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RNA expression patterns change dramatically in human neutrophils

exposed to bacteria

Yerramilli V. B. K. Subrahmanyam, Shigeru Yamaga, Yatindra Prashar, Helen H. Lee, Nancy P. Hoe, Yuval Kluger, Mark Gerstein,
Jon D. Goguen, Peter E. Newburger, and Sherman M. Weissman

A comprehensive study of changes in
messenger RNA (mRNA) levels in human
neutrophils following exposure to bacte-

ria is described. Within 2 hours there are
dramatic changes in the levels of several
hundred mRNAs including those for a
variety of cytokines, receptors, apoptosis-

regulating products, and membrane traf-
ficking regulators. In addition, there are a
large number of up-regulated mRNAs that
appear to represent a common core of
activation response genes that have been
identified as early-response products to a

variety of stimuli in a number of other cell
types. The activation response of neutro-
phils to nonpathogenic bacteria is greatly
altered by exposure to
which may be a major factor contributing
to the virulence and rapid progression of
plague. Several gene clusters were cre-
ated based on the patterns of gene induc-
tion caused by different bacteria. These
clusters were consistent with those found
by a principal components analysis. A
number of the changes could be inter-
preted in terms of neutrophil physiology

Yersinia pestis ,

and the known functions of the genes.
These findings indicate that active regula-
tion of gene expression plays a major role
in the neutrophil contribution to the cellu-
lar inflammatory response. Interruption
of these changes by pathogens, such as
Y pestis , could be responsible, at least in
part, for the failure to contain infections
by highly virulent organisms. (Blood.
2001;97:2457-2468)
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Introduction

Neutrophils are the first cells to be recruited from the blood streatary DNA (cDNA) fragments, or display of specific cDNA

to sites of inflammatiok? and are critically important for determin- fragments on gels. A method for display of-@d restriction

ing the outcome of some acute infecticnghey are postmitotic fragments of each species of RAR#has the advantages that the

cells that synthesize lower levels of protein and RNA than mopbsition of fragments corresponding to known genes is predictable

dividing cells, and they can interact and/or modulate inflammatioand that no prior knowledge of the sequence is needed to detect

Nevertheless, on exposure to bacteria or other activating agemigviously “unknown” genes.

neutrophils are known to synthesize and secrete a number ofWe have applied cDNA display to study changes in mRNA

cytokinedSincluding interleukin-1 (IL-1), IL-8,78 oncostatin M levels in neutrophils activated by exposure to various bacteria.

and small inducible cytokine A3/macrophage inflammatory prote®ufficient analyses were performed to detect, on a statistical basis,

1a/(SCYA3/MIP1A)10-12 more than 90% of all changes in transcripts. We used time-course
Neutrophils are readily isolated from human peripheral bloodtudies to get insight into the mechanisms underlying these

The isolated cells are more than 99% pure, with the principghanges. There is a dramatic and complex change in the gene

contaminant being eosinophils, which themselves have relativelypression profiles of activated neutrophils, indicating an impor-

low levels of macromolecular synthetic activity. The cells can bgint role for neutrophil gene regulation in the propagation and early

synchronously exposed to “natural” stimuli such as opsonizegolution of the inflammatory response.

bacteria and offer an attractive system for the study of gene

expression in terminally differentiated cells. Although the cell

biology of neutrophil activation has been studied in some detalil,

studies of responses at the messenger RNA (mRNA) level havkaterials and methods

been circumscribed, focusing principally on one or a few cytokine
mRNA species. Bacterial strains and culture

Approaches for simultaneously detecting changes in levels @f sinia pestistrains KIM5 and KIM84 were derived from strain KIM
many of the polyadenylated RNA in a cell population fall into 3kurdistan Iran man}316 KIM6, a derivative of KIMS5, lacks the 70-kb
categories: hybridization to arrays of targets complementary pfasmid pCD1. This plasmid carries 60 genes, 47 of which have been
specific MRNAs, sequencing of many randomly chosen complememgplicated in a system that enables the bacteria to inject specific proteins
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directly into the cytoplasm of mammalian celfs? The injection machin  enzymes used to digest cDNA for comparison of the effectpéstisvith

ery, its substrate proteins, and its regulatory apparatus are encoded by ttise ofE coliwereBanHl, Bcll, Bglll, BsrGl, Clal, Ead, EcaRl, HindlIl,

plasmid.Y pestisstrains lacking pCD1 are completely avirulefsche- Ncd, Pst, and Xba. Enzymes used for time-course studies wag,

richia coli K12 strain R594 (F lac-3350galk2 galT22\~ rpsL179IN(rrnD-  Bglll, Hindlll, Kpnl, Sad, Spdl, SpH, andXba.

rrE)1) was chosen to serve as a generic avirulent enterobacterial isolate. For most experiments, every band that differed in relative intensity
Overnight cultures ol pestiggrown in modified Tryptose Blood Agar between the control pattern and any of the experimental patterns was

Base without the agar comprising 10 g trypto3eg beef extract, and 5 g sequenced. In different experiments using the same restriction enzymes,

sodium chloride (NaCl) per liter supplemented with 2.5 mM calciunmany bands could be confidently recognized as corresponding to previously

dichloride (CaCJ) were diluted to a density of & 10’ bacteria per mLand sequenced bands on the basis of both band pattern and sequence.

incubated for 3 hours at 26°C in a water bath. At this point the temperature

was shifted to 37°C, and the incubation was continued for an additionali#ormatics

hours. The bacteria were collected by centrifugation, washed with Hanks ) . . )

balanced salt solution (HBSS; without Caor Mg**), resuspended in Most of the band intensities were quantified by eye, confirmed by a second

HBSS to a final density of 1.7%8 10° bacteria per mL and opsonized by theinvestigatqr_, and expressed asa single-digit ””m_e”c- A part of t_he bands
addition of 1.5 volumes of normal human serum incubated at 37°C for JES quantified by using the Phosphorimager. The integrated density of egch
minutes, washed twice with RPMI 1640 supplemented with 10% hezﬁ@nd above background was calculated as a “volume” by the Phosphorim-

inactivated fetal calf serum (FCS), and resuspended to a final density of 7296 as described in Figure 1. Aleast-square linear regression model of the
108 bacteria per mL ' logarithm of the “volume”(Y) in terms of the visually quantified band

Overnight cultures oE coli K12 grown in LB were diluted 1:100 and intensity(X) givesY = 0.56X + 8.22, with Pearson correlation= 0.93, an

incubated for 2 hours at 37°C. They were then washed and opsonizeo""g(éeptable reliabili_ty es_timate. The standard error of a gigestimated
described above, except that C7-deficient human serum (Sigma Chemif,gc{l,a new observatioMo, is computed as:

St Louis, MO) was used. This precaution was not necessary¥viibstis ] S A s

which is completely resistant to complement-mediated lysis. A=l1 + 1 + o = X)), E (Yi—Y)

| 2
| n Noy n—2

—_—

i=1

Cell separation and activation by bacteria wheren is the number of observation¥,is X averaged, andi represents

We isolated neutrophils by using dextran sedimentation, centrifugatide predicted values corresponding to the observaXoasd

through Ficoll-Hypaque Plus, (Amersham Pharmacia Biotech, Uppsala, n

Sweden) and very brief hypotonic lysis of erythrocyted\ll reagents, 2 E &2

serum, buffers, and media were free of LPS (less than 0.01 ng/mL by x = ~n '

limulus amoebocyte lysate assay [Sigma]). Monocytes were enumerated in R

neutrophil preparations by flow microfluorometry. A neutrophil suspensiobhus for any giverk,, a 1— « confidence interval (Cl) fol, is the set of
was incubated with fluorescein isothiocyanate (FITC)—conjugated ant@lues ofY such that

CD45 and phycoerythrin (PE)—conjugated anti-CD14 (Becton Dickinson,
Mountain View, CA). The cells were then fixed with fluorescence-activated
cell sorter (FACS) lysis buffer (Becton Dickinson) and analyzed with e‘/hereTvalue (n — 2,0) is the 2-tailed t-value of a t-distribution with-f 2
FACScan flow cytometer (Becton Dickinson). Monocytes were identifie@egrees of freedom.

