyze. The RAP-PCR protocol does not restrict
primer annealing to these untranslated regions and thus
provides greater opportunities to amplify the coding
regions of differentially expressed genes. This leads to a
more rapid analysis of the identification of the cloned
gene. Primers were tested for their suitability in this assay
and were selected by two criteria: the length should be
around 18 bp and the annealing temperature should be
greater than 50°C. Arbitrary primers were subsequently
chosen that met these criteria and are listed in Table I1.

Identification of novel GM-CSF induced
genes in human PMNs

RAP-PCR was performed on RNA isolated from
human granulocytes treated with or without GM-CSF
(10-10 mol/L) for 3 hours, as described in the Material
and methods section. Samples were analyzed by ac-
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TABLE Il. Sequences of primers used for differential dis-
play reactions

Primer Sequence Length (bp)
1 GGCCAGATGCATGTTCAA 18
2 CACAAGGTGGCAGGATGT 18
3 CTGTCGCCAGAGAAGATG 18
4 GGAAGCCTTCTCTCTCC 17
5 GGAGTCCTGTCTCCTCCG 18
6 GTCTCGACCGGCACCAAG 18
7 CTGCAGCTTCCGTTCTCA 18

TABLE lll. cDNAs isolated and cloned from RAP-PCR
reactions

Band Fragment

code size (bp) Identity

Al 500 PECAM-1

D2 500 ADP/ATP carrier protein
H4 900 FLAP

J5a 550 Ferritin heavy chain

J5b 250 ILT-2

J5c 250 c-Fos

Jsd 300 Cytochrome oxidase-1

ILT-2, Ig-like transcript-2.

rylamide gel electrophoresis as shown in Fig 2. A total
of around 30 fragments was found to be clearly differ-
entially regulated and most of them represented up-
regulation in the presence of GM-CSF. Each differen-
tially expressed band was excised from the gel and
amplified with the original primer used for differential
display reactions. The fragments obtained were cloned
and partially sequenced. These sequences were then
screened against available nucleotide databases and the
results of the sequence comparisons are outlined in
Tables |1l and IV.

Interestingly, FLAP, an important regulator of the
leukotriene synthesis, was identified as a gene up-regulat-
ed by GM-CSF.17 Leukotrienes are potent lipid mediators
of inflammatory responses and have been implicated in the
pathophysiologic mechanisms of both acute and chronic
inflammatory diseases including asthma. A second poten-
tialy interesting product was the ILT-2. ILT-2 has a large
cytoplasmic tail that contains putative immunoreceptor
tyrosine-based inhibitory motifs similar to those found in
killer cell inhibitory receptors.18 These tyrosine-based
motifs implicate ILT-2 in inhibitory signaling pathways.
Furthermore, the transcription factor c-fos was identified.
c-Fosistransiently induced by awide variety of extracel-
lular stimuli.1® Ferritin, another gene identified, is the
major iron-storage protein in eukaryotes and also has a
potentia role in the regulation of myelopoiesis and fur-
thermore has been implicated as a tumor marker.20

