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Neutrophil and B Cell Expansion in Mice that 
Lack the Murine IL-8 Receptor Homolog 

Grace Cacatano, James Lee, Kristine Kikly, Ann M. Ryan, 
Sharon Pitts-Meek, Bruce Hultgren, William I. Wood, 
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Interleukin-8 (IL-8) is a proinflammatory cytokine that specifically attracts and activates 
human neutrophils. A murine gene with a high degree of homology to the two known human 
IL-8 receptors was cloned and then deleted from the mouse genome by homologous 
recombination in embryonic stem (ES) cells. These mice, although outwardly healthy, had 
lymphadenopathy, resulting from an increase in B cells, and splenomegaly, resulting from 
an increase in metamyelocytes, band, and mature neutrophils. Thus, this receptor may 
participate in the expansion and development of neutrophils and B cells. This receptor was 
the major mediator of neutrophil migration to sites of inflammation and may provide a 
potential therapeutic target in inflammatory disease. 

IL-8 is a member of a family of ~roinflam- , . 
matory c~tokines that are related by a 
C-X-C motif, where X is any amino acid 
between two cysteines. IL-8 is a major 
factor in acute inflammation, being respon- 
sible for th? activation of neutrophils and 
their chemotaxis to the site of acute injury 
(1, 2). Neutrophils destroy bacteria by 
phagocytosis and the release of superoxides 
and peroxides, providing the first line of 
defense in fighting infection; the response is 
rapid and is neither acquired nor antigen 
specific (3). Many cells produce IL-8 in 
vitro. and it has been im~licated in neutro- 
phi1 migration and, to a lesser extent, 
T-cell migration, to sites of IL-8 injection 
(4). Neither mouse nor rat IL-8 has been 
identified (5), but antibodies (Ab) to hu- 
man IL-8 inhibit lung inflammation in rats 
(6), which suggests the presence of a similar 
molecule in rodents. 

Two high-affinity human IL-8 receptors 
havepbeen cloned and characterized (7-9). 
These receptors share 77% amino acid se- 
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quence identity and are members of the 
superfamily of seven transmembrane do- 
main receptors that are coupled to GTP- 
binding proteins. We have cloned a murine 
homolog of the human IL-8 receptor by 
screening a mouse genomic library at re- 
duced stringency with complementary 
DNA (cDNA) probes from both human 
IL-8 receptors (7, 8). DNA sequencing 
shows that the mouse receptor is encoded 
by a single exon (as are the two human 
receptors) containing a 350-amino acid 
open reading frame with 68% and 71% 
amino acid identity with human IL-8 recep- 
tors A and B (10). Using several different 
restriction enzymes and genomic DNA 
blots hybridized under low-stringency con- 
ditions, we found a single cross-hybridizing 
band (lo),  suggesting that unlike the hu- 
man genome, the murine genome ~ontains 
a single gene for the putative IL-8 receptor. 
We refer to this gene as the murine IL-8 
receptor homolog (mIL-8Rh). 

To determine the function of this recep- 
tor in inflammation, we used homologous 
recombination in ES cells to generate a 
mouse strain lacking this gene. We con- 
structed a gene-targeting vector by deleting 
the single exon containing the open read- 
ing frame of the mIL-8Rh and replacing it 
with the neomycin resistance gene (neo). 
This ensures the complete elimination of 
the gene after homologous recombination 
(Fig. 1A). Of 814 individual ES clones 
screened by genomic blot hybridization, 7 



were identified as having undergone homol- 
ogous recombination; 3 of these were used 
to generate germline mice. Two mouse 
lines were selected for interbreeding to pro- 
duce mice homozygous for the deletion of 
the mIL-8Rh (Fig. 1B). We confirmed the 
deletion of the entire mIL-8Rh gene by 
using the complete exon as a probe (1 0). 

Outwardly, the homozygous receptor- 
deleted mice were indistinguishable from 

their wild-type and heterozygous litter 
mates in size and health, but showed mor- 
phologic changes at necropsy. In all mIL- 
8Rh(-/-) mice examined, the spleens 
ranged from two to four times normal size 
and cervical lymph nodes were enlarged 3- 
to 10-fold. Most other lymph nodes were 
enlarged, although the degree of enlarge- 
ment varied among animals (1 0) ; inguinal 
and popliteal lymph nodes, however, were 
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Fig. 1. Tar~etinq of the mlL-8Rh aene. (A) Restriction B 
mip of thewlld-type ~ I L - B R ~  (top) A neomycln - Irn 7- +/t +/t +/- 7- 7- 
resistance gene under control of the Pgk promoter (15) 
was Inserted into the Apa l-deleted reglon wlth synthet- 23.13- - w v & h  - Wild-type 
IC DNA llnkers that allowed l~gatlon to the Apa I ends , -Mutated 

and created new Xho 1 sltes on each slde of neo 9'42- 11, 

(middle). An oligo probe was designed from se- 6.56- - 
quences not on the targeting vector. After homologous 
recombination, the mutated allele could be detected by 

4,36- 
a Xho I or Sca I digest (bottom). (B) Genomic DNA was 
isolated from tail snips of the offspring of interbreeding 
heterozygous mice, digested with Sca I, and analyzed by Southern blot hybridization with the oligo 
probe indicated in (A). Genotypes of mice are indicated as wild-type (+I+), heterozygous (+I-), 
and homozygous receptor-deleted (-I-). 