on the basis of their forward and side light scattering properties and The accuracy of such confidence limits depends on the validity of the
expression of CD45 and CD14. At least®1@vents were analyzed for 4ssumption of linearity and equally normal distribution&afalues across
each sample. all values ofX. However, measurements by the Phosphorimager at very low

Freshly isolated _neutr_ophils and opsoni;ed bagteria, su_s_pende‘jirffénsities are much less reliable. Therefore we fit the data to a linear regression
RPMI plus 10% heat-inactivated FCS, were mixed to final densitiesof 2 ,04el based on measurementsXat 1 yielding ¥ = 0.49X + 8.64 and a

10° cells per mL and 4< 10" bacteria per mL, respectively. These culture$,qralation of = 0.96. For allXo, A(Xo) - Tuaid 38,0.05)~ 0.5.
or control neutrophils were then incubated for 2 hours, or other indicated Quantitative measurement of Northern blots of several mRNAs con-

times, at 37°C with ggntle agitation. ] firms that genes identified by gel display to be up- or down-regulated do
Monocytes were isolated from the peripheral blood mononuclear cells

by a spontaneous aggregation method at#4°To. activate monocytes, they

Q0 —A- Tvalue(n - 21(1) <Y< ?O +A- Tvalue(n -2, OL),

6.

were exposed for 2 hours to opsoniZedoli K12 at a ratio of 20 bacteria 10
per cell, which is the same procedure that was used for activation of - )
neutrophils. Time-course experiments were analyzed with neutrophils g
incubated for at least 3 time points including 0 minutes (negative control), ®» 10°
10-30 minutes (early), and 120 minutes (late) viitholi K12 . g

£
Northern blot analysis and in situ hybridization S qqt g y = 3722.66 %%
Northern blot analysis of total cell RNA, extracted from neutrophils by the g R’ = 0.8647
guanidine hydrochloride (HCI) methdd2® was performed as de T A
scribed?426 Levels of hybridization were measured quantitatively by the 104
Phosphorimager System (Molecular Dynamics, Sunnyvale, CA) and normal- 1 2 3 4 5 6 7 8
ized to the 18S ribosomal RNA signals. In situ hybridization was performed Band Intensity

by a previously described meth88using Cy3 and FluorX (Amersham Figure 1. Correlation between band intensities and Phosphorimager quantifica-

Pharmacia Biotech, Piscataway, NJ) labeled oligonucleotide probes.  tion. We confirmed the accuracy of our band quantification method by comparing our
results with the Phosphorimager, whose sensitivity and reproducibility is comparable
to scintillation counting.®* About 50 bands from randomly chosen lanes were
selected, and each of their intensities was quantified by eye, confirmed by a second

cDNA displays of cells activated by bacteria were prepared as previou- vestigator, and expressed as a single-digit numeric. The same gel was digitized by
the Phosphorimager with 16-bit precision to form the image and analyzed by

. . 1.28 ) .
d_escnbed in detafi-® Bands were dISpIaY_Ed on sequencing gels run_ tf?nagequant software (Molecular Dynamics). We used the software program S-PLUS
display products of at least 100 bases in length. Bands were excis@hthsoft, Cambridge, MA) for statistical analysis as described in “Materials and
amplified by polymerase chain reaction (PCR), and sequenced. Thehods.” Dashed lines display the 95% ClI.

Gel display of 3 ’-end restriction fragments
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Table 1. Northern blot analysis of gene expression in neutrophils:
quantitative changes in mRNA levels induced by incubation with
opsonized E coli

Differential display

Gene Transcript encoding Relative Northern expression
symbol Gene name blot expression Control  + E coli
IL1B IL-1, beta 71 2 8
IL8 IL-8 16 1 6
SCYA3 Small inducible cytokine A3; 41 1 6

MIP1A
ATP6L  ATPase, H' transporting, 2.9 2 3
lysosomal (vacuolar proton
pump) 16 kd
ITGB2 Integrin, beta 2 (CD18, LFA-1) 0.60 2 1
ILBRB  IL-8 receptor, beta (CXCR2) 0.21 6 2
ILBRA  IL-8 receptor, alpha 0.16 4 1
(CDw128a CXCR1)
NCF1 Neutrophil cytosolic factor 1 0.10 6 2
(p47-PHOX)

The relative Northern blot expression is expressed as neutrophils + E colilcontrol
neutrophils. The total RNA of identically treated neutrophils used for either Northern
blots or differential display.

RNA from Hela cells was used as negative control for each measurement.
Hybridization probes were cDNA-labeled by random priming of PCR products
amplified from neutrophil cDNA. Primer sequences are available on request.
Procedures for filter hybridization were previously described.2® Equal loading of lanes
was demonstrated by ethidium bromide staining and by rehybridization with a 5.8-kb
Hindlll restriction fragment of rat 18S ribosomal cDNA.28 Transcript levels in total
RNA were quantified by the Phosphorimager System. Data are presented as the
means of 2-4 determinations, within 20% of each other. The ratio of expression level
of neutrophils incubated with E coli K12 for 2 hours to neutrophils incubated without
bacteria for 2 hours is shown. See Figure 1 for the relation between Phosphorimager
values and differential display estimates.
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every differentially expressed band, and related information was entered as
hypertext links to sequence files, search results of GenBank and TIGR
databases, bands of overlapping sequence, references to relevant literature,
keys for various classifications of bands, presence of polyA signals, quality
of sequence, and scanned gel images, etc.

We used LocusLink I3 when available, as a unique key to known
genes, and we used the terms listed as gene symbol (the HGMW-approved
symbol, where applicable) and gene name. For ESTs, we used UniGene
cluster numbers as a unique K8ySubsequently all sequences were
clustered by a modified PHRAP appro&éiPublic gene database search
was completed on November 9, 2000.

Results
Quality of cell and RNA preparation

Morphologically, our neutrophil preparations were more than 99%
pure except for the presence of 1% to 3% eosinophils; band forms
accounted for less than 3% of the cells. No cells with the typical
morphology of monocytes could be identified by light microscopy,
nor did flow cytometry reveal any monocytes. Occasional prepara-
tions with more than 0.5% monocytes were discarded. The yield of
total RNA from the neutrophil preparations averagedif10®

cells (range, 7-17 g/2@ells). We examined the distribution of IL-8
transcripts by in situ hybridization using a combination of 2 CY-3
(red)—labeled oligonucleotides complementary to different regions
of the mRNA. IL-8 transcripts were detectable in virtually all
neutrophils after incubation for 2 hours wikhcoli, although the
intensity of RNA staining was somewhat variable from cell to cell.
Neutrophils incubated in the absence of bacteria showed consider-

indeed show increases or decreases of mRNA levels. These changes rangfe . L
from a 10-fold decrease to a 71-fold increase (Table 1), and the Iogarithmaot? y less intense staining (data not Shown)"
the values correlate to estimates from the gel display method (PearsonWVe prepared monocytes and neutrophils from the same blood
correlationr = 0.92). sample. Both types of cells were exposed&aoli K12 for 2

Each sequence was searched against nr and dbest databases ofichgrs and then harvested for cDNA display (Table 2 and Figure
National Center for Biotechnology Information (NCBI) by the Basic Locap, left). In some cases RNA species that were among the most
Alignment Search Tool (BLAST) program (http://www.n(:bi.nlm.nih.gov/s»[rong|y induced in neutrophils were actually down-regulated in
BLAST/blast_overview.html§? Matches to known genes were Conf"medmonocytes, excluding the possibility that monocytes activated

to come from the 3untranslated regions of mMRNA except where otherwis% the bacteria were contributing to the observed pattern for
noted. The length of sequence obtained was compared with the size Xf 9 P

bands on the display gel as a quality check. these species. Northern blots also showed that RNA extracted

A database was created by Shigeru Yamaga, jointly with Wen Minféom the neutrophils did not contain detectablg tran;cripts for
Xiao (Gene Logic, Gaithersburg, MD), using Microsoft Access (Microsoﬂ(,l-fmS,31 the receptor for macrophage colony-stimulating factor
Redmond, WA) as a database engine. An individual record was created (MCSF) (data not shown).

