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Abstract

The proinflammatory chemokine interleukin-8 (IL-8/NAP-
1) has been implicated in recruiting neutrophils to sites of
acute and chronic tissue inflammation. In transgenic mice,
elevated serum IL-8 levels ranging from 1 to 118 ng/ml
were correlated with proportional increases in circulating
neutrophils and proportional decreases in L-selectin expres-

sion on the surface of blood neutrophils. No change in the
expression of the fi2-integrins Mac-i and LFA-1 was appar-

ent on peripheral blood neutrophils of the IL-8 transgenic
mice. Additionally, L-selectin expression on bone marrow

neutrophils and neutrophil precursors was normal in all
transgenic lines. IL-8 transgenic mice demonstrated an ac-

cumulation of neutrophils in the microcirculation of the
lung, liver and spleen. Moreover, there was no evidence of
neutrophil extravasation, plasma exudation or tissue dam-
age in any IL-8 transgenic mice. Neutrophil migration into
the inflamed peritoneal cavity was severely inhibited in IL-

8 transgenic mice, but not in nontransgenic littermates. The
IL-8 transgenic mice should serve as useful models for
studying the putative role of neutrophils in mediating tissue
damage in models of inflammation, such as hepatic ischemia
and reperfusion injury, cecal puncture and ligation, and
glomerulonephritis. (J. Clin. Invest. 1994. 94:1310-1319.)
Key words: transgenic mice * leukocyte migration * L-selec-
tin * chemokine * fi2-integrins

Introduction

One important hallmark of acute and chronic inflammatory dis-
ease is the migration of leukocytes from the peripheral blood
into tissues. In response to infection, tissue accumulation of
phagocytic leukocytes is necessary for the elimination of infec-
tious agents such as bacterial and viral pathogens. However,
the excessive accumulation and activation of neutrophilic leuko-
cytes in such an inflammatory reaction also can lead to local
tissue damage. Such damage is mediated by proteolytic enzymes
and free-radical formation resulting from the neutrophilic respi-
ratory burst at the site of infection (1).

The proinflammatory cytokine interleukin 8/neutrophil-ac-
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tivating peptide-1 (IL-8/NAP-1)1 (2-7), has been implicated
as one important mediator of neutrophil infiltrates identified in
the epidermal scales of psoriasis patients (8, 9), the synovial
fluid of rheumatoid arthritis patients (10, 11), the colonic mu-
cosa of individuals with ulcerative colitis (12, 13), and in the
lung of patients with idiopathic pulmonary fibrosis or adult
respiratory distress syndrome (14, 15). IL-8 is expressed as a
99 amino acid protein by monocytes, endothelial cells, fibro-
blasts, and many cell types of epithelial origin (2). Following
cleavage of a signal peptide and further proteolytic processing
at the amino terminus, IL-8 is secreted predominately as an 8.4-
kD protein of 72 amino acids by monocytes or an 8.9-kD protein
of 77 amino acids by endothelial cells and fibroblasts (16-18).
Upon binding to receptors on the surface of neutrophils, IL-8
mediates neutrophil migration into tissues by stimulating rolling
neutrophils in the vasculature to adhere to endothelial cells.
This adhesive step is presumably caused by IL-8 mediated shed-
ding of L-selectin and upregulation of /32-integrins on the sur-
face of the neutrophils (19-21). IL-8 has also been reported
to induce shape changes in neutrophils, activate the respiratory
burst, and stimulate release of oxygen free radicals, elastase
and other neutral proteases which contribute to the localized
tissue damage characteristic of an inflammatory reaction (4).
In addition to its proinflammatory role in recruiting neutrophils
to local sites of acute and chronic inflammation, IL-8 may have
some anti-inflammatory properties. IL-8 has been reported to
inhibit neutrophil adhesion to activated vascular endothelium
( 16, 17), and short-term intravascular delivery of IL-8 to rabbits
was found to block neutrophil migration to sites of cytokine-
induced inflammation (22, 23).

Human IL-8 exhibits variable chemotactic potency for neu-
trophils of several different species, including monkey, rabbit,
dogs, and mice (24). To investigate the long-term in vivo bio-
logical effects of IL-8, we tested the ability of human IL-8
to influence blood-borne neutrophil levels, neutrophil surface
marker expression, and targeted neutrophil migration in IL-8
transgenic mice. In mice secreting high levels of human IL-8,
L-selectin expression is decreased on the neutrophil surface,
thioglycollate-mediated neutrophil extravasation is impaired,
and neutrophils accumulate in the vascular beds of the lungs,
liver, and spleen.