Although we found several previously described
genes, many novel sequences were also identified that, at
this time, have no identity to either known genes or
human EST sequences (Table IV). The percentage
homology of these clones with EST clonesis given along
with the length of the insert obtained after cloning the
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FIG 3. GM-CSF induces expression of RAP-PCR products in human PMNs. Human PMNs were incubated for
indicated times with GM-CSF (10-10 mol/L). Twenty micrograms of total RNA per lane was used for Northern
blotting and blots were hybridized with isolated RAP-PCR fragments (upper panels). A, FLAP B, ILT-2. C, c-Fos.
All blots were reprobed with glyceraldehyde phosphate dehydrogenase (GADPH) to correct for equal loading
(lower panels). Positions of 28S and 18S RNA are indicated.
TABLE IV. Novel cDNAs isolated from RAP-PCR
Clone Size Primer Sequence EST Identity Strand
13 500 1 caagggacgtttgcatgagtccatggtatgttcaggtgtccaagagtgaa AA470449 71/104 (68%) Minus/plus
20 750 1 aagactgagtggctgggtgcagtggctcacacctgtaatctcagtatttt THC83029 130/158 (82%)  Minug/plus
36 600 1 gcaaggtttgacaagcggcttacasaattcctaaattcttcacaatcacc THC280785 93/147 (63%) Plus/plus
42 450 1 ggcacagcacacactggggcaatggatggaaggagactggcccaaggaac W23538 46/60 (76%) Plus/plus
79 350 4 getgctctetgtetctttetctgetcaaggcettaaggecgtgtcteecca THC287677 53/73 (72%) Minus/plus
90 500 5 agaggctcasaaagcagccgggcctgaatttcattetgtttccasagaga THC266464 61/92 (72%) Minus/plus
93 600 5 cctgectgtecccageaccgectggctcacgtcacectggtaattgetee THC101232 98/158 (62%) Minus/plus
99 350 5 ttgaggttgcgtctgttagtagtatagtgatgccagcagctaggactggg THC197030 101/141 (78%) Minus/plus
101 500 5 ggacagacaggaaatcgctgtgcagggceccctgectgtgeccagcaccge THC254052 54/73 (73%) Plus/plus
103 400 5 gtcctcatggcectaggceagcetgeagecgecagacagtgageccggacaca R81083 50/67 (74%) Plus/plus
113 450 5 gatccattcgtccatggatggatacttaagttgattccatatttcagtta AA084052 94/124 (75%) Minus/plus
122 650 2 cagattggcttcttagtaatacatttgagtttctttcatggcttaacatc AA205247 65/85 (76%) Minug/plus
129 650 5 tgattggccectgggattcttectecttgectectctecctgggttcate THC292692 97/148 (65%) Plus/minus
139 600 5 gtectcagggcectaggceacctgcagecgecagacagtgageccggacaca A105922 97/152 (63%) Minus/plus
148 500 6 tcaatacaggtagtctgatgactaacgagagggaacataaggaccctatg AAB58722 65/91 (71%) Minus/plus
238 300 2 gtcategttgaggctcaggteggtcggataccgecaactggaacaccetg EST185621 62/87 (71%) Minus/plus
244 650 2 aggatgtccagcccatatgaggagcettgttgaattgaattgegtggagac EST68741 49/70 (70%) Plus/plus
247 550 2 ggatgtgggacasagtcasagattattattaagctctaaggttttaatgt THC267228 131/176 (74%)  Minug/plus
249 600 2 aggatgtgtgtagcaacaggagctctcgttcacggetgetgggaacgcaa THC150192 90/127 (70%) Minus/plus
255 650 2 gaccctcagagggacctagaasaagctggtcectccagteectttgaggea THC269356 57/84 (67%) Plus/plus
256 700 2 gtgccaggccttaggtcataccagacttggcaggggttgaggatcgaggg THC203964 68/94 (72%) Minug/plus
262 400 3 ctgtcgccagagaagatgeccactttatgaataagcagaattaactacat THC270838 120/123 (97%)  Plus/plus
273 400 4 ctgtcgccagagaagatgtttatttgatgtaacasaacaatacagttagt THC254502 120/125 (96%)  Minug/plus
286 600 5 ggacagacaggaaatcgctgtgcagggceccctgectgteeccageacege AAB02694 46/64 (71%) Minug/plus
294 350 5 gggcatgttgctcccactcaccagcttggecccatcacagagcttctece THC282228 71/104 (68%) Plus/plus
311 650 7 atattgattcagataggcataatctattcatttitcataatgaaatgtat THC212219  137/157 (87%)  Minus/plus
314 540 7 gggagctaaggagaaccatcatatgtgtccatctcttcegeatttacatg THC232302 114/154 (74%)  Minus/plus
320 400 7 cttcegttctcaggagttggecctgtggttttggtgaaaactctggectt THC271399 73/112 (65%) Minus/plus

Data were obtained by screening the Institute for Genome Research’s expressed sequence tag (EST) databases, which can be found at http://www.tigr.com.