Table 2. mRNA differently regulated in monocytes and neutrophils

Gene Neutrophil Neutrophil + Monocyte Monocyte +
symbol Gene name (control) E coli (control) E coli
ANXA5 Annexin A5 0 0 0 2
SCYA7 Small inducible cytokine A7 0 0 0 3
(monocyte chemotactic protein 3)
IL10RA IL-10 receptor, alpha 0 0 2 3
HLA-DRA MHC class Il, DR alpha 0 0 6 6
CDW52 CDWS52 antigen (CAMPATH-1 0 0
antigen)
ViL2 Villin 2 (ezrin) 1
HM74 Putative chemokine receptor; 1 6 0 0
GTP-binding protein
CcD97 CD97 antigen 5 4 1 2
PPIF Peptidyl-prolyl isomerase F 3 8 5 3

(cyclophilin F)

Gene symbols are taken from the HGMW-approved symbol and/or LocusLink database of NCBI.%5 Cells with £ coliwere incubated with opsonized E coli K12 for 2 hours as
described in “Materials and methods.” The intensity of each band in the sequencing gels was quantified and expressed as a single-digit numeric as described in “Materials
and methods.”
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Figure 2. Representative segments of display gels of cDNA fragments: left,
neutrophils and monocytes exposed to E coli for 2 hours; right, neutrophils
exposed to various bacteria for 2 hours.  After incubating the leucocytes with or
without bacteria at 37°C for 2 hours, total RNA was extracted, and double-stranded
oligo-dT primed cDNA was synthesized by standard methods. The cDNA was
digested with a restriction enzyme and ligated with a Y-shaped adapter. Ligated
cDNAwas amplified by PCR with a phosphorous 32 (32P)-labeled primer complemen-
tary to one arm of the Y-shaped adapter and a second primer complementary to the
oligo-dT primer and containing one of the 12 possible dinucleotide extensions on its
3’-end, as previously described.!2 Ec indicates E coliK12; Yp (KIM5), Y pestis KIM5
(pCD1%); Yp (KIMS6), Y pestis KIM6 (pCD1"); N, neutrophil; and M, monocyte. Gene
symbols are the same as those described in Tables 4-6, except for the following:
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Striking differences were evident in patterns of cDNA display
between control neutrophils and neutrophils exposed to bacteria
(Figure 2, right). A total of 1887 bands were sequenced (Table 3).
Of these, approximately 19% did not give good sequence. A portion
of these sequences still gave high probability matches to known
sequences so that the bands could be identified. Any single
prominent band is unlikely to represent more than a few percent of
total MRNAs. This implies that bands corresponding to one mRNA
molecule per cell are visible, except where obscured by darker
bands. Redundancy in analyses occasionally occurred, particularly
for some of the most prominent RNAs. Multiple bands representing
the same transcript could arise by buckling out of nucleotides
during oligo-dT priming, but often resulted from alternate sites of
polyA addition in mMRNAs.

In total, 350 known genes and 292 EST or anonymous
sequences were found to change substantially in expression level
by 2 hours after activation with bacteria. The anonymous cDNA
could be derived from unrecognized alternate polyadenylation sites
in genes represented elsewhere in the database, cDNA primed from
A-rich internal sequences in mRNA or heterogeneous nuclear
RNA, or genes not yet represented in the EST databases or
GenBank. Five of the bands represented perfect copies of EST
sequences derived from repetitive sequences. The perfect match in
these cases suggests that the genomic template has been identified.

We obtained 48 nonrepetitive sequences that had no match in
the gene databases. About half of these had a perfect polyA signal
or a hexanucleotide that differed by a single base from the
consensus AAUAAA sequendg.Such deviation is commonly
seen in MRNAs for known genes, so it is likely a large fraction of
these represent polyadenylated RNA. Approximately 8% of the
sequences corresponded to repetitive sequence, and most of them
did not precisely match anything in the database. These frequently
lacked even an approximate polyA addition signal. However, 4
different specific repetitive sequences were strongly induced in the
neutrophils by exposure to bacteria. Increased transcription of

Table 3. Distribution of gene categories

Gene clusters, DNAf ts,
PAI2, plasminogen activator inhibitor, type Il (arginine-serpin) (GenBank Accession Gene categories ene((o:/ol;s ers no. b::]gdn;?;)s
no. YO0630); RPL3, ribosomal protein L3 (X73460); and RPS4X, ribosomal protein
S4, X-linked (M58458). Known genes 350* (51.5) 910 (48.4)
ESTs
Changes in gene expression profile in neutrophils In UniGene 186 (27.4) 268 (14.3)
exposed to bacteria Not in UniGene 58 (8.5) 79 (4.2)
No match 292
We undertook an extensive comparison of the cDNAs generatedcceptable (43.0)
from control neutrophils and neutrophils treated for 2 hours with sequences 48 (7.1) 50 (2.7)
one of 3 bacteriakE coli K12, Y pestisstrain KIM5, orY pestis ~ Dubious sequences - 362 (18.8)
strain KIM6. A total of 17 different restriction enzymes were useaepetfmve Seq“:“es c0 o 62
. . t \( B .

for these displays, and fragments from each enzyme digest werg" e "2 ©7 ®82)

. . o . . . No exact match — 150 (8.2)
displayed with each of the 12 possibletdrminal dinucleotides on Genomic sequences
the oligo-dT primer. On average, approximately 100 bands per 'a”%onmitochondnan 28 (4.1) 32(17)
could be evaluated visually. In_ most cases we analyzed tRBosomal RNA 2(0.3) 26 (1.4)
sequences of all bands whose inserts were in the size rangeo@ér mitochondrial
75-600 base pairs (bp) and whose intensities differed by more thagequences 2(0.3) 5(0.3)
2-fold between control and treated samples. Bands up to greates no. 679 1887

than 1 kb in length were analyzed if they were prominent and

DNA fragment sequences of bands from the gel display of 3’-end restriction

showed clear differences between samples. Based on the numbeg@hents were clustered by using Locuslink, Unigene, and similarity as described in
bands observed and on the frequency of randomly distributéghterials and methods.” DNA fragments represent the number of bands on
restriction sites, we should have achieved an average of fligrentialdisplay gels from which DNA sequencing was performed.

representations of mRNA of intermediate abundance, with a highgy,

frequency for the abundant mRNAs. KIMS5 or KIM6) in 2 hours as described in Tables 4, 5, and 6.

*From 350 genes, we grouped 224 genes whose expression patterns were
oducibly and prominently modified by bacteria (E coli K12 or Y pestis substrains
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0.6 cluster, principal components analysis (PCA) was performed.
Genes tend to coalesce in homogeneous clusters determined by
2 04 their similarity to an ideal expression pattern (Figure 4). Thus, our
Q criterion for classifying genes according to their similarity to
Q 02 predetermined idealized expression patterns allows us to recognize
£ well-separated clusters. We note that this is equivalent to the first
2 ] iteration of the standard k-means clustering technfdéere are
g 00 2 differences from k-means: (1) our clustering method does not
gl require reassignment of new centers for all clusters, as is done at
ﬁ 02 each k-means iteration step, and (2) the centers are predetermined
© by the idealized expression profiles as opposed to a random
§ -0.4 centers’ initialization, which is the first step of the k-means
§ algorithm.
- 8:2 Genes differently expressed in neutrophils exposed to Y pestis
g 0.4 We also compared the effects of 2 strainsygfestisthe causative
Q agent of plague, on neutrophils. The high virulence of this pathogen
£ is in part due to its ability to prevent the accumulation of
2 02 neutrophils at foci of infection early in the course of dise&s&:36
g An important contribution of the type lll secretion system to
oS 0.01 suppressing neutrophil accumulation is the inhibition of cytokine
I production3”-38
® 0.2 The most common pattern of mMRNA change was a substantial
E increase in response Bcoli or KIM6, but there was no change in
2 0.4 response to KIM5 (Table 4, LHLH). Most of the cytokines we
identified showed this pattern. A second common pattern is that
086 i . . mMRNAs present in the control and KIM5-treated cells were
\\0\ NV %’:&\% e‘i’;\\g depressed in the cells treated wighcoli and KIM6 (Table 4,
OOQ 0\\ 1 QQ;@ 1 Q @ HLHL). This pattern also confirms that most of the cells received a
< G Ql‘\ ({5 stimulus as a result of exposure to the bacteria. A smaller number of
Fi 3. Comparison of the expression patterns of 2 clusters of genes from MRNAs were induced or SUbStamia”y up-regUIated Only by KIMS
nleguLi:EpHils stirrr:ulated with vario’ljjs bacteriF;. Patterns LHLH (upgper, 48 genes) or (Table 4, LLHL)' Overall the effects of nonpathogens on genes