Methods

Constructs. To target liver expression of transgenes, a 774-bp PstI-XbaI
DNA fragment [which contains the liver specific enhancer or hepatocyte

1. Abbreviations used in this paper: GCSF, granulocyte colony stimulat-
ing factor; LAM, leukocyte adhesion molecule; LECAM, leukocyte-
endothelial cellular adhesion molecule; NAP, neutrophil activating pep-
tide; WBC, white blood cell.

1310 Simonet, Hughes, Nguyen, Trebasky, Danilenko, and Medlock

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/94/09/1310/10 $2.00
Volume 94, September 1994, 1310-1319



control region (HCR)] from the human apolipoprotein (apo) C-I/C-I'
intergenic region on chromosome 19 (25) was subcloned into the PstI-
XbaI sites of pUC19. The resulting clone was designated pCI-CI' PX#8.

A 1.45-kb KpnI fragment containing a continuous piece of DNA
consisting of 650 bp of the human apoE gene 5 '-flanking sequence, the
first exon, first intron and a portion of the second exon of the apoE
gene was excised from the vector pHE54 (25). This 1.45-kb fragment
was inserted into the Kpn-I site of pCI-CI' PX#8, to generate pHCR-
HEP. The 2.2-kb enhancer-promoter-intron cassette was excised from
pHCR-HEP as a Hindli-EcoRI fragment and cloned into HindiI-EcoRI
cut pBSSK II+ to generate pHCR-HEP BS(HE).

An SV40 poly A signal was amplified by PCR using the plasmid
V19-10 as template. The 242-bp poly A cassette was amplified as a NoW-
Sacd fragment. The fragment was sequenced, showing 100% homology
to the template, and was subcloned into NotI-SacdI cut pBSSK II+, to
generate pBS-PA (NS).

The human IL-8 cDNA was used as template to PCR amplify a
SpeI-NotI fragment that was subcloned into Spel-NotI cut pBS-PA (NS)
to produce pIL-8 PA. The amplified IL-8 sequence, which lacked a
portion of the 3' untranslated sequence of the cDNA, was sequence
verified and found to be 100% homologous to human IL-8 in the coding
region.

Finally, the HCR-apoE promoter-intron cassette was excised from
pHCR-HEP BS (HE) as a XhoI-SpeI fragment and subcloned into XhoI-
Spel cut pIL-8 PA to generate pHCR-HEP IL-8 PA (abbreviated HE8).

To target intestinal expression of transgenes, the PCR amplified
(sequence varified) rat intestinal fatty acid binding protein (FABP)
promoter in the form of a 1.2-kb EcoRI DNA fragment was cloned into
the EcoRI site of pUCl9. The human apoE first intron with the adjacent
acceptor and donor splice sites was amplified as a KpnI fragment and
subcloned into KpnI cut FABPTB. The resulting vector was designated
FABP-Eintron. The promoter-intron cassette was excised from FABP-
Eintron as an EcoRI fragment and cloned into EcoRI cut pBSSK II+
to generate pFE BS. The promoter-intron cassette was subcloned in both
orientations for future use. Finally, the promoter-intron cassette was
excised from the subclone of pFE BS with the desired orientation as a
XhoI-SpeI fragment and subcloned into XhoI-SpeI cut pIL-8 PA to
generate pFE-IL-8 PA (abbreviated FE8).

Preparation and analysis of transgenic mice. For microinjection,
the vectors, HE8 and FE8, were digested with XhoI, ScaI, and AflM,
and the 3.3 and 3.1-kb XhoI-AflIE inserts from the respective vectors
were purified on a 0.8% BRL ultrapure DNA agarose gel and diluted
to 1 jig/ml in 5 mM Tris, pH 7.4, 0.2 mM EDTA. Single-cell embryos
from BDF1 x BDF1-bred mice were injected essentially as described
(26). Embryos were cultured overnight in a CO2 incubator and 15 to
20 two-cell embryos were transferred to the oviducts of pseudopregnant
CD1 female mice. Offspring were weaned at 3-4 wk of age and DNA
was prepared from a 1-cm portion of their tails. Transgenic founder
animals, averaging 15-20% of the littermates derived from implanted
embryos, were identified by PCR using primers which amplified a 368-
bp fragment of the human apoE first intron. The animals used for analy-
sis were F1 and F2 transgenic heterozygous males between 8 and 16
wk of age.