RAP-PCR product. Extensive work is now required to
determine the identity of these coding sequences and to
correlate their expression with cytokine priming.
Confirmation of GM-CSF-mediated induction
of genes in human PMNs

To confirm that the genes isolated were indeed differ-

entially expressed, Northern blots of total RNA from
human PMNs (97% neutrophils, <3% eosinophils) incu-
bated with GM-CSF were probed with selected cDNAS.
Fig 3, A, shows a strong up-regulation of the FLAP gene
after 3 hours of treatment with GM-CSF. Similarly, ILT-
2 mRNA was also rapidly induced after 3 hours. Because
c-fos MRNA is known to be very rapidly induced by
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FIG 4. FLAP mRNA expression is induced in GM-CSF and TNF-a-stimulated PMNs. Northern blots were pre-
pared from RNA of PMNs stimulated with (A) GM-CSF (10-20 mol/L) and (B) TNF-a (100 U/mL) for indicated
time points. Twenty micrograms of total RNA per lane was loaded and blots were probed with RAP-PCR frag-
ment of FLAP. Positions of 28S and 18S RNA are indicated.

extracellular stimuli,2! we prepared a Northern blot
including a 30-minute GM-CSF time point. Indeed, c-fos
expression was extremely rapidly and transiently up-reg-
ulated, being optimally expressed after 30 minutes. Inter-
estingly, although c-fos appears to be both rapidly and
transiently up-regulated, asis characteristic of immediate
early genes, both FLAP and ILT-2 are slower, and levels
remain high for at least 3 hours. Data were confirmed in
at least 3 independent donors. These data demonstrate
that the genesidentified as being differentially expressed
by the RAP-PCR technique are indeed up-regulated in
human PMNs stimulated with GM-CSF.

FLAP is rapidly induced in human PMNs by
both GM-CSF and TNF-a

To analyze the duration and extent of FLAP expres-
sion in human PMNs in detail, we prepared RNA from
cells stimulated for up to 6 hours with GM-CSF (Fig 4,
A). Interestingly, although FLAP expression is rapidly
induced, it remains high for at least 6 hours. Because the
“life span” of human neutrophils is rather short, even in
the presence of cytokines, it appears that once FLAP is
up-regulated it remains highly expressed until the granu-
locyte apoptotic program is induced. Thus FLAP pro-
vides a somewhat permanent marker for the activation
status of these phagocytes.

To determine whether FLAP may be induced by other
inflammatory stimuli and thus is a general marker of
inflammation, we also stimulated human PMNs with
TNF-a (Fig 4, B). Again, the expression of FLAP in
PMNSs treated with TNF-a was increased and remained
high for at least 6 hours. This suggests that at least some
of the GM-CSF—stimulated mRNAS are also markers of
acommon pool of inflammatory cytokine-induced genes.

Allergen challenge induces FLAP-expression
in peripheral blood leukocytes in vivo

We wished to determine whether theincreasein FLAP

expression we observed by in vitro stimulation of PMNs
could also be observed in vivo. To do this, we analyzed
FLAP expression in the total leukocyte population from
alergic asthmatic patients after alergen inhalation chal-
lenge. Total leukocytes were used and not PMNs for sev-
eral reasons. (1) It is not possible to isolate a sufficient
amount of eosinophils and neutrophils from 10 mL of
blood to obtain enough mRNA for Northern blotting. (2)
Isolation of cells takes at least 2 hours (neutrophils) or 4
hours (eosinophils). These rather long isolation times can
interfere with the detection of fast and transient-induced
genes. (3) By using total leukocytes, specific priming
caused by the isolation procedures was minimized.
Blood was collected after allergen challenge and leuko-
cytes were isolated as indicated in detail in Materia and
methods. Northern blots of RNA from 2 patients who
were allergic to either house dust mite or cat were probed
for FLAP mRNA expression. The method used for aller-
gen challenge is detailed in Material and methods. The
expression of FLAP in vivo was also very rapidly
induced, reaching a maximum level in both patients
between 30 minutes and 1 hour, before decreasing to
basal levels within 4 to 5 hours (Fig 5). This decrease to
basal levelsisin contrast to what was observed in isolat-
ed PMNs stimulated in vitro with cytokines (Fig 4). This
discrepancy is likely to reflect the fact that in these in
vivo experiments the primed leukocytes will migrate out
of the peripheral blood after several hours. These data
demonstrate that gene expression identified in vitro by
cytokine challenge of human PMNSs reflects the in vivo
situation after induction of an inflammatory response.