Fig. 2. Neutrophil and B 
cell expansion in mlL- A 
8Rh(-I-) mice. (A) 
Representative analysis 
of B220-positive cells Celvical lymph nodes 
from cervical lymph 

!\ *, 1 
I 

nodes. Cell counts of 4 
lymph nodes multiplied a ' 

1 10 loo lo00 1 10 loo lo00 
bv the ~ercentaae of BPO- 

6?20-~ositive cells indi- 
cate 2.4 x 1 O6 total cells 
with 0.7 x lo6 B cells in 
mlL-8Rh(+/+) mice, 
and 19 x lo6 total cells 
with 10.6 x 1 O6 B cells 
in mlL8Rh(-I-) mice. 
(8) Single-cell suspen- 
sions from bone mar- 
row, spleen, and lymph 
node of mlL-8Rh(+/+) 
and (-I-) mice were 
analyzed with fluores- 
cein isothiocyanate- 
conjugated antibody to 
Gr-1 (clone RB6-8C5), a 
cell surface marker for 
neutrophils. 
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grossly normal. Comparative histopatholo- 
gy (10) of mIL-8Rh(+/+) and (-/-) mice 
showed that the splenomegaly resulted from 
expansion of the splenic white pulp by 
proliferation of myeloid elements (metamy- 
elocytes, bands, and neutrophils) and 
megakaryocytes. Longitudinal sections of 
the femur and tibia revealed erosslv white 

L . ,  

marrow in mIL-8Rh(-I-) mice compared 
to the normal red appearance in mIL-8Rh 
(+/+) mice. Histologically, there was a 
great increase in bone marrow cellularity 
composed of the normal myeloid matura- 
tion series. The erythroid series was unaf- 
fected. Approximately 25% of the mIL- 
8Rh(-I-) animals analyzed had multiple 
foci of granulopoiesis in the periportal re- 
gion of the liver (10). There was no indi- 
cation of parenchymal infiltration, inflam- 
mation, or hepatic damage. The presence 
of metamyelocytes, bands, and neutrophils 
in normal ratios suggests that extramedul- 
lary myelopoiesis was occurring in the liver, 

400 
El Media 

El hlL-8 
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Fig. 3. Thioglycollate-induced migration of neu- 
trophils. (A) The mlL8Rh(+/+) and (-I-) mice 
were injected intraperitoneally with 3 ml of 
thioglycollate. After 3 hours, peritoneal exudate 
cells were harvested by peritoneal lavage. Total 
cell numbers were determined with a hemacy- 
tometer. Percentage of neutrophils was deter- 
mined by differential cell counts from cytospin 
slide preparations. The number of neutrophils 
was calculated by multiplying percentage of 
neutrophils by total cell counts. Bars represent 
individual mice. (8) In vitro migration of purified 
bone marrow neutrophils was measured in a 
microchemotaxis chamber experiment with a 
multiwell Boyden chamber (16). After a 40-min 
incubation at 37"C, the number of neutrophils 
that migrated in response to the indicated 
chemokine (50 nM) or media alone was deter- 
mined in three chambers per group. 



lymph node, and spleen. Despite the rela- 
tive myeloid hyperplasia of the marrow, the 
mIL-8Rh(-/-) mice were not anemic and 
had normal amounts of red blood cells and 
hemoglobin, a normal hematocrit value, 
and did not display an increase in nucleated 
red blood cells (1 0). 

In lymph nodes, the medullary cords 
were expanded by abundant foci of my- 
elopoiesis, Russell bodies, and plasma cells, 
and they compressed the adjacent medullary 
sinuses. This apparent increase in B cells was 
confirmed by flow cytometric analysis with 
an Ab to the B cell marker B220 (Fig. 2A), 
and was nearly 10-fold. The number of 
circulating neutrophils increased approxi- 
mately 12-fold in the mIL-8Rh(-/-) mice 
(1 0) , and the increased cellularity and alter- 
ation of granulocyte to lymphocyte popula- 
tions was evident when flow cytometric 
analysis of spleen, lymph node, and bone 
marrow was performed (Fig. 2B). The thy- 
mus and all other organs appeared normal. T 
cell populations were also normal. We have 
not observed more marked changes in the - 
above phenotypes with advancing age up to 
20 weeks. Heterozygous [mIL-8Rh(+/-) ] 
mice did not display any overt phenotype. 

