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Inflammatory and immune responses are impaired in mice deficient
in intercellular adhesion molecule 1
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ABSTRACT Gene tageting was used to produce mice
defcient in intercellular adhesion molecule 1 (ICAM-1) or
CD54, an immunglobuli-like cell adheion molecule that
binds A intepis. Homozygous deiient animals develop
normally, are ferdle, and have a moderate granulocYtosis. The
nature ofthe mutation, RNA analysis, and Immun ainin are
cosistent with complete loss of surface expresson ofICAM-1.
Deficient mice exhibit p nt abnormalities of inflamma-
tory responses isnuding imred neutrophil emigration in
response to chemical peritonitis and deeaed contact hyper-
sensitivity to 2,4-dinitrofluorobenzene. Mutant celLs provided
negliible stimulation in the mixed lymphocyte reaction, al-
though they proliferated normally as responder cells. These
mutant anima il be extremely valuable for ex the
role of ICAM-1 and its counterreceptors in infmmatory
disease processes and atherosceross.

Intercellular adhesion molecule 1 (ICAM-1) or CDS4, a
cell-surface protein with five immunoglobulin-like domains,
plays an important role in transendothelial migration of
leukocytes (1-3) through its expression on vascular endothe-
lium and binding to P2 leukocyte integrins (4, 5). The A3
integrins are heterodimers composed of a common (3 subunit
encoded by the CD18 gene, combined with one of three a
chains: CD11a for lymphocyte function-associated antigen 1
(LFA-1), CD11b for Mac-i, and CD11c for p150,95. Immu-
noglobulin domains 1 and 2 of ICAM-1 are involved in
binding to LFA-1 (6), while immunoglobulin domain 3 of
ICAM-1 mediates binding to Mac-i (7). ICAM-1 is upregu-
lated through synthesis ofnew protein in vivo and/or in vitro
in response to inflammatory cytokines (8, 9), phorbol esters
(10), or lipopolysaccharide (11).

Transendothelial migration of leukocytes begins with leu-
kocyte rolling, which is largely dependent on selectins (12),
followed by activation of integrins, firm attachment to en-
dothelium, and migration across the endothelial surface (13).
Integrin binding to ICAM-1 is particularly important for firm
attachment and migration across the endothelium (13); for
example, migration of human neutrophils through a mono-
layer of umbilical vein endothelium was inhibited >85% by
anti-ICAM-1 monoclonal antibodies (mAbs) (1). Blocking
antibodies to ICAM-1 inhibit migration of neutrophils in vivo
in response to inflammation in the lung (14) and myocardium
(15).
ICAM-1 is also implicated in various immune responses

(16). Using allogeneic mouse or human cells in vitro, there is
profound inhibition ofthe mixed lymphocyte reaction (MLR)
by mAbs to ICAM-1 (11). ICAM-1 as well as other adhesion
molecules can provide costimulatory signals for B-cell (17)
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and T-cell activation in vitro (18, 19). mAbs to ICAM-1
resulted in 50% reduction in contact hypersensitivity in mice
(20).
No animals with mutations in ICAM-1 are reported. We

sought to test the role of ICAM-1 in intact animals by
disrupting the gene in murine embryonic stem (ES) cells.

MATERIALS AND METHODS
Targeting Construct and Generation of Mutant Mbce. To

prepare the targeting construct, a 5.5-kb segment of the
Icam-1 gene (21) containing exons 4-7 was cloned into
pBluescript II KS(-) (Stratagene). A neomycin-resistance
gene (neo) cassette containing a short version of the RNA
polymerase H promoter and the bovine growth hormone
polyadenylylation signal (22) was inserted at the HindIlI site
in exon 5.
The AB1 ES cell line was electroporated as described (23)

with the construct after digestion with Bgl I for use as a
replacement vector. Selection was performed with G418 (300
tg total weight per ml) for 9 days at which time individual
G418-resistant colonies were picked. Screening for targeted
recombination was performed either by Southern blotting
using a microextraction procedure (24) or by PCR analysis of
a portion of the colony using a primer contained within the
neo cassette (oligonucleotide 2, 5'-GGACAGGTCGGTCT-
TGACAA-3') paired with an outside primer (oligonucleotide
1, 5'-TGTGGGTAAAGGAAGGGACT-3') located in the 5'
flanking region. PCR screening was performed by recovery of
individual colonies in 20 id oftrypsin solution; halfofthe cell
suspension was added to a final volume of20 i4 containing 50
gg of proteinase K per ml, 1.7 )zM SDS, and 10 mM Tris at
pH 8.0 and was incubated at 55°C for 1 hr. PCR was carried
out for 35 cycles of 94°C for 1 min, 61°C for 1 min, and 72°C
for 1.5 min as described (25).