Preparation and analysis of total RNA. Total cellular RNA was
isolated from various tissues of transgenic and control mice as described
(27). For Northern blot analysis, 20 ,g of total RNA from the desired
tissue was processed and electrophoresed on a 1.0% formaldehyde gel
essentially as described (28). The RNA was transferred to Hybond-N
nylon membrane "I (Amersham), and probed with 32P-labeled cDNA
to human IL-8 or mouse fl-actin. Hybridization was performed overnight
at 42°C in 50% formamide, 5 x sodium chloride sodium phosphate
EDTA, 0.5% SDS, 5 x Denhardt's solution, 100 jg/ml denatured
salmon sperm DNA and 2-4 x 106 cpm of labeled probe/ml of hybrid-
ization buffer. After hybridization, blots were washed twice at room
temperature, 5 min each, in 2x SSC, 0.1% SDS and twice at 550C, 5-
10 min each, in 0.1 x SSC, 0.1% SDS. Blots were then exposed to
Kodak x-ray film at -700C for 1-5 d.

Antibody production and Western blot analysis. A rabbit polyclonal

antibody to human IL-8 was prepared by subcutaneous injection of three
New Zealand white rabbits with unconjugated recombinant human IL-
8 in Freund's adjuvant. Of several lots tested, rabbit 1912 produced the
highest titer antisera, which subsequently proved useful for Western blot
analysis of transgenic mouse and control mouse serum. For detection of
1L-8 in mouse serum, 1-3 Al of transgenic and nontransgenic mouse
serum was electrophoresed on a 16% polyacrylamide gel. Purified endo-
thelial form of IL-8 (77 amino acid form) was included as a standard
and migration control. Following electrophoresis in a Novex mini-gel
apparatus, the fractionated mouse proteins were electroblotted onto Hy-
bond-ECL' nitrocellulose (Amersham Intl., Buckingham, England).
Western blotting was performed as described in the ECL Western blot-
ting protocol manual supplied with the Amersham kit, but with the
following variations. Initial blocking of the filters was performed using
10% dried milk in PBS with 0.1% Tween-20' (Atlas Chemical Co.,
Miami, FL). Incubation of primary antibody (1912) was performed at
a dilution of 1:2000 for 45 min at room temperature. An HRP labeled
anti-rabbit IgG from donkey (1:7500 dilution) was used as the second
antibody.

ELISA of Human IL-8. Quantitation of serum IL-8 levels in
transgenic and nontransgenic F1 heterozygous offspring from different
lines was performed using an ELISA kit (Biosource International, Ca-
marillo, CA) to human IL-8 as described in the protocol accompanying
the kit.

Circulating white blood cell analysis. Circulating white blood cells
(WBC) were counted in a 1:500 dilution of freshly prepared whole
blood on a Sysmex F-800 blood cell counter (Toa Medical Electronics
Co., Ltd., Kobe, Japan), following lysis of the red blood cells with
Quicklyser' (Toa Medical Electronics Co., Ltd). Differential leuko-
cyte analysis was done using 3 Al of whole blood spread on a glass
slide and subjected to Wright's-Giemsa staining. At least 100 cells were
counted from each slide by visualizing under a 1OOx oil immersion
lens on an Olympus CH2 microscope. For each transgenic line reported,
a minimum of five individual F1 heterozygotes were analyzed. Quantita-
tion of neutrophil levels was determined by multiplying the percentage
of neutrophils by the total WBC count obtained from the Sysmex
counter.

Immunohistochemistry of animal tissues. Tissues were fixed over-
night in 10% neutral buffered zinc formalin (Anatech, Battle Creek,
MI), paraffin embedded, and sectioned at 3 Am. To highlight neutrophils
in tissues, sections were incubated with a 1:300 dilution of rabbit antisera
directed at human myeloperoxidase (Dako Corp., Carpinteria, CA), then
incubated with a 1:500 dilution of biotinylated goat antisera directed at
rabbit IgG (H + L chains) (Vector Labs, Inc., Burlingame, CA), and
finally incubated with a 1:100 dilution of an avidin-biotin complex
conjugated to horseradish peroxidase (Vectastain Elite; Vector Labs,
Inc.). Specific immunohistochemical staining was detected using diami-
nobenzidine (DAB; Sigma Co., St. Louis, MO) as the enzyme substrate.
All sections were blocked with 10% normal goat serum prior to incuba-
tion with the primary antibody.

FACS analysis of whole blood and bone marrow. Blood was col-
lected into EDTA tubes. Femurs were harvested and flushed with phos-
phate buffered saline supplemented with 2% heat inactivated fetal bo-
vine serum (PBS/FBS). 30 A1 of blood or 106 bone marrow cells were
incubated with 20 AI of antibody for 30 min at 4°C. Cells were washed
with PBS/FBS and red blood cells were lysed with FACS lysing solution
(Becton Dickinson Vacutainer Systems, Rutherford, NJ). Cells were
washed and analyzed using a FACScan cell analyzer (Becton Dickinson
Vacutainer Systems). Monoclonal antibodies purchased from Phar-
mingen were used: Lecam-l (MEL-14), LFA-1 (CDlla, clone 2D7),
Gr-l(RB6-8C5), Mac-l(Ml/70), B-220 (RA3-6B2), Thy 1.2 (53-
2.1) and Rat Ig controls. All antibodies were directly conjugated with
either fluorescein isothiocyanate (FITC) or phycoerythrin (PE).