DISCUSSION

Phagocytes (granulocytes and monocytes) in the
peripheral blood are characterized by a nonprimed pheno-
type that is refractory to activation in the context of cyto-
toxic responses.24 This is a safeguard for the inappropri-
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FIG 5. FLAP expression is increased in leukocytes isolated from allergic asthmatic patients after allergen
inhalation challenge.Total RNA was prepared from total white blood cell fractions of blood taken from patients
before (control) and after allergen challenge at times indicated. House dust mite allergen (10,000 biological
units/mL) (A) and cat allergen (10,000 biological units/mL) (B) were used. Inhalations were performed as pre-
viously described and samples were collected after FEV,; was at least 20% below baseline values. Ten micro-
grams of total RNA per lane was loaded and blots were probed with differential display fragment of FLAP
(upper panels). Blots were subsequently reprobed with glyceraldehyde phosphate dehydrogenase (GAPDH)

to correct for equal loading (lower panels).

ate activation of these cells in the peripheral blood. In
severe clinical conditions, such as septic shock, uncon-
trolled activation of phagocytes can lead to multiorgan
failure and death. At inflammatory loci, such as bronchia
tissue in dlergic asthma, eosinophils are attracted to the
site of inflammation and become activated.! The process
of extravasation of inflammatory cells to these loci is a
tightly controlled multistep process. Thefirst step involves
the interaction of phagocytes in the peripheral blood with
cytokines liberated from the inflammatory locus. This
resultsin preactivation or priming of cells, which is essen-
tial for their subsequent extravasation and the eventual
activation of cytotoxic responses on interaction with acti-
vating stimuli. Therefore the process of priming is critical
for regulation of phagocyte effector functionsin vivo. This
multistep paradigm of phagocyte activation predicts that
cytokine-mediated priming of periphera blood granulo-
cytesisaresult of alocal inflammatory reaction in agiven
organ. Indeed, several studies have shown that inflamma-
tory cells are characterized by a primed phenotype in the
peripheral blood of patients with alergic inflammatory
conditions.2225 Understanding the mechanisms of prim-
ing might be useful in the devel opment specific approach-
es to inhibit this phenomenon, thereby preventing inflam-
matory cells from becoming optimally activated.
Moreover, thisin vivo primed phenotype of inflammatory
cells in the peripheral blood might be used to develop
strategies to measure this phenotype as read out for the
severity of inflammatory processes localized in tissues.
This diagnostic approach has been followed by Venge et
al26 and Venge,2” who measured the release of eosinophil
cationic protein by eosinophils in the blood of allergic
asthmatics ex vivo. This phenomenon occurs during clot-
ting of blood in samples of patients with various inflam-
matory diseases, in particular alergic asthma.28 The ability

of eosinophils to release eosinophil cationic protein under
these conditions can be considered as an indirect measure
of eosinophil priming in vivo. We have tried to measure
priming of isolated eosinophils as a measure of changesin
inflammatory processes in the lung during anti-inflamma:
tory treatment (unpublished data). Although PAF-induced
eosinophil chemotaxis is inhibited by this type of treat-
ment, functional eosinophil responses such as chemotaxis
and activation of the respiratory burst cannot be routinely
used for this type of study. The method is too laborious
and the data are too sensitive for variations in processing
of the cells.

Despite recognition of theimportance of priming, very
little is currently known as to the precise molecular
mechanisms of this phenomenon. Therefore we set out
experiments to find new determinants of cytokine-
induced priming with use of the technique of differential
display. This powerful PCR-based technique has enabled
usto define several mMRNAS that were either up- or down-
regulated during GM-CSF treatment of PMNSs in vitro
(Table I11). Although use of RAP-PCR will not lead to
the identification of all genes regulated by cytokine
priming, it does result in the identification of alarge sub-
set of genes. In this article alone we describe around 25
unknown genes that must now be subsequently charac-
terized (Table1V). Interestingly, 2 of the genesidentified,
ferritin H and cytochrome oxidase, were aso identified
as allergen-induced genes in monocytes isolated from
mononuclear cells of patients with allergic asthma.2®
Ferritin H plays an important rolein iron storage and iron
sequestration.20 Our data suggest that in human PMNs
GM-CSF may play arole in regulating iron homeostasis
through regulating the expression of ferritin H. Indeed, it
has been reported in primary human myoblaststhat TNF-
o induces ferritin H mRNA independently of cellular
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iron concentrations and known iron-dependent regulatory
pathways.30 This suggests that regulation of iron home-
ostasis by inflammatory cytokines might be a general
response of cells. Increased sequestration of iron by
increasing the levels of ferritin H might serve the benefi-
cia functions of, (1) making iron unavailable to invading
organisms or (2) reducing free-radical tissue damage.
The latter may play an important role in phagocyte func-
tioning, protecting cells against damage during the
killing of microbial organisms by superoxide production.