HLHL (lower, 44 genes) correspond to those described in Table 4. Each set of 4  listed in Table 4 were quite parallel, presumably because the
bands (control, E coli K12 and KIM5 and KIM6 strains of Y pestis; Figure 2, right  pacteria present common stimuli.

panel) in adjacent lanes with the same electrophoretic mobility in a differential display

gel was quantified by its intensity and normalized so that the average of 4 bands

equals zero, and the variance of 4 bands equals one. Each line on these graphs

corresponds to one dot in Figure 4 and represents one gene in Table 4.

oLLLH oLLHL oLLHH eLHLL LHLH LHHH

iy o HLLL oHLHL oHLHH oHHLL HHLH
repetitive sequences has been noted in stimulated cells and may 4.  ~ : :

have a physiologic rol& sl

Clustering neutrophil gene expression patterns 2-

We grouped the neutrophil genes according to their expression N‘
profiles under 4 conditions in the following order: control, incuba-  §0 -

tion with E coli K12 for 2 hours, and incubation with KIM5 fiebo

(pCD1+) and KIM6 (pCD1-) strains ofY pestisWe clustered the 5

genes according to their similarity to idealized expression patterns. s

For instance, the expression pattern of an ideal gene that is 1 % & =

overexpressed (high) for the virulent KIM5 condition and under- =~ -4 ~————— et T
expressed (low) for the contrdg coli K12, and avirulent KIM6 o c?,-; - M i

conditions would be low-low-high-low (described as “LLHL”).
Overall we have 2— 2 idealized patterns excluding HHHH and
LLLL. The Pearson correlation was used as the measure F('ﬁJre 4. Gene clusters separated by PCA. PCA allows us to present the

imilari f h . h multidimensional data (in this case, 4-dimensional data of each gene expression
simi a“ty or each gene expression pattemt, (X1'X2*X3'X4) to eac pattern) in a simple 2-dimensional graph. First we derived the 4 principle compo-

of the 14 idealized patterng = (y1,Y2,Ya,Ys). The order of the nents, which are a linear combination of the original variables (certain gene
entries for each gene expression veotar y is COI‘]'[I'0|, E C0|i, expression intensities of neutrophils of control or stimulated with one of 3 bacteria: E

. . li K12 and KIM5 and KIM6 strains of Y pestis). Then we found that the first 2
KIM5, and then KIM6. The query gene is assigned to a C|U5t§ﬁncipa| components capture most of the variation of the data (95.2% in our case).

designated by the idealized pattern that has the maximal correlati@gefore the data can be displayed (with a minor loss of information) in a
with that gene. Figure 3 shows 2 representative normalized gef#mensional graph, with these 2 largest key principal components as the x- and

expression patterns of neutrophils, LHLH (upper) anﬁaxes.The axes tltlgs cnl” and “cn2 repr.esenttheflrstgpr|nC|paI components. The
abel of each cluster is the same as those in the “Expression pattern” row of Tables 4
HLHL (|OWEI‘). and 5. As can be seen, a large fraction of the total differences in expression patterns

To show the affinity between genes classified to the samighe genes can be visualized in this 2-dimensional graph.
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Table 4. Genes expressed by neutrophils differently regulated by KIM5 (pCD1

BLOOD, 15 APRIL 2001 - VOLUME 97, NUMBER 8

+) and KIM6 (pCD1 ~) strains of Y pestis

KIM5-responsive

KIM6-responsive

E coliK12 NC NC NC (slightly Up-regulated Down-regulated
up-regulated)
KIM5 Up-regulated Down-regulated NC (slightly NC (slightly up-regulated) NC
up-regulated)
KIM6 NC NC Up-regulated Up-regulated Down-regulated
Cytokines GRO1 —_ —_ IL1B SCYA3 GRO2 IL1A LTB S100A9 S100A8
IL8 OSM SCYA4 IL1IRN
PBEF SCYA20
Receptors IFNGR2 —_ —_ HM74 PLAUR OLR1 CD44 IFNGR1 LILRA2 EDG6
ILBRB FPR1 CD97 GPR44
Transcription CROC4 — — COPEB HDAC3 NFKB1 XIP BRF2 DSIPI ZNF220
modulators TRIP8 BTF3 TOM1
Apoptosis regulators CFLAR — — PPIF GADD34 IER3 PIG7
BCL2A1 MCL1
Proteases PPGB — — PSMC4 CLN2 GCL
Protein kinases CAMKK2 — — — MKNK1 CLK1 RPS6KA1
MAP3K8
Other signal TPD52L2 —_ —_ — ARHGDIB HCLS1
transducers S100A11 ICB-1
Membrane trafficking ATP6L — — ATP2B1 RAB1 AQP9 RAC1 LOC51312 VPS35
RAB5A FLOT1 SLC7A5 ATP6F SECTM1
Oxidases — — — PTGS2 NCF2 NCF1 NCF4
Others BRI3 HLA-C ADAMS8 FTL G0S2 PLEK FTH1ACTB DIFF48 H3F3A MYOL1E
B2M FACL1 DAF NPM1 SAT HLA-A TMSB4X VDUP1 ARPC1B
GCSH TPM3 PRG1 NS1-BP SOD2 EVI2B TALDO1 WBSCR1
EIF4A1 HNRPC KIAA0415 MCP
NBS1 UBE2B SUI1
Gene expression LLHL HHLH LLLH LHLH HLHL

pattern

Genes were sorted by their expression patterns as follows: first, by the difference between minimum and maximum band intensities; then by their maximum band intensity;
and lastly by the alphabetical order of gene symbols. Genes in boldface showed a minimum difference between H and L of more than 5-fold (ie, 3-step increase/decrease in 8
as maximum) in band intensity. Others were detected with the difference of 3- to 5-fold.

NC indicates no change. Abbreviations of gene names were taken from the gene symbols in the Locuslink database of NCBI, where applicable, and are listed in Appendix 1.