Cells confirmed by Southern blotting to carry the replace-
ment mutation were injected into day 3.5 C57BL/6J blasto-
cysts and transferred into foster mothers (26). Chimeric
males were mated with C57BL/6J females, and germ-line
transmission of the mutation was documented by Southern
blotting of tail DNA by using BamHI digestion and the 5'
flanking probe.

Reverse Transcrlpton-PCR (RT-PCR). RNA was isolated
from fresh tissues by using guidinium isothiocyanate (27).
Single-stranded cDNA was prepared with the SuperScript
Moloney murine leukemia virus reverse transcriptase kit
(Bethesda Research Laboratories). The cDNA product was
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amplified by using primers within exon 4 (oligonucleotide 3,
bases 668-684: 5'-CTTCCAGCTACCATCCC-3'), exon 7
(oligonucleotide 4, antisense to bases 2244-2228: 5'-AGAA-
CCACTGCTAGTCC-3'), and exon 5 (oligonucleotide 5,
bases 1049-1064: 5'-GTTCTTCTGAGCGGCGT-3'); base
pair numbering is as reported (28). PCR conditions were as
described above with 10 cycles of94°C for 30 sec, 65°C for 30
sec (decreasing 1C each cycle), and 72°C for 30 sec followed
by 30 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for
30 sec.

Peripheral Blood Analysis and Chemical Peritonitis. Periph-
eral blood cell counts and chemical peritonitis were per-
formed as described (29).

Contact Hypersensitivity. Contact hypersensitivity was
elicited in the mice by using the 2,4-dinitrofluorobenzene
(DNFB) sensitization protocol exactly as described (30). Ear
thickness was measured 24, 48, and 72 hr after DNFB
challenge and the change in ear thickness (T) was calculated
as AT.
Mixed Lymphocyte Reaction (MLR). MLRs were per-

formed by mixing spleen cells from BALB/c animals with
spleen cells harvested from wild-type or mutant hybrid
(129/Sv x C57BL/6J) animals. Spleen cells were isolated and
cultured in supplemented Dulbecco's modified Eagle's me-
dium (sDMEM), and T lymphocytes were prepared as de-
scribed (31). Stimulator cells were irradiated with 1500 R
(1 R = 0.258 mC/kg). Enriched T cells (0.6 to 8 x 106 per ml)
and irradiated stimulator spleen cells (4 or 8 x 106 per ml)
were cocultured for 5 days in 96-well flat-bottom microtiter
plates in sDMEM and then incubated for the final 18 hr with
[3H]thymidine (32).
HEtoloa and Inmunohistochemistry. Animals were sacri-

ficed with or without a 6-hr-previous i.p. injection with 50 pg
of lipopolysaccharide from Salmonella typhosa (Difco) dis-
solved in 0.5 ml of H20. Immunohistochemistry was per-
formed by fixing freshly isolated tissues in 10%6 formalin in
phosphate buffer. Fluorescent staining for ICAM-1 was per-
formed by using the fluorescein isothiocyanate (FITC)-
conjugated 3E2 antibody (20).
Flow Cytometry. Indirect immunofluorescent analysis was

performed on leukocytes with a EPICS Profile flow cytom-
eter (Coulter) using FITC-conjugated 3E2 antibody to
ICAM-1 and with the phycoerythrin-conjugated RA3-6B2
antibody to CD45R (B220) (both from PharMingen). Two-
color staining was performed by incubating 5 x 105 spleno-
cytes in 100 A4 containing 1 pg of each specific antibody or
isotype-matched antibodies (PharMingen) on ice for 20 min.

RESULTS
Mutating the Icam-1 Gene by Homologous Recombination.