IL-8 and thioglycollate-mediated neutrophil migration. 8-12-wk-
old male transgenic and nontransgenic F1 littermates of the HE8 51 line
were challenged with intraperitoneal injections of recombinant human
IL-8 (77 amino acid form, endotoxin level < 2.5 EU/ml), thioglycollate
broth, or PBS. Mice were killed 4 h after 1L-8 injection and 1-4 h after
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Figure 1. Design of constructs for expression of human IL-8 in
transgenic mice. The human apoE promoter, its associated liver specific
enhancer (HCR) and the rat fatty acid binding protein (FABP) promoter
are described in Methods. The HE8 construct was designed for hepatic
expression of human interleukin 8. The FE8 construct was designed to
direct expression of human interleukin 8 in intestinal villus enterocytes.
For the HE8 construct, 9 of 52 potential offspring had the transgene
integrated into their genome. For the HE8 construct, 11 of 56 potential
offspring harbored the transgene in their genome. Analysis were per-
formed on FI transgenic heterozygotes from individual lines.

thioglycollate injection and neutrophils in the peritoneal exudate were
quantitated.

Results

Generation and analysis of IL-8 transgenic mice. To generate
mice in which neutrophil migration might be influenced by
establishing or disrupting gradients of neutrophil chemoattrac-
tants, the human neutrophil chemotactic cytokine IL-8 was ex-
pressed in either the liver or the gastrointestinal tract of
transgenic mice.

To direct liver expression of human IL-8, we used the liver
specific enhancer (HCR) and human apoE promoter from the
apoE/C-I gene locus on human chromosome 19 (Fig. 1, HE8)
(25, 29). This enhancer-promoter combination had been
shown previously to direct high level expression of the linked
human apoE and apoC-I genes in hepatocytes of transgenic mice
(25). A second transgene construct (Fig. 1, FE8), designed to
direct IL-8 expression to the gastrointestinal tract, used a rat
fatty acid binding protein promoter previously shown to direct
lineage-specific expression of transgenes to the villus entero-
cytes of the small intestine and proximal colon of mice (30,
31 ). The same human apoE first intron was used in both con-
structs because of previous reports that introns improve expres-
sion of transgenes in mice (26, 32, 33).

Five independent lines harboring the HE8 transgene were
analyzed for expression of human IL-8 RNA by Northern blot
analysis with a cDNA probe to human IL-8 (Fig. 2 a). Hetero-
zygous F1 offspring from lines 7, 26, and 51 had high levels
of IL-8 mRNA in the liver, with much lower levels detectable
in the kidney. The human apoE promoter has been reported
previously to direct kidney expression of transgenes, provided
that the appropriate regulatory elements are present (25, 34),
thus it was not surprising to find low levels of kidney expression.
No IL-8 mRNA was detected in other tissues analyzed (data
not shown). HE8 line 36 exhibited markedly lower levels (100-
fold) of expression in the liver when compared to the three
high expressing lines. Line 49 was a nonexpressing line and no
hybridizable signal was detected when RNA prepared from a
nontransgenic mouse was analyzed.

Heterozygous Fl offspring from six lines for the FE8 con-
struct expressed IL-8 mRNA in the small intestine. The expres-
sion pattern of four of these lines is shown in Fig. 2 b. Lines
13 and 54 had relatively high expression compared to lines 44,
6 (Fig. 2 b), and two other lines which are not shown. Lines

13, 54, 44, and 6 expressed IL-8 mRNA at highest levels in
the jejunum, with lower levels in ileum and duodenum. No
expression was detected in the liver (Fig. 2 b). Mouse f3-actin
RNA was probed as a control for RNA loading. Liver typically
gave a lower signal for mouse P-actin RNA compared to other
tissues.

Analysis of serum from the HE8 transgenic founder mice
by Western blot analysis with a rabbit polyclonal antibody to
human IL-8 revealed abundant levels of the transgene product
in the blood of mice from lines 7, 26, and 51 (Fig. 2 c). A
strong correlation between RNA expression in the liver and
circulating levels of IL-8 was observed. Of the intestinal ex-
pressing transgenics, the FE8 13 founder had the highest serum
levels of IL-8 (Fig. 2 c). The IL-8 protein detected in all
transgenic lines, whether of liver or intestinal origin, migrated
in SDS at a position close to the 77 amino acid endothelial cell-
derived IL-8 standard.