The expression of a smaller number of MRNASs appeared to Hees not inhibit the accumulation of differentiated myeloid cells
influenced byY pestisregardless of pCD1 but not lycoli (Table  from the 32D cell line®® MCL1 is another strongly up-regulated
5, LLHH and HHLL). Some genes were affected only Bycoli  product implicated as an antiapoptotic protein. IER3 is a p53
(LHLL and HLHH), and a number were regulated alike by all Jesponsive gene that protects cells from FAS- or TNF-induced
bacteria (LHHH and HLLL). Many of the changes in the levels ofpoptosig! One of the most strongly up-regulated mRNAs was
MRNA could be interpreted in terms of the known behavior ahat for PPIF (cyclophilin F). This protein is a mitochondrial
neutrophils. Activation of neutrophils by the nonpathogenic grangeptidyl-prolyl isomerase implicated in mitochondrial pore struc-
negative bacteria induced expression of a variety of cytokines afile and perhaps permeability transitidAsThis is intriguing
receptors. Several known cytokines have not been previougj¥cayse cytochrome c release from mitochondria is a component of
associated with neutrophils or were first described in this Com%tcaspase-activating system central to many forms of apoptosis.
after the present analyses were completed. These include SCYAZQ, mrRNA encoding certain subunits of the vacuolar adenosine
(LARC/MIP3A), oncostatin M, GRO1, and GRO2. 5’-triphosphate (ATP)-dependent tump, another potential down

Pgtatlve memprane traffl_cklng regulators were up-regulated feam antiapoptotic factor, were also up-regulated. KIM5 had little
functionally coordinate fashion. Thus mRNAs encoding the 3 sma
ect on most of the above genes.

guanosine 5triphosphatases (GTPases), RAB1, RABSA, ang
RAB7, were all up-regulated bi coli and KIM6. Interestingly, _ _ _
KIM5 slightly up-regulated RAB1 and RABS5A, but strongly Changes in neutrophil gene expression were asynchronous
up-regulated RAB7, a small GTPase implicated in transport from . . o
late endosomes to lysosomes. ARHGDIB, a guanine nucleotil8® changes in mRNA expression patterns at short time intervals
dissociation inhibitor that would presumably delay reconversion &!lowing the addition ofE coli K12 were also analyzed. Many of
the GDP-bound form to the active GTP-bound form of thes®€ striking increases in mRNA levels seen at 2 hours after
proteins, was down-regulated by nonpathogens, while KIM5 dRiPosure to bacteria were not reflected by changes in levels of the
not change its expression (Table 4, HLHL). corresponding mMRNA within the first 60 minutes, although the
Apoptosis of neutrophils in vitro is delayed by various activatevels of some mRNAs progressively increased beginning within
ing stimuli. Examination of the RNAs up-regulated by the nonpath&@0 minutes (Table 6, LHL and LHH). Display &glll-cut cDNAs
gens offers several potential mechanisms for this effect. BCL2Axepared 3 and 4 hours after exposurdztooli showed a pattern
was strongly induced, as previously reported for activated moniirat was for the most part similar to the 2-hour pattern (data
cytes3? BCL2A1 has antiapoptotic properties, but unlike BCL2, inot shown).
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Table 5. Genes similarly regulated by both KIM5 (pCD1  *+) and KIM6 (pCD1 ~) strains of Y pestis

E colinonresponsive E coliresponsive
Y pestis responsive Y pestis nonresponsive Y pestis responsive
E coliK12 NC NC Up-regulated Down-regulated Up-regulated Down-regulated
KIM5 Up-regulated Down-regulated NC NC Up-regulated Down-regulated
KIM6 Up-regulated Down-regulated NC NC Up-regulated Down-regulated
Receptors ITGB2 — FCAR FCER1G TNFAIP6 FCGR3A
ILBRA PTPRC
Chaperones — — — — HSPCB —
Transcription — — ETS2 NACA — MNDA
modulators
Apoptosis — — — — GADD45B —
regulators
Proteases CTSD — TIMP1 — CPD —
Protein kinases — — — GPRK6 MAP2K3 —
Other signal RALGDS RGS2 EHD1 PTPN6 MACS HPCAL1
transducers ICAM3 LSP1 TYROBP RGS14
Membrane — — — — RAB7 VATD ATP6S1
trafficking
Oxidases — CYBA — — — —
Others RPL18A ULK1 — EMD LOC51669 BB1 HMOX1 H1F2 DNM2
HMG17 KIAA1100
KIAA0370
Gene expression LLHH HHLL LHLL HLHH LHHH HLLL
pattern
For abbreviations, see Table 4 and Appendix 1.
Table 6. Time-course profile and functional classification of genes expressed by E coli K12-stimulated neutrophils
Up-regulated
Early Down-regulated
Transient Sustained Late Early Late
Cytokines GRN OSM IL1RN SCYA4 IL8 SCYA20 S100A9 S100A8
SCYA3 IL1B GRO2 PBEF
Receptors — PLAUR HS1-2 CCRL2 ADORA2A SELL IL8RA ILBRB
TNFRSF1A HM74 CD44 FPR1 CD97 FCGR3A
ITGA5 TNFRSF10B IFNGR1
LILRA2
PTPRC
Membrane — CLIC1 ATP5E ATP6J RAB1 ATP2B1 ATP2A3 —_
trafficking FLOT1 NAF1 RAB7 SLC16A3
SSR2 SLC11A2 NAPA
Apoptosis — TNFAIP3 PPIF BCL2A1 GSTTLp28 CFLAR PPIA PIG7
regulators GADD34
MCL1
Transcription FOS ZFP36 HIF1A HMGIY DDIT3 NFE2L2 NFE2 CEBPB DSIPI MNDA
modulators ETR101 NFKBIA NFKB1 NFKBIE GC20 BTF3 ZNF220 BRF2
EGR1 FOSB IRF1
ZNF148 ATF4
PSCDBP
Others BTG2 HLA-E WBP2 G0S2 SGK MAP2K3 CPD EHD1 GCL ARPC1B EVI2B AMPD2
S100P TPT1 TNFAIP2 PLEK CD48 DUSP6 FTH1 LOC51669 DIFF48 CLN2
DYRK1A PCOLN3 PTGS2 MACS PFN1 RTN4 TALDO1 MKNK1
GCP2 RPN2 MME HSPA10 CDKN1A LIMK2 PRG1 ERV1 MYO1E KIAA0370
HLA-C HEM1 ICAM1 NPM1 SH3BP5 ACTG1 ANPEP KIAA0446 ARHGDIB
HSPF1 NUMB HLA-A SAT HEF1 HNRPC NS1-BP IFITM1 VDUP1
EIF4A1 LCP2 MAP3K8 NDUFV2 ICB-1 NCF4
HSPCA SUI1 S100A11 MCP
IRAK1
Gene expression LHL LHH LLH HLL HHL
pattern

For abbreviations, see Table 4 and Appendix 1.
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Some genes were transiently up-regulated, peaking at 30#6@ 3-end sequences of 1142 cDNA clones from neutrophils that
minutes, but returning to baseline levels by 2 hours after treatmewere not intentionally activated and obtained sequences for 748
Among the earliest response mRNAs for known genes was that fodependent species. They listed 46 named genes for which they
the dual-specificity protein kinase DYRK1%&#4This is the human recovered 3 or more clones. In the present study we found that 90%
homolog ofDrosophilaminibrain and potentially a homolog of the of these genes were up-regulated on neutrophil activation.

S cerevisiaggene YAK], a possible negative regulator of growth  Our data indicate that activated neutrophils are a source of
and cell cycle progressidfi.By 60 minutes after activation, the physiologically significant trans-cellular signaling molecules.
pattern changed with down-regulation of some mRNAs and stroieasurements of IL-8 protein accumulation have shown that
up-regulation of others, among which was the mRNA for ETR*01,neutrophils produce IL-8 at about 1 ng per million cells per hour
a proline-rich cytoplasmic protein known as a sometimes unstalslier exposure toE coli (J.D.G. and Y.V.B.K.S., unpublished
early activation protein in other systems. results, February 1994). This corresponds to approximately 10
molecules of IL-8 per cell per hour. In vitro, the cellular activating
effects of IL-8 reach half-saturation levels at a concentration range
of 0.5-1.0 nM. In vivo, human neutrophil counts commonly rise
Discussion above 10 million cells per mL blood, enough to raise the
concentration of IL-8 to physiologically effective levels within 1-2
The current study demonstrates that neutrophils are capablengfirs. At sites of infection, tissue neutrophils are considerably
extensive, rapid, and complex changes in gene expression. Thére concentrated. Therefore, the levels of IL-8 production by
changes in mRNA levels include both genes that are expressed agdtrophils are physiologically very significant.
regulated in many cell types and genes that are expressed in arhe levels of induced mRNA for a number of intracellular
limited range of cells. Few of the regulated genes were strictfoteins are comparable to those for the more abundant cytokine
neutrophil-specific. mRNAs. This strongly suggests that the intracellular molecules are