Homologous recombination was used to introduce a neo
expression cassette within exon 5 of the Icam-1 gene as
described (Fig. 1A). Recombinant colonies were identified
among the G418-resistant clones by screening with either
PCR or Southern blotting. The mean frequency of homolo-
gous recombination was 1 in 70 G418-resistant colonies.

Targeted clones were injected into blastocysts, giving rise
to male chimeric mice that transmitted the mutated Icam-1
gene to the germ line ofoffspring as documented by Southern
blotting. Heterozygous (+/-) mutant animals were inter-
crossed, and homozygous mutant animals were born in the
expected ratio representing 26.5% of260 progeny tested. The
homozygous mutant (-/-) animals gained weight normally,
were fertile, and did not demonstrate any obvious phenotype
or susceptibility to infection when maintained with sterilized
cages and food. Homozygous mutant inbred 129/Sv animals
also were obtained and showed viability similar to animals of
hybrid (129/Sv x C57BL/6J) background; all data shown
below are for hybrid animals.
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FIG. 1. Preparation and analysis of targeted mutation. (A) The
targeting vector (upper diagram) is drawn to scale with exons
numbered within boxes, the location of the neo cassette indicated, a
solid line for mouse genomic DNA, and a dotted line for plasmid
sequence. The lower diagram is of the mouse genomic DNA to be
targeted. The location of oligonucleotide primers for PCR and
RT-PCR are designated 1 to 5. The location of a flanking probe is
indicated by the shaded box below. B, BamHI; Bg, Bgl I; E, EcoRI;
H, HindIII; N, Nhe I; and S, Sal I. (B) Southern blot analysis was
performed with the flanking probe and genomic DNA isolated from
tails of wild-type (lanes WT) and homozygous mutant (lanes MT)
mice. (C) RT-PCR was performed by usingRNA isolated from lung.
RNA was prepared from wild-type (lanes WT) or mutant (lanes MT)
tissue, and RT was omitted or added as indicated. Oligonucleotide
primer pairs were 4 and 5 (Left) and 2 and 3 (Right).

Southern blotting analysis comparingDNA from wild-type
and homozygous mutant animals was consistent with the
expected mutation (Fig. 1B). Use of an upstream flanking
DNA probe and digestion with BamHI or EcoRI, both of
which cut within the neo cassette, revealed the smaller 1.8-
or 4.3-kb DNA fragments, respectively, consistent with the
predicted replacement mutation. Digestion with Bgl I, which
cuts outside the sequences contained in the vector, demon-
strated a larger fragment that is increased in size by the 1.3-kb
length of the inserted neo cassette.
Icam-l Mutation Elminates Ceil-Surface Expression. To

analyze expression of mutant transcripts, RNA was isolated
from lung for RT-PCR. Using primers 5 and 4, which flank
the mutation site from upstream of the neo cassette in exon
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5 to exon 7, the expected 1.2-kb product is obtained with
RNA from wild-type animals but not from mutant animals
(Fig. 1C). Similar results were obtained with the primer in
exon 5 and a primer in exon 6 (not shown), confirming the
absence of normal mRNA in homozygous mutant animals. A
sense-oriented primer in exon 4 (primer 3) and an antisense
primer in the neo coding region (primer 2) were used to detect
a transcript that might arise if exon 4 were spliced to the
mutated exon 5, and the 0.8-kb product predicted for such a
transcript was detected with RNA from mutant but not from
wild-type animals (Fig. 1C). It is possible that a truncated
form of ICAM-1 could be produced ending with aberrant
sequence at the HindIII site in exon 5, but such a product
would not have a transmembrane domain.

Histopathologic examination performed on three male and
three female mice ranging in age from 8 weeks to 8 months did
not reveal any abnormalities in tissue architecture. Thymus,
spleen, liver, brain, eye, heart, skeletal muscle, bone, testis,
ovary, skin, pancreas, stomach, small and large intestine,
mesenteric and superior cervical lymph node, submandibular
gland, adrenal gland, kidney, seminal vesicle, uterus, and
lung were examined. Immunofluorescent staining oflung was
performed by using the 3E2 antibody directed against
ICAM-1. ICAM-1 is known to be expressed abundantly on
alveolar capillary endothelium and on the luminal surface of
type 1 alveolar epithelial cells in the mouse (C. Doerschuk,
personal communication). Sections of lung taken from ani-
mals 6 hr after i.p. injection of lipopolysaccharide demon-
strated abundant expression of ICAM-1 in cells surrounding
airspaces in wild-type animals, but no immunostaining was
visible with homozygous mutant animals (Fig. 2).
As a quantitative assessment of ICAM-1 expression, flow