Correlation ofserum IL-8 levels with circulating neutrophil
numbers. Serum was analyzed from a minimum of five
transgenic Fl heterozygous offspring from each expressing line
for circulating human IL-8 using a specific ELISA (Table I and
additional data not shown). Circulating white blood cell analy-
sis of the same mice revealed that total white blood cell levels
and absolute neutrophil numbers were markedly elevated in
the highest HE8 expressing lines, with more modest increases
observed in lower expressing lines. Among a total of seven
independent lines of transgenic mice analyzed, a strong correla-
tion was observed between serum IL-8 levels and absolute num-
bers of circulating neutrophils. Elevated blood neutrophils were
found in mice with steady state serum IL-8 levels as low as 1.2
ng/ml and as high as 118 ng/ml. Representative results from
three different transgenic lines with steady state serum IL-8
levels at three different orders of magnitude are shown in
Table I.

Neutrophils in the microcirculation of vascularized tissues.
Histological analysis of myeloperoxidase-stained tissues of high
and low expressing transgenic animals for either the HE8 or
FE8 constructs revealed increased neutrophil accumulation in
the microcirculation of liver, lung, and spleen of high expressing
animals compared to nontransgenic littermates (Fig. 3). While
neutrophil accumulation in the capillaries and sinuses of highly
vascularized tissues was observed, no extravascular neutrophilic
infiltrates were observed in any tissue analyzed, including those
expressing the transgene product. In addition, no plasma exuda-
tion (as accessed by measuring total protein levels in bronchoal-
veolar lavage fluid of transgenic and control mice) or tissue
damage was evident in any of the transgenic mice, even in high
expressing lines in which increased numbers of neutrophils were
observed in the circulation for as long as 12 mo. High resolution
microscopy revealed that neutrophils were marginated within
postcapillary venules (Fig. 3, inset).

Cytofluorimetric analysis of L-selectin and /32-integrin ex-
pression on neutrophils. FACS analysis using lineage-specific,
cell surface marker antibodies revealed that peripheral blood
Gr-1 + cells (an antigenic determinant specific for neutrophils)
were markedly elevated in the transgenic mice compared to their
nontransgenic littermates (Fig. 4). There was no significant
difference in the relative numbers of circulating lymphocytes,
as measured by B-220+ and Thyl.2+ cells in the blood of
transgenic vs. nontransgenic mice (data not shown). Similar
analysis of bone marrow from the same mice revealed normal
bone marrow cellularity, with no significant change in either
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Figure 2. Northern blot and Western
blot analysis of human IL-8 expres-
sion in transgenic mice. (a) Northern
blot analysis of human IL-8 RNA ex-
pression in HE8 transgenic mouse tis-
sues. Fl heterozygotes from five sepa-
rate transgenic lines (designated 49,
36, 7, 26, and 51 ) and one non-
transgenic control (NT) were ana-
lyzed for expression of the IL-8
transgene and endogenous mouse /3-
actin gene in the liver, kidney, and
brain. (b) Northern blot analysis of
human IL-8 RNA expression in FE8
transgenic mouse tissues. Fl hetero-
zygotes from four separate transgenic
lines (designated 13, 54, 44, and 6)
and one nontransgenic control (NT)
were analyzed for expression of the
IL-8 transgene and endogenous
mouse 6-actin gene in the liver and
different regions of the small intes-
tine. (c) Western blot analysis of hu-
man IL-8 in transgenic and non-
transgenic mouse serum. Serum from
the founder animals of eight HE8
lines and the highest expressing FE8
line, #13, were analyzed for the pres-
ence of human IL-8 as described in
Methods. Purified endothelial form
(77 amino acid) of IL-8 was run as a
positive control on the gels and non-
transgenic mouse serum (NT) was
analyzed as a negative control. HE8
founder #34 failed to generate any
progeny, and HE8 founder #26 had
the transgene integrated at two differ-
ent chromosomal locations which seg-
regated in subsequent generations.
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Table l. Correlation of Serum IL-8 Levels with Circulating
Neutrophils and L-selectin Staining Intensity on the Surface of
Peripheral Blood Neutrophils

Line* Serum IL-8 Total leukocytes Neutrophil counts L-selectin

mean fluorescent
ng/ml X10-3/l #/41 channel

NTV NDt 8.1±3.4 841±308 17.3±2.9
HE8 36 1.2±0.3 11.1±3.2 1901±704 11.4±1.9
FE8 13 15.2±4.5 10.5±2.8 3578±1215 7.6±2.0
HE8 51 106.3±18.6 16.8±2.7 6110±1700 6.7±1.3

* Fl transgenic heterozygotes were analyzed for each line. All values
are mean and standard deviation of at least 5 animals for each line.
*NT, nontransgenic; ND, not detectable. Values for L-selectin staining
are the mean fluorescent channel for each population of Gr- I+ blood
neutrophils.