Activation of neutrophils by bacteria is a complex process thgtoduced at levels that are physiologically significant, although the
delivers multiple types of exogenous and endogenous signals to fegsibility of concomitant negative control of translation rate of
cell. The bacterial lipopolysaccharide itself interacts with a specifipecific mMRNAs has not been investigated. More caution is
receptor on the cell surface, and bacterially derived formyl peptidagcessary in interpretation of down-regulation of mRNA. The
interact with the FMLP receptor (FPR1). Immunoglobulins anélown-regulation will only correspond to changes in protein level if
complement components associated with the bacteria stimulatetia protein normally has a short half-life or is specifically degraded
array of receptors present on neutrophils. An early consequencedifowing activation of the neutrophils. Some of the down-
neutrophil activation is the production of reactive oxygen speciaggulation is undoubtedly due to stopping transcription of relatively
and these in turn elicit a stress response from the cells. Neutrogtibrt-lived mRNAs. This change would not produce synchronous
production of IL-1 or granulocyte-macrophage colony-stimulatingffects on all mMRNA both because they have differing half-lives
factor (GM-CSF) presumably activates the corresponding recend because transcription may not be down-regulated simulta-
tors on the cell surface. The relative kinetics of induction of IL-&ieously on different genes. Some mRNAs that are stable in cells
and down-regulation of its receptors offer another potential fareated with 5,6-dichloro-B-p-ribofuranosylbenzimidazole (DRB)
feedback effects on neutrophil activation. disappear rapidly after exposure to bacteria (data not shown).

In our study many known genes were induced on neutroplskudies with actinomycin D indicate that the mRNA for certain
activation includingG0S2 ZFP36 (TTP/G0S24)PBEF (G0S9) chemokine receptors is destabilized on LPS activation of &lls,
ETR101 COPEB FOSB (GOS3)FOS (G0S7)and the urokinase and this destabilization is blocked by simultaneous, but not by
receptor(PLAUR) These corresponded to mRNA appearing idlelayed, addition of the transcription inhibitor. In any case, the
many other cell types during the transition frorg-@ S-phase of events leading to destabilization are heterogeneous.
the cell cycle or after other modes of activation. Other genes for CC-chemokines, such as SCYA3, SCYA4, and SCYA20, were
widely used stress-response proteins, such as the heat sh@ekegulated. CXC chemokines, such as IL-8, GRO1, and GRO2,
products (HSPA10, HSPCA, HSPCB, and HSPF1) and the proteirre also up-regulated. Although GRO1 and GRO2 share 90%
kinase MAP2K3, were also activated. identity at the deduced amino acid level, and both have melanoma

Two groups recently reported array analysis of changes in geg@wth-stimulating activity, their expression patterns were differ-
expression in fibroblasts in response to PDGF recépposerum®  ent. GRO1 was induced by KIM5 more strongly than by nonpatho-
stimulation. For cells induced by receptor stimulation, more thagenic bacteria, but the induction of GRO2 seen with KIM6 did not
40% of the genes induced within 4 hours of stimulation wereccur with KIM5.
induced in neutrophils by 2 hours. This is an impressive overlap, as Although both CXCR1 (IL-8RA, a receptor that is relatively
the fibroblasts were a transformed murine cell line held in 0.5%pecific for IL-8) and CXCRZ (IL-8RB, a receptor activated by
serum, whereas the neutrophils are postmitotic normal human celteer CXC chemokines including GRO1) were down-regulated,
maintained in high serum. This overlap emphasizes a commonaktyM5 fully inhibited gene expression of CXCR1, but not CXCR2.
of very early response transcripts in mammalian cells, but suggeSi€CR1 and CXCR2 are regulated in different modes by CXC
that quantitative considerations of the time and level of mRNAhemokines and play diverse roles in mediating the inflammatory
production may be central to understanding the differences pnoces$?The putative G protein—coupled receptors CCRL2 (HCR)
behavior of cell types. and HM74 were prominently up-regulated. HCR was previously

None of the signal transduction or cell cycle genes induced identified in public databases as CCR6 (a receptor for SCYA20/
fibroblastd” was regulated in neutrophils. However, more thahARC/MIP3A), but recently it has been described as a distinctive
40% of immediate-early transcription factors were also upeceptor, CCRL2. The sequence of CCRL2 in GenBank Accession
regulated in neutrophils, and 7 of 8 gewéassified as inflammation- no. U95626 is identified as CCR®6, but differs from the sequence of
related were also up-regulated in neutrophils. Itoh €tadalyzed U68030 CCR6 mRNA, so it remains uncertain whether CCRL2 is
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the receptor of SCYA20/LARC/MIP3A. The presence of botltaused down-regulation of mRNAs for some antibacterial prod-
SCYA20/LARC/MIP3A and its receptor on the same cells wouldcts, including the phagocyte oxidase (PHOX) system (NCF1,
imply an autocrine loop. The strong induction of HM74 in humamNCF2, and NCF4) generating reactive oxygétend the calgranu
neutrophils suggests its utility as a clinical parameter and/or a drliigs (S100A8 and S100A9). In contrast, the free radical scavenging
target in inflammatory disorders. Overall, the responses to somezyme SOD2 was up-regulated by the nonpathogens. The reactive
stimuli were down-regulated, and new response pathways coulddg/gen system is regulated by external stiffukind is auto-
established. Whether these maintain or modulate the active stateytotoxic for neutrophils. Its down-regulation may contribute to the
have other functions remain to be determined, but they probalgyolongation of life span of activated cells in inflammation.
play important roles in the early evolution of the inflammatory Decay-accelerating factor (DAF) was up-regulated by nonpatho-
process. A suggestion to explain the virulence of KIM5 is that thgen, but MCPZ2 a cofactor of serine protease factor | for inactiva
loss of production of the primary activating and chemo-attractatibn of complements C3b and C4b, was down-regulated. Although
cytokine IL-8 would decrease the possibility that neutrophils whicboth play a protective role in host cells against homologous comple-
have ingested bacteria would attract additional neutrophils to siteent, MCP is also the receptor for various viruses badterial
of inflammation. The net effects of up-regulation of IL-1 and itpathogens. CD9%the receptor for DAF, is regulated oppositely to
receptor antagonist IL-1RN are uncertain, but they could provid2AF, so that the cells may become desensitized to DAF.
an additional measure of feedback. Overall, the patterns of induction or disappearance of mMRNAs
The balance between apoptotic and necrotic cell death fior genes of known function can largely be rationalized in terms of
neutrophils plays an important role in the control of inflammatiorthe biologic role of neutrophils. Several different antiapoptotic
Neutrophils accumulate in large numbers at sites of inflammatiomechanisms are set in play in an asynchronous fashion. This
forming tissue infiltrates and pus. Necrotic death of these celissponse would allow neutrophils that ingested nonpathogenic
releases toxic granule contents, such as elastase and collagemaatgrial to survive longer, potentially migrating to restricted tissue
whereas removal of apoptotic neutrophils by macrophages protestsas and also degrading ingested material. Additional defensive
surrounding tissues from such damaget However, inhibition of changes in the neutrophils include production of DAF. The cells
neutrophil apoptosis may augment host defense against infectairange their own cytokine responsiveness and begin producing a
by prolongation of functional longevity of the cefis.When range of new cytokines. These would not only transmit inflamma-
cultured in vitro, neutrophils rapidly undergo apoptosis, which i®ry signals and recruit unstimulated neutrophils, but they would
preceded by intracellular acidificati6h.G-CSF and a variety of also further stimulate activated neutrophils, contributing to the
inflammatory mediators delay programmed cell death, in part lepngregation of activated neutrophils and hence to abscess forma-
up-regulation of expression @&cl-X;, but not otheBcl-2 family  tion. Changes in the levels of intracellular signaling molecules
member$356-58The current data suggest that other proteins, suchight well change the responses to stimulation of pre-existing
as BCL2A1, MCL1, PPIF, TNFAIP3, and perhaps spermidingeceptors. Membrane trafficking is accelerated perhaps related to
spermine N1-acetyltransferase (SAT), may be important for tlegestion of bacteria and discharge of preformed granules. There is
regulation of neutrophil apoptosis in response to infection. also a previously unappreciated transition from early to delayed
Increases in mMRNA for genes regulating transcription aesponses at the level of mMRNA production.
translation were observed 2 hours after activation. These includeIn summary, nonpathogenic gram-negative bacteria induce a
the COPEB gene, which is reported to stimulate expression aharked change in the patterns of gene expression in neutrophils,
genes lacking a TATA box. In cells exposed to KIM5, 12 of 14ndicating massive changes in cytokine output and prolongation of
transcription-modifying genes examined were present at levelsll survival. These changes imply that neutrophils are important
more similar to those of control neutrophils than of the neutrophikffectors of the progression of the cellular inflammatory response.
stimulated by the other bacteria. Interruption of these changes by pathogens, sudh@estiKIM5,
In time-course studies we found that NFKBIAxBa) was could be, at least in part, responsible for the failure to contain the
induced byE coli K12 in 30 minutes, but NFKB1 (NkB) infectious process.
induction was observed after 60 minutes. In contrast to NFKBIA, Supplementary information is available on our Web %ite.
NFKBIE (IkBe) was activated rather laterxB is known as a
negative regulator of NkB by formation of stable HB/NF-«xB
complexes. This retains N&B in the cytoplasm until the NkB ~ Acknowledgments
activation signal is received. This asynchronous activation of
reciprocal transcription factors presumably reflects a transieie thank Andrea M. Neuman, Carolyn Padden, Angela Plette,
activation of NikB-dependent genes. Anne-Marie Quinn, and Connie Whitney for technical assistance
Activation by nonpathogens, but not by the pathogenic KIM&nd Dov Greenbaum for Web site set-up.
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Appendix 1: gene symbols for Tables 4, 5, and 6