cytometric analysis of B lymphocytes was performed by
using double-color analysis of cells stained with the 3E2 mAb
directed against murine ICAM-1 and anti-B220 directed
against the B-cell form of CD45R (Fig. 3). Flow cytometric
analysis showed substantial expression of ICAM-1 on acti-
vated B lymphocytes from wild-type animals (mean fluores-
cence 4.2), but there was no significant expression ofICAM-1
on B lymphocytes from homozygous mutant animals (mean
fluorescence 0.22 compared with 0.14 for the isotype-
matched control antibody). The RT-PCR data, the immuno-
histochemistry, and the flow cytometry are all consistent
with the complete loss of surface expression of ICAM-1.
Mutant Animals Show Granulocytosi but Normal Lympho-

cyte Populations. Although animals appeared phenotypically
normal, subtle abnormalities could be identified in the resting
state. Since ICAM-1 is strongly implicated in neutrophil
emigration, peripheral blood neutrophil counts were per-
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FIG. 3. Expression ofICAM-1 on B lymphocytes from wild-type
(Left) and mutant (Right) mice. Cells were isolated from spleen and
stimulated in culture for 15 hr with 200 ng of ionomycin per ml and
1 ng of phorbol 12-myristate 13-acetate per ml. Cells were stained
with phycoerythrin-labeled anti-B220 (RA36B2) directed against the
B-cell form of CD45R and FITC-labeled anti-ICAM-1 (3E2).

formed. The neutrophil count ± SD was 1.0 ± 0.5 x 103 per
pl for wild-type animals (n = 12) and was increased to 4.1 ±
1.6 x 103 per A4 for homozygous mutant animals (n = 14) at
2-4 months ofage (P = 5 x 10-6). As an additional evaluation
of the cellular phenotype of the mutants, analyses of cell
populations in spleen and thymus were performed by flow
cytometry. No differences were found for wild-type and
mutant animals for populations ofCDlla+, ICAM-2+, CD3+,
CD45R+ (B220), CD4+, and CD8+ cells in the spleen. Sim-
ilarly no differences were found for thymic T-cell subsets of
CD4+ CD8-, CD4- CD8+, or CD4+ CD8+ cells.

Neutrophil Migration Is Impaired in Mutant Mice. To
assess the role of ICAM-1 in transendothelial migration, a
peritonitis study was initiated. The total number of neutro-
phils in the peritoneal cavity and the percentage of neutro-
phils relative to all leukocytes in the exudate were reduced in
mutant animals, whereas the neutrophil count in the blood 3
hr after thioglycollate injection was even more elevated than
in the resting state (Fig. 4). Analysis of peritonitis at 8 hr
revealed 76% neutrophils in +/+ animals (n = 4) and 43%
neutrophils in -t- animals (n = 6), indicating the alteration
is not simply a delay in emigration.

Contact Hypersensitiit Is Reduced in Mutant Mice. Since
ICAM-1 is thought to be important in lymphocyte interac-

Peritoneal Fluid
100

80
0
S 60

c40
Sit 20

0

1:: --

wrf MT

a 20

v-

2z 15

0
0
7c10

O.-
0

0z 5
a
I2-

o

'r

0

* T.
I

IW

WTf UT

Blood
' 14

: 12
X.
0-
8 lo - *

a 6 '
08

Z- T2 4 . *.-

2

ma 0 i
TWT MT

FIG. 2. Immunohistofluorescent staining of lung from wild-type

and homozygous mutant mice. Wild-type (A) and mutant (B) animals
were sacrificed 6 hr after i.p. injection of50 ,ug oflipopolysaccharide.
Lungs were stained with the 3E2 monoclonal antibody to mouse
ICAM-1. Only weak autofluorescence is seen in mutant tissue.