Gr-1 +, B-220+, or Thyl .2+ cells in IL-8 transgenic mice and
littermate controls (data not shown).

Analysis of surface marker expression on Gr- 1 positive neu-
trophils revealed that the circulating neutrophils in transgenic
offspring of the HE8 36 and 51 lines expressed the 132-integrins,
LFA-1, and Mac-i (Fig. 4). While there was a significant in-
crease in Gr-i positive cells, no significant change in surface
expression of the ,62-integrin molecules was detected on neutro-
phils from either the high expressing (line 51 ) or low expressing
(line 36) HE8 transgenic mice (Fig. 4). However, analysis of
L-selectin (also known as LECAM-1, Leu8, LAM-1, or the
MEL14 antigen) levels on the neutrophils of the high and low
expressing transgenic mice, revealed a significant loss of L-
selectin expression on peripheral blood neutrophils when com-
pared to nontransgenic controls (Table I). The extent of the L-
selectin decrease on circulating neutrophils directly correlated
with the level of expression of IL-8 in several lines, and this
decrease paralleled the observed neutrophilia in these lines (Ta-
ble I). The loss of L-selectin was specific for peripheral blood
neutrophils and was not observed on circulating mononuclear
leukocytes or bone marrow neutrophils and neutrophil precur-
sors (data not shown). These findings suggest that L-selectin
is lost from neutrophils upon entering the circulation, possibly
by proteolytic shedding from the neutrophil surface (19-21).
The apparent lack of ,62-integrin upregulation on neutrophils
from the transgenic mice was surprising, as incubation of nor-
mal mouse blood with IL-8 ex vivo resulted in both an upregula-
tion of Mac-i and loss of L-selectin from the neutrophil surface
(data not shown).

Effects of intravascular IL-8 on targeted neutrophil migra-
tion. We tested the ability of exogenous IL-8 or thioglycollate
(a potent mediator of inflammation) to mediate targeted migra-
tion of neutrophils into the peritoneal cavity of transgenic and
nontransgenic mice. The IL-8 transgenic mice and their non-
transgenic littermates were challenged for their response to "en-
dotoxin-free" recombinant human IL-8. Doses of IL-8 ranging
from 0.1 to 1 itg were injected intraperitoneally and found to
stimulate a dose-dependent infiltration of neutrophils into the
peritoneal cavity of nontransgenic mice (Fig. 5 a). 4 h after
administration of 0.1 og of IL-8, the number of neutrophils in
the peritoneal cavity of the nontransgenic mice averaged 0.22
x 106. This number increased to 1.05 X 10' with a dose of 1

,ysg of IL-8. All doses of IL-8 evaluated produced a lower re-
sponse in the IL-8 transgenic mice. Lower numbers of neutro-
phils migrated despite the markedly elevated level of circulating
neutrophils in these mice. For example, transgenic mice receiv-
ing the 1 1tg dose of LL-8 i.p. averaged only 0.14 x 106 neutro-
phils in the peritoneal exudate. Transgenic and nontransgenic
mice that received only PBS had between 0.01 x 106 and 0.05
x 106 peritoneal neutrophils.

Because chemokines mediate neutrophil migration without
activating endothelial cells to express inflammatory cytokines,
the ability of circulating neutrophils to migrate into the thiogly-
collate-inflamed peritoneal cavity was also analyzed (Fig. 5 b).
During the 4-h period after thioglycollate administration, there
was a significant delay in the migration of neutrophils into the
peritoneal cavity of the IL-8 transgenic mice compared to their
nontransgenic littermates. This decrease in the number of mi-
grating neutrophils occurred despite the 8- to 10-fold higher
level of circulating neutrophils in the transgenic mice. The most
significant differences between the transgenic mice and their
control littermates were observed at the 1- and 2-h time points
after thioglycollate administration. However, by 4 h after thio-
glycollate administration, the transgenic mice had about 50%
as many neutrophils in the peritoneal cavity as their control
littermates.