We have also identified the transcription factor c-fos as
a rapidly up-regulated gene in PMNs (Fig 3, C). This
transcription factor is a member of a family of immedi-
ate early response genes whose expression is regulated
by a variety of cytokines, growth factors, and hor-
mones.19 Once expressed, it is then able to bind and acti-
vate the promoters of a diverse array of cellular genes.
Thus GM-CSF-induced c-fos expression in human neu-
trophils may be responsible for rapidly “switching on”
relevant target genes needed for initiating a correct
inflammatory response.

Another GM-CSF-regulated gene identified is the
ILT-2 (Fig 3, B), a transmembrane protein that is
expressed on many myeloid and lymphoid cells.18 This
receptor binds MHC class | molecules and delivers a
negative signal that inhibits killing by natural killer and
T cells, aswell as Ca** mobilization in B cells triggered
through the B-cell antigen receptor.3! Cytokine-regul ated
expression of this gene has not been previously reported,
and neither has its expression in neutrophils. Our finding
that ILT-2 can be up-regulated by GM-CSF suggests a
potentially novel mechanism for regulating cellular acti-
vation during an immune response.

FLAP was identified as a gene potently up-regulated
in neutrophils treated with GM-CSF and TNF-a (Fig 4).
This protein is a critical component in the synthesis of
leukotrienes.1” Leukotrienes are secreted by neutrophils,
eosinophils, mast cells, and macrophages and potently
stimulate bronchoconstriction and mucus secretion and
cause vasodilation with increasesin postcapillary perme-
ability.32 It is thus interesting that through differential
display we were able to identify FLAP as a marker of
primed granulocytesin vitro. The consequences of FLAP
up-regulation are thus likely to be an increased inflam-
matory response.

Differential display was used to find determinants of
priming in the peripheral blood of allergic asthmatic sub-
jects. The most prominent signal in vitro was found with
the FLAP mRNA on Northern blots from cytokine-treat-
ed granulocytes. To confirm that genes identified in vitro
were also relevant in vivo, mMRNA was prepared from
total leukocytes isolated from allergic asthmatic patients
before and after allergen challenge. Total leukocytes
were chosen over isolated PMNs because of the relative-
ly long time of isolation and the sensitivity of these gran-
ulocytes for a specific preactivation during isolation.33
As can be seen from Fig 5, FLAP mRNA is rapidly
induced after allergen challenge and thisincrease is tran-
sient. These findings are consistent with a model that
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inflammatory blood cells encounter priming signals in
the peripheral blood. These cytokines modulate the tran-
scription of severa genes, including the induction of the
FLAP gene. Moreover, these cells become much more
responsive to chemotactic factors.34 These primed cells
are destined to leave the bloodstream and extravasate into
the tissues, leaving the unprimed cells in the peripheral
blood. The observation that FLAP is aso up-regulated in
vivo validates our chosen method. Further, in vivo analy-
sis of both the known and unknown genes identified in
our screen may well lead to the identification of novel
markers of inflammation as well as further insight into
immune regulation.

In conclusion, differential display enables the charac-
terization of genes that are differentially transcribed in
response to cytokines and are relevant for the pathogene-
sis of inflammatory diseases. This occursin vitro and in
Vivo in patients with symptomatic asthma. Characteriza-
tion of novel geneswill enable usto find new markers of
inflammatory diseases and will provide valuable infor-
mation on the processes that occur early in the sequence
eventually leading to activation of inflammatory cellsin
the tissues.
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