FIG. 4. Altered response to chemical peritonitis in mutant mice.
Wild-type (+/+) or homozygous mutant (-/-) mice were injected
i.p. with 1 ml offluid thioglycollate medium and sacrificed after 3 hr.
The mean + SD are shown as bars and from left to right are as
follows: 73.8 ± 8.4 for +/+ and 52.6 ± 9.5 for -/- for the
percentage of neutrophils in peritoneal fluid (P = 0.001), 8.3 ± 5.0 x
106 for +/+ and 3.9 ± 2.5 x 106 for -/- for the total neutrophils in
peritoneal fluid (P = 0.09), and 1.85 ± 1.1 x 103 per id for +/+ and
7.07 ± 3.2 x 103 per pl for blood neutrophil count (P = 0.002).
Analysis of peritoneal fluid from four +/+ and four -/- animals
without instillation of thioglycolate revealed 0.6-3.0 x 106 cells per
animal with a mean of 4.2% neutrophils for +/+ animals and 1.1%
neutrophils for -/- animals.

Genetics: Sligh et al.

1[



Proc. Natl. Acad. Sci. USA 90 (1993)

tions, we examined the ability of the ICAM-1-deficient ani-
mals to generate a contact hypersensitivity response. Mice
were challenged at 7-19 weeks of age with application of
DNFB to one ear 5 days after sensitization by two applica-
tions of DNFB to the abdomen. Naive animals received the
challenge to the ear but do not undergo abdominal sensiti-
zation with DNFB. Maximal ear swelling in all test groups
occurred 24 hr after challenge as reported (33) and was
reduced by 74% in homozygous mutant animals as shown in
Table 1 (P < 0.0001, unpaired T test). Histologic study of
punch biopsies of the ears confirmed the difference in thick-
ness, and sections from sensitized wild-type animals revealed
prominent edema separating normal tissue structures and a
moderately dense infiltrate of lymphoid cells and neutrophils
(not shown). Both ofthese changes were essentially absent in
mutant animals. These studies indicate that ICAM-1 plays a
prominent role in mediation of contact hypersensitivity and
demonstrate a significant inflammatory abnormality in the
mutant animals.

ICAM-1-Deficient Cells Are Defective as Stimulators in the
MLR. In the MLR, the activating stimulus is the foreign
histocompatibility antigen expressed on allogeneic stimulator
cells, and a proliferative T-cell response is induced. Previous
studies demonstrated that antibodies to ICAM-1 inhibit the
MLR but did not distinguish the role of its expression on
stimulator cells in comparison with the role of induced
ICAM-1 expression on responder T cells. Unfractionated
spleen cells were irradiated and used as stimulators while T
lymphocytes were isolated from spleen for use as responder
cells. Cells from wild-type and homozygous mutant mice
were of hybrid (C57BL/6J x 129/Sv) background (both
H-2b). Allogeneic cells expressing H-2d were isolated
from BALB/c mice. The normal and homozygous mutant T
lymphocytes responded equally well to allogeneic stimula-
tion with irradiated BALB/c cells and a wide range of
concentration of responder cells; for example, mean incor-
poration was 79,900 cpm for wild-type cells and 68,100 cpm
for mutant cells with 5 x 106 responder cells and 4 x 106
BALB/c stimulator cells. However, cells isolated from the
spleen of homozygous mutant animals demonstrated a
marked reduction in the ability to function as stimulator cells
with a wide range of concentrations of BALB/c responder
cells (Fig. 5). These data show that the defect involves the
function ofICAM-1 primarily or exclusively on the stimulator
cells as opposed to the responder cells.

DISCUSSION
The Icam-1 gene was disrupted by homologous recombina-
tion, and homozygous mutant mice are viable but show an
absence of surface expression of ICAM-1. The phenotype in
the mice might be expected to resemble that seen in CD18
deficiency in humans and animals (34, 35), but the phenotype
might be milder, since f2 integrins are the only proven
counterreceptors for ICAM-1, although ICAM-2 and
ICAM-3 are suggested to serve as counterreceptors for
LFA-1 (36-38), and Mac-i is the receptor for the iC3b
component of complement. The ICAM-1-deficient mice dis-