The mIL-8Rh(-/-) and mIL-8Rh 
(+/+) mice were tested for their neutrophil 
migration response after injection of thio- 
glycollate (Fig. 3A). The number of neu- 
trophils from the mIL-8Rh(-I-) mice that 
migrated to the peritoneum was one-fifth 
that of mIL-8Rh(+/+) mice, indicating 
that the acute mieration abilitv of neutro- - 
phils was compromised. These data are 
even more compelling when one considers 
that the total number of neutrophils in the 
mIL-8Rh(-I-) animals was greatly in- 
creased, providing these animals a much 
greater potential pool of neutrophils than 
wild-type animals. The locomotor function 
of the neutrophils was not impaired, be- 
cause in vitro migration studies indicated 
that mIL-8%(-/-) neutrophils could mi- 
grate in response to N L P  but not in re- 
sponse to any of the ligands (mMIP-2 and 
hIL-8) identified for this receptor (Fig. 3B) 
(10). To determine whether aspects of neu- 
trophil function other than migration were 
affected, we tested purified bone marrow 
neutrophils for their ability to kill bacteria 
(Table 1). Both mIL-8Rh(-I-) and mIL- 
8Rh(+/+) neutrophils were effective at in- 
tracellular and extracellular killing of bacte- 
ria, showing that mIL-8Rh-independent 
functions of neutroohils were unaffected. 

Although we aAticipated effects on the 
inflammatory and migratory response of 
neutro~hils in the mIL-8%(-I-) mice, 
the extramedullarv mveloooiesis was unex- 

3 , .  

pected and excessive in light of the marked 
concurrent oroduction bv the bone marrow 
and the circulating neutrophil counts in the 
absence of an inflammatory focus. We dem- 

Tabie 1. Bacterial killing by neutrophils. Bone 
marrow neutrophils from mlL-8Rh (+I+) and 
(-I-) mice were tested for their ability to kill 
Staphylococcus aureus (1 7).  The initial inocu- 
lum was 70 x lo6 bacteria and 2 x lo6 
neutrophils. All values are x lo6. 

Number of 
intracellular 

rnlL-8Rh Phagoc~tosed bacteria 
live bacteria 

Live Killed 

onstrated that the loss of this receptor 
eliminated the ability of the neutrophils to 
migrate in response to thioglycollate ad- 
ministration and the appropriate chemo- 
kine ligands in vitro. These data support 
efforts to block neutroohil-mediated dam- 
age in inflammation by removing IL-8 or 
blockine' its receotor. " 

The expansion of the neutrophil lineage 
could indicate that this receotor is involved 
in the negative regulation of neutrophil 
production. Alternatively, the immune sys- 
tem could detect the mIL-8%(-I-) neu- 
trophils as nonresponsive and continue to 
stimulate neutrophil production in order to 
replace normal neutrophil function. A 
third possibility is that this receptor is 
expressed on other cell types and may be 
involved in the regulation of other cvto- 
kines. A disruptio; in the function df a 
particular cytokine could have profound 
effects on a number of different cell types 
and immunoloeical functions. The immune - 
system could be compensating for the loss of 
properly functioning neutrophils by boost- 
ing the humoral arm of the immune re- 
sponse. In humans, IL-8 negatively affects 
IL-4 expression in tonsillar and circulating 
B cells (1 1). IL-6 drives B cells to become 
plasma cells, and we detected increased 
IL-6 in mIL-8Rh(-/-) sera (average of 4.8 
nglml, as compared to wild-type amounts 
that are below the 0.1 ng/ml limit of detec- 
tion), whereas IL-4 expression remained in 
the normal range (1 0). The increased IL-6 
expression 'could explain the observed plas- 
ma cells in lymph nodes of mIL-8Rh(-/-) 
mice, because transgenic mice overexpress- 
ing IL-6 also presented lymphadenopathy 
resulting from plasmacytosis (12). With 
regard to the granulopoiesis, the MIP-la 
chemokine can inhibit hematopoietic stem 
cell proliferation (1 3). A C-X-C-related 
molecule was cloned from an expression 
cDNA library made from a bone marrow 
stromal cell line (14). It has not been 
determined whether this molecule, stromal 
cell-derived factor-1, is involved in the 
regulation of bone marrow hematopoiesis, 

but its discovery in a bone marrow stromal 
cell line suggests this possibility. These 
studies, together with our results, raise the 
prospect that chemokines may play a much 
more complex role than solely affecting 
leukocyte trafficking, and that they may 
also be involved in the regulation of he- 
matopoiesis and myelopoiesis. 
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