The gene symbols given in Tables 4, 5, and 6 are listed in alphabetical orddHC class |, EHM74, putative chemokine receptor, GTP-binding protein;
ACTBindicates actin, betsCTG1, actin, gamma 1ADAMS a disintegrin  HMG17, high-mobility group (nonhistone chromosomal) protein 17;
and metalloprotease domain 8 (CD15ADORA2A adenosine A2a HMGIY, high-mobility group (nonhistone chromosomal) protein isoforms |
receptor;AMPD2, adenosine monophosphate deaminase 2 (isoform Lgnd Y; HMOX1, heme oxygenase (decycling) HNRPG heterogeneous
ANPER alanyl (membrane) aminopeptidase (CDI8RP9 aquaporin 9; nuclear ribonucleoprotein C (C1/CHPCALY, hippocalcin-like 1HS1-2
ARHGDIB rho GDP dissociation inhibitor (GDI) bet&§RPC1B actin- putative transmembrane proteillSPA10 heat shock 70-kd protein 10
related protein 2/3 complex, subunit 1A (41 kdYF4, activating transcrip- (HSC71);HSPCA heat shock 90-kd protein 1, alphldSPCB heat shock
tion factor 4 (tax-responsive enhancer element B@V)P2A3 ATPase, 90-kd protein 1, betaHSPF1 heat shock 40-kd protein UCAMI,
Ca'* transporting, ubiquitousATP2B1 ATPase, Ca" transporting, intercellular adhesion molecule 1 (CD54LAM3, intercellular adhesion
plasma membrane ATP5E ATP synthase, Htransporting, mitochondrial molecule 3 (CD50);ICB-1, basement membrane—induced geHeR3

F1 complex, epsilon subuni§TP6F, ATPase, H transporting, lysosomal immediate early response BZITM1, interferon-induced trans-membrane
(vacuolar proton pump) 21 k&\TP6J ATPase, H transporting, lysosomal protein 1 (9-27);IFNGRY, interferon-gamma receptor 1 (CDw119f:-
(vacuolar proton pump), member ATP6L, ATPase, H transporting, NGR2 interferon-gamma receptor beta chdinlA, interleukin-1, alpha;
lysosomal (vacuolar proton pump) 16 KATP6S1ATPase, H transport- IL1B, interleukin-1, betajL1RN, interleukin-1 receptor antagonidt;8,

ing, lysosomal (vacuolar proton pump), subunit B2M, beta-2- interleukin-8;IL8RA interleukin-8 receptor, alpha (CDw128a CXCR1);
microglobulin; BB1, malignant cell expression—enhanced gene/tumor prd-8RB, interleukin-8 receptor, beta (CXCR2RAKY, interleukin-1 receptor-
gression—enhanced gene (human, UM-UC-9 bladder carcinoma cell liassociated kinase 1RF1, interferon regulatory factor 1TGAS5, integrin,
mRNA, 1897 nt); BCL2A1 BCL2-related protein A1BRF2 butyrate alpha 5 (fibronectin receptor, alpha polypeptide) (CD4B&}B2, integrin,
response factor 2 (EGF response factor 2) (TIS1BR)I3 brain protein I3; beta 2 (CD18, LFA-1);KIAA037Q KIAA0370 protein; KIAA0446
BTF3 basic transcription factor 38TG2 BTG family, member 2 (TIS21); KIAA0446 gene productKIAA110Q KIAA1100 protein;LCP2, lympho-
CAMKK?2, Ca/calmodulin-dependent protein kinase kinase 2, I&&&8L2 cyte cytosolic protein 2 (SH2 domain—containing leukocyte protein of 76
chemokine (C-C motif) receptor-like 22D44, CD44 antigen (homing kd); LILRAZ2, leukocyte immunoglobulin-like receptor, subfamily A (with
function and Indian blood group systenD48 CD48 antigen (B-cell TM domain), member 2 (LIR-7);IMK2, LIM domain kinase 2t OC51312
membrane protein)CD97, CD97 antigen;CDKN1A cyclin-dependent mitochondrial solute carriet;OC51669 HSPCO035 proteir;SP1 lympho-
kinase inhibitor 1A (p21, Cip1)CEBPB CCAAT/enhancer binding protein cyte-specific protein 1L.TB, lymphotoxin beta (TNF superfamily, member
(C/IEBP), beta,CFLAR CASP8 and FADD-like apoptosis regulator (I-3); MACS myristoylated alanine-rich protein kinase C substrate (MARCKS,
FLICE); CLIC1, chloride intracellular channel TLK1, CDC-like kinase 80K-L); MAP2K3 mitogen-activated protein kinase kinaseN8AP3K8§