Table 1. Impaired contact hypersensitivity in
ICAM-1-deficient mice

AT* x 102, mm ± SD

Genotype Naive Sensitized
Wild type 0.9 + 1.5 (n=18) 16.1 ± 7.5 (n=15)
Homozygous mutant 1.0 + 2.3 (n=14) 5.0 ± 4.7 (n=26)
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FIG. 5. Stimulator cell capacity of mutant cells in MLR. Spleen
cells were isolated from wild type (+/+) or homozygous mutant
(-/-) hybrid (129/Sv x C57BL/6J) mice and from BALB/c (B)
mice and were irradiated for use as stimulator cells. Responder cells
were from BALB/c mice.

play some phenotypic features similar to partial deficiency of
CD18 in human and mice (29), including a mild increase in
neutrophil count and impaired neutrophil emigration.

In the chemical peritonitis studies of ICAM-1-deficient
mice, the reduction in neutrophils in the peritoneal exudate
and the accumulation of granulocytes in the blood is indic-
ative of decreased transendothelial migration of neutrophils
in the mutant mice. Since the migration defect in the mutant
mice is not complete, there is evidence for an ICAM-1-
independent mechanism for transendothelial migration. The
results are consistent with in vitro studies in which mAb to
ICAM-1 inhibited transendothelial migration by only 55%,
while mAb to CD18 inhibited by 90% (39).
The ICAM-1-deficient animals exhibited a 74% suppres-

sion of contact hypersensitivity. Based on the MLR results
with ICAM-1-deficient cells, it seems probable that the defect
in contact hypersensitivity will involve the afferent or sen-
sitization phase ofthe response. The contact hypersensitivity
data are compatible with the hypothesis that ICAM-1 is a
critical accessory molecule for T-cell function. It is also
possible that the defect in the contact hypersensitivity re-
sponse may be caused by abnormalities of migration involv-
ing the antigen-presenting cell or the T cell.
The data from the MLR suggest that the deficiency of

ICAM-1 on the stimulator cells and not the responder cells is
responsible for the diminished response. The critical step for
T-cell activation is the recognition of antigen peptides in
association with MHC molecules by the T-cell receptor
(TCR-CD3). However, cell adhesion molecules are thought
to play an important role in providing costimulatory signals
between lymphocytes or in enhancing lymphocyte interac-
tions (40). Although the interaction of CD2 and CD58
(LFA-3) is thought to be an important costimulatory event for
generation of an immune response, mice with a disrupted
CD2 gene demonstrated normal immune responses (41). It
was suggested that the ICAM-1/LFA-1 or other interactions
might provide a redundant adhesive function in the CD2-
deficient mice. The severe defect (up to 100%) in the ability
of ICAM-1-deficient T cells to function as stimulator cells in
the MLR is consistent with an important costimulatory role
for ICAM-1. The expression of ICAM-1 in antigen presen-
tation can be a decisive factor in determining whether a T-cell
response will occur. This interpretation is supported by
transfection studies expressing ICAM-1 and HLA-DR in L
cells (42). L cells expressing HLA-DR alone failed to activate
T cells, while cells expressing HLA-DR and ICAM-1 were
effective. Transfection with ICAM-1 was also effective in
correcting the defect in mutagenized clones of antigen pre-
senting cells (43).

*AT = (ear thickness 24 hr after elicitation) - (ear thickness before
DNFB challenge). The difference between sensitized mutant and
wild-type AT is significant; P < 0.0001, unpaired t test; 74%
reduction.
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The ICAM-1-deficient mice and other mice with gene-
targeted mutations in cell adhesion molecules should be
valuable resources for the study ofinflammatory responses in
vivo. There is considerable interest in the hypothesis that
decreased expression or function of cell adhesion molecules
might result in reduced susceptibility to common, multifac-
torial diseases that have inflammation as a component in-
cluding arthritis, diabetes mellitus, inflammatory bowel dis-
ease, asthma, atherosclerosis, and various other autoimmune
and inflammatory diseases. Monoclonal antibodies that block
function ofICAM-1 have been shown to reduce inflammatory
or immune responses in a variety of disease models (44-47),
but these antibodies may induce biological responses apart
from their role in blocking adhesion. The mutant mice offer
an important alternative strategy to assess the role of
ICAM-1, and the mice are more suitable for study of chronic
inflammatory disease processes.
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