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The thrombospondins are a family of extracellular calcium-binding proteins that modulate cellular phenotype.
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explore its function in vivo, we have disrupted the TSP-1 gene by homologous recombination in the mouse genome.
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deficient mice showed no major abnormalities. However, consistent with high levels of expression of TSP-1 in lung, we
observe abnormalities in the lungs of mice that lack the protein. Although normal at birth, histopathological analysis of
lungs from 4-wk-old TSP-1-deficient mice reveals extensive acute and organizing pneumonia, with neutrophils and
macrophages. The macrophages stain for hemosiderin, indicating that diffuse alveolar hemorrhage is occurring. At later
times, the number of neutrophils decreases and a striking increase in the number of hemosiderin-containing
macrophages is observed associated with multiple-lineage epithelial hyperplasia and the deposition of collagen and
elastin. A thickening and ruffling of the epithelium of the airways results from increasing [...]
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Abstract

The thrombospondins are a family of extracellular calcium-
binding proteins that modulate cellular phenotype. Throm-
bospondin-1 (TSP-1) reportedly regulates cellular attach-
ment, proliferation, migration, and differentiation in vitro.
To explore its function in vivo, we have disrupted the TSP-1
gene by homologous recombination in the mouse genome.
Platelets from these mice are completely deficient in TSP-1
protein; however, thrombin-induced platelet aggregation is
not diminished. TSP-1-deficient mice display a mild and
variable lordotic curvature of the spine that is apparent
from birth. These mice also display an increase in the num-
ber of circulating white blood cells, with monocytes and
eosinophils having the largest percent increases. The brain,
heart, kidney, spleen, stomach, intestines, aorta, and liver of
TSP-1-deficient mice showed no major abnormalities. How-
ever, consistent with high levels of expression of TSP-1 in
lung, we observe abnormalities in the lungs of mice that lack
the protein. Although normal at birth, histopathological
analysis of lungs from 4-wk-old TSP-1-deficient mice re-
veals extensive acute and organizing pneumonia, with neu-
trophils and macrophages. The macrophages stain for he-
mosiderin, indicating that diffuse alveolar hemorrhage is
occurring. At later times, the number of neutrophils de-
creases and a striking increase in the number of hemosid-
erin-containing macrophages is observed associated with
multiple-lineage epithelial hyperplasia and the deposition
of collagen and elastin. A