1; CLN2 ceroid-lipofuscinosis, neuronal 2, late infantile (Janskymitogen-activated protein kinase kinase kinase 8 (COIJL1, myeloid
Bielschowsky disease)JOPER core promoter element binding protein cell leukemia sequence 1 (BCL2-relatell)CP, membrane cofactor protein
(CPBP);CPD, carboxypeptidase OZROC4 transcriptional activator of the (CD46, trophoblast-lymphocyte cross-reactive antigeviikNK1, MAP
c-fos promoterCTSD cathepsin D (lysosomal aspartyl proteasgYBA  kinase—interacting serine/threonine kinaseMIYIE, membrane metallo-
cytochrome b-245, alpha polypeptide (p22-PHOBRF, decay accelerat- endopeptidase (neutral endopeptidase, enkephalinase, CALLA, CD10);
ing factor for complement (CD55, Cromer blood group systddi)iT3, MNDA, myeloid cell nuclear differentiation antigeh{YO1E myosin IE;
DNA-damage—inducible transcript 3 (CHOP1D)FF48, KIAA0386 gene NACA nascent-polypeptide—associated complex alpha polypeptiael,
product;KIAA0415 KIAA0415 gene productbNM2, dynamin 2;DSIPI,  Nef-associated factor NAPA N-ethylmaleimide—sensitive factor attach-
delta sleep-inducing peptide, immunoreact@tJSP6§ dual-specificity ment protein, alpha (a-SNAPNBS1 Nijmegen breakage syndrome 1
phosphatase 6DYRK1A dual-specificity tyrosine-(Y)-phosphorylation— protein (nibrin); NCF1, neutrophil cytosolic factor 1 (47 kd, chronic
regulated kinase 1A (minibrain homolod}DG6, endothelial differentia- granulomatous disease, autosomal 1) (p47-PHOXEF2 neutrophil
tion, G-protein—coupled receptor BGR1, early growth response 1 (TIS8, cytosolic factor 2 (65 kd, chronic granulomatous disease, autosomal 2)
G0S30);EHD1, EH domain—containing 1 (HPASTEIF4AL, eukaryotic (p67-PHOX); NCF4, neutrophil cytosolic factor 4 (40 kd) (p40-PHOX);
translation initiation factor 4A, isoform EEMD, Emerin (Emery-Dreifuss NDUFV2 NADH dehydrogenase (ubiquinone) flavoprotein 2 (24 kd);
muscular dystrophy)ERV1 endogenous retroviral sequenceELR101  NFEZ2 nuclear factor (erythroid-derived 2), 45 KdFE2L2 nuclear factor
immediate-early proteinETS2 v-ets avian erythroblastosis virus E26 (erythroid-derived 2)-like 2\FKBZ, nuclear factor of kappa light polypep-
oncogene homolog ZEVI2B, ectropic viral integration site 2BFACLL,  tide gene enhancer in B-cells 1 (p10B)EKBIA, nuclear factor of kappa
fatty-acid-coenzyme A ligase, long-chain ECAR Fc fragment of IgA, light polypeptide gene enhancer in B-cells inhibitor, alpha (I-kappa-B
receptor for (CD89)FCER1G Fc fragment of IgE, high-affinity |, receptor alpha);NFKBIE, nuclear factor of kappa light polypeptide gene enhancer in
for gamma polypeptidei-=CGR3A Fc fragment of 1gG, low-affinity llla, B-cells inhibitor, epsilon (I-kappa-B epsilon)N\PM1, nucleophosmin
receptor for (CD16)FLOTY, flotillin 1; FOS v-fos FBJ murine osteosar- (nucleolar phosphoprotein B23, numatrif)$1-BR NS1-binding protein;
coma viral oncogene homolog (G0S7, c-FOSYSB FBJ murine osteosar- NUMB, numb (Drosophila) homolo@)LR1, oxidized low-density lipopro-
coma viral oncogene homolog B (GOSBPRY, formyl peptide receptor 1; tein (lectin-like) receptor 1;0SM oncostatin M; PBEF, pre—B-cell
FTH1, ferritin, heavy polypeptide 1; FTL, ferritin, light polypeptid80S2  colony-enhancing factor (GOS9PCOLN3 procollagen (type Ill) N-
putative lymphocyte GO/G1 switch gen§ADD34 growth arrest and endopeptidasePFN1, profilin 1; PIG7, LPS-induced TNF-alpha factor
DNA-damage—inducible 34 (MyD116 homolog3ADD45B growth arrest  (LITAF); PLAUR plasminogen activator, urokinase receptor (CD87);
and DNA-damage—-inducible, beta (MyD118 homolo@)c2Q translation PLEK, Pleckstrin;PPGR protective protein for beta-galactosidaB&IA,
factor suil homologGCL, grancalcin;GCP2 gamma-tubulin complex peptidyl-prolyl isomerase A (cyclophilin A); PPIF, peptidyl-prolyl isomer-
protein 2;GCSH glycine cleavage system protein H (aminomethyl carrierlase F (cyclophilin F)PRGJ proteoglycan 1, secretory granuRSMC4
GPR44 G protein—coupled receptor 44 (CRTHZ}PRKG G protein— proteasome (prosome, macropain) 26S subunit, ATPase, 4 (TBBD:
coupled receptor kinase 6GRN granulin; GRO1 GRO1 oncogene DBP, Pleckstrin homology, Sec7 and coiled/coil domains, binding protein;
(melanoma growth stimulating activity, alphakR0O2 GRO2oncogene PTGS2 prostaglandin-endoperoxide synthase 2 (prostaglandin G/H syn-
(MIP2A); GSTTLp28 glutathione-S-transferase—like (glutathione transthase and cyclo-oxygenase) (COXR),PN§ protein tyrosine phosphatase,
ferase omega}d1F2, H1 histone family, member 243F3A H3 histone, nonreceptor type @TPRC protein tyrosine phosphatase, receptor type, C
family 3A; HCLS1 hematopoietic cell-specific Lyn substrateHDAC3  (CD45); RAB1 RAB1, membeRASoncogene familyRAB5A RABSA,
histone deacetylase BEF1, enhancer of filamentation 1 (cas-like docking,memberRAS oncogene family; RAB7, RAB7, membdRAS oncogene
Crk-associated substrate-relateddEM1, hematopoietic protein HIF1A, family; RAC1, Ras-related C3 botulinum toxin substrate 1 (rho family,
hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcrigmall GTP binding protein Racl)RALGDS Ral guanine nucleotide
tion factor); HLA-A, MHC class |, A;HLA-C, MHC class |, C;HLA-E, dissociation stimulatorRGS2 regulator of G-protein signaling 2, 24 kd
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(G0S8);RGS14regulator of G-protein signaling 1RPL18Aribosomal protein  metalloproteinase 1 (EPAYMSB4X thymosin, beta 4, X chromosome;
L18a; RPN2 ribophorin Il; RPS6KAL ribosomal protein S6 kinase, 90 kd, TNFAIP2 TNF-alpha—induced protein ZNFAIP3 TNF-alpha—-induced
polypeptide 1;RTN4 reticulon 4;S100A8 S100 calcium-binding protein A8 protein 3; TNFAIPG TNF-alpha—induced protein 6[NFRSF1A TNF
(calgranulin A); S100A9 S100 calcium-binding protein A9 (calgranulin B); receptor superfamily, member 1A (CD120A)NFRSF10BTNF recep-
S100A11S100 calcium-binding protein A11 (calgizzariS},00RPS100 calcium-  tor superfamily, member 10b (DR5J,OM1, target of myb1 (chicken)
binding protein PSAT, spermidine/spermine N1-acetyltransfer&egYA3small homolog; TPD52L2 tumor protein D52-like 2TPM3, tropomyosin 3
inducible cytokine A3 (G0S19-1, LD78, MIPLABCYA4 small inducible (nonmuscle);TPT1, tumor protein, translationally controlled 1 (IgE-
cytokine A4 (LAG1, MIP1B);SCYA20small inducible cytokine subfamily A dependent histamine-releasing factdR|P8 thyroid hormone receptor
(C-C), member 20 (LARC, MIP3ASECTM1 secreted and trans-membrane ljnteractor 8;TYROBPR TYRO protein tyrosine kinase binding protein;
SELL selectin L (lymphocyte adhesion molecule 1) (CD62BK serum/  UBEZ2B, ubiquitin-conjugating enzyme E2B (RAD6 homolod)LK1,
glucocorticoid-regulated kinasBH3BP5SH3-domain binding protein 5 (BTK- unc-51 (C elegans)-like kinase YATD, vacuolar proton pump delta
associatedSLC7A5solute carrier family 7 (cationic amino acid transporter, y polypeptide;,VDUP1, up-regulated by 1,25-dihydroxyvitamin D-3 (HH-
system), member 5 (CD983LC11A2solute carrier family 11 (proton-coupled CPA78); VPS35 vacuolar sorting protein 35 (yeast homologyBP2
divalent metal ion transporters), member 2 (NRAMRR)C16A3solute carrier  WW domain binding protein 2WBSCR1 Williams-Beuren syndrome
family 16 (monocarboxylic acid transporters), member 3 (MCTSPD2 chromosome region 1 (EIF4H)XIP, hepatitis B virus x-interacting
superoxide dismutase 2, mitochondri@SR2 signal sequence receptor, betaprotein (9.6 kd);ZFP36 zinc finger protein homologous to Zfp-36 in
(translocon-associated protein beta) (TRAPR)IL, putative translation initia- mouse (G0S24, TIS11, TTPYNF148 zinc finger protein 148 (pHZ-
tion factor (EIF1-A121)TALDOY] transaldolase IFIMP1, tissue inhibitor of 52); andZNF22Q zinc finger protein 220 (MOZ).