Discussion

Despite the apparent lack of a murine homologue for IL-8,
human IL-8 has been demonstrated to be chemotactic for mouse
neutrophils, as well as for neutrophils from several other species
(24). Although the chemotactic potency of human IL-8 for
mouse neutrophils is an order of magnitude lower than for
human or monkey neutrophils (24), we report here that long-
term overexpression of human IL-8 in mice (leading to serum
LL-8 levels exceeding 100 ng/ml) results in sequestration of
neutrophils in the microcirculation of vascularized organs with-
out evidence of neutrophil infiltration into tissues, plasma exu-
dation, or any histologically apparent tissue damage. This phe-
notype is very similar to that reported in baboons that were
infused with sufficient IL-8 to maintain circulating levels be-
tween 10 and 15 ng/ml (35). Thus, the effective doses that we
observe in IL-8 transgenic mice are consistent with the proposed
potency of IL-8 on the neutrophils of different species, and the
biological phenotype correlates well with the effects of IL-8 in
primates.

It is noteworthy that L-selectin expression, but not /2-inte-
grin expression, is altered on the cell surface of circulating
neutrophils from the 1L-8 transgenic mice. This is at variance
with previous reports of the transient effects of 1L-8 on neutro-
phils of other species. We have found that short-term ex vivo
treatment of normal mouse blood neutrophils with human IL-8
results in an upregulation of Mac-i, and a loss of L-selectin
from the neutrophil surface. The absence of any ,B2-integrin
upregulation on the transgenic mouse neutrophils may be a
reflection of the chronically elevated levels of IL-8 in the circu-
lation, an experimental condition that has not been previously
analyzed. In this regard, the mice may somehow compensate
for the upregulation of 62-integrins in vitro during prolonged
exposure to IL-8 in vivo.

L-selectin has been implicated in mediating leukocyte roll-
ing on endothelial cells (36). In vivo experiments have shown
that a monoclonal antibody to L-selectin inhibits leukocyte roll-
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Figure 5. Impaired neutrophil migration in IL-8
transgenic mice. (a) Transgenic and nontransgenic lit-
termates of the HE8 51 line were challenged with intra-
peritoneal injections of IL-8 (endotoxin < 2.5 EU/ml).
4 h following doses of 0.1, 0.5, or 1.0 Mtg, the mice
were killed, their peritoneal cavity was lavaged and the
number of neutrophils in the peritoneal exudate was
counted. Four nontransgenic mice (open boxes) and
four transgenic mice (dark boxes) were analyzed at
each dose. (b) Transgenic and nontransgenic littermates
of the HE8 51 line were challenged with a 1-ml intra-
peritoneal injection of thioglycollate broth. 0-4 h after
injection, the mice were killed and peritoneal neutro-
phils were counted. Five nontransgenic (dark circles)
and five transgenic (open circles) mice were analyzed
at 0, 1, 2, and 4 h after thioglycollate administration.

ing along the vascular wall of rabbit mesenteric venules, sup-
porting an important role for L-selectin in leukocyte-endothelial
interaction (36). Neutrophil chemoattractants, including IL-8,
have been shown to induce L-selectin shedding from activated
mouse neutrophils in vitro (37), and the capacity of activated
(L-selectin ow) neutrophils to localize to the thioglycollate-in-
flamed peritoneal cavity is decreased compared to unactivated
(L-selectinighh) neutrophils (38). The loss of L-selectin from
the peripheral blood neutrophils of IL-8 transgenic mice pro-
vides direct in vivo evidence that chemokines can modulate the
long-term expression of L-selectin on the surface of circulating
neutrophils. This loss of L-selectin occurred without long-term
modulation of 6-integrin expression. Furthermore, no change
in bone marrow cellular architecture was evident in any of the
transgenic lines. Our results demonstrate detectable decreases
in surface L-selectin expression on circulating neutrophils at
steady state IL-8 levels as low as 1.2 ng/ml in mouse serum.
Significantly lower levels of L-selectin were detected on circu-
lating neutrophils in mice with higher steady state IL-8 levels.
However, even at serum IL-8 levels exceeding 100 ng/ml, no
decrease in L-selectin levels on bone marrow neutrophilic pre-
cursors was detected.

The impaired neutrophil migration observed in the IL-8
transgenic mice is in agreement with the previously reported
effects of intravascular IL-8 as an inhibitor of PMN accumula-
tion at sites of acute inflammation (22). In this previous study,
intravascular administration of IL-8 as a single injection blocked
cytokine-induced neutrophil migration into the skin of New
Zealand white rabbits over the 2-h period after the IL-8 injec-
tion. The pronounced granulocytosis observed in high express-
ing IL-8 transgenic mice is likely attributable, at least in part,
to the effects of IL-8 on L-selectin expression on the neutrophil
surface, rather than effects on endothelial cell surface adhesion
molecules, since previous studies have revealed no effects of
IL-8 on endothelial adhesion molecule expression (39). Fur-
thermore, the kinetics of neutrophil migration into the thiogly-
collate-inflamed peritoneal cavity of IL-8 transgenic mice
closely resembles that previously reported when a soluble mu-
rine L-selectin-IgG chimera or L-selectin antibody was used to
block neutrophil migration (37).

Despite these considerations, other effects of IL-8 may also
contribute to the impaired neutrophil migration observed in the
IL-8 transgenic mice. Recently, the decreased in vivo migratory
capacity of rabbit neutrophils following intravenous delivery of

IL-8 was reported to occur without significant loss of L-selectin
from the neutrophil surface (23). Although this study involved
a single intravenous dose of IL-8, which only transiently ele-
vated serum IL-8 levels for 30 min after the injection, these
results suggest that IL-8 may inhibit neutrophil migration by
L-selectin-independent mechanisms as well. In this regard, in-
terleukin 8 and other chemoattractants that exhibit a leukocyte
adhesion inhibition (LAI) effect have been demonstrated to
cause rapid and profound changes in the conformation of actin
microfilaments in neutrophils (39). This IL-8 induced actin
polymerization may result in the inability of neutrophils to form
intercellular contacts necessary for adhesion and subsequent
migration across the endothelium.

Additionally, chronic high levels of IL-8 in serum may ren-
der circulating neutrophils unresponsive to chemotaxis signals
by downregulating putative murine chemokine receptors, or by
effectively disrupting endogenous gradients of chemoattractant
molecules, rather than establishing chemotactic gradients simi-
lar to those generated in an acute, localized inflammatory reac-
tion. However, if gradients of IL-8 are the main determinant of
neutrophil migration, then an intraperitoneal bolus of IL-8 given
to the transgenic mice would have been expected to overcome
the high serum levels and result in targeted neutrophil migration
into the peritoneal cavity. This was clearly not the case, as IL-
8 mediated neutrophil migration in the transgenic mice was
severely impaired at several different doses of IL-8 when com-
pared to their nontransgenic littermates.

In preliminary experiments, we were unable to detect
changes in granulocyte colony stimulating factor (GCSF) activ-
ity when serum from the transgenic mice and control mice was
assayed in a GCSF specific 32-D cell proliferation assay. Thus,
increased neutrophil production as a result of cytokine stimula-
tion is not likely to be a contributing factor in the observed
granulocytosis in the IL-8 transgenic mice.

Compromised neutrophil migration due to impaired leuko-
cyte rolling has recently been described in P-selectin-deficient
mice (40). In homozygous P-selectin knockout mice, the rate
of migration into the peritoneal cavity following intraperitoneal
injection of thioglycollate, was significantly decreased com-
pared to wild type mice, which mirrored similar data shown
here with intraperitoneal injection of thioglycollate or IL-8 in
our IL-8 transgenic mice. However, the phenotype of the P-
selectin deficient mice appeared far more subtle than that ob-
served in the transgenic lines overexpressing IL-8. The loss of
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P-selectin expression resulted in an approximate twofold in-
crease in circulating neutrophil levels, without any significant
change in absolute peripheral WBC levels. The highest IL-8
expressing lines (HE8 7, 26, and 51 ) had circulating neutrophil
levels between 8- and 12-fold higher than their nontransgenic
littermates. Moreover, as a result, the absolute circulating WBC
levels were increased two- to threefold. These findings may
imply distinct roles for L-selectin and P-selectin in mediating
rolling of neutrophils on the endothelial surface. L-selectin may
play an important role in the initial leukocyte-endothelial inter-
action as neutrophils begin rolling on the endothelium, whereas
endothelial P-selectin may facilitate the rolling of neutrophils
only after they have encountered the endothelial cell surface.
Alternatively, the more pronounced granulocytosis in IL-8
transgenic mice compared to P-selectin-deficient mice may be
a reflection of additional non-L-selectin-dependent mecha-
nisms by which IL-8 inhibits neutrophil adhesion to, and trans-
migration across, the vascular endothelium. It will be interesting
to see if L-selectin-deficient mice exhibit a more pronounced
phenotype than was reported about the P-selectin knock out
mice.

In summary, we have reported that transgenic mice overex-
pressing IL-8 exhibit a marked circulating neutrophilia and a
decreased neutrophilic exudation into body cavities in response
to acute inflammatory stimulants. These IL-8 transgenic mice
should serve as useful models for studying the putative role of
neutrophils in mediating tissue damage in various models of
inflammation, such as hepatic ischemia and reperfusion injury,
cecal puncture and ligation, and glomerulonephritis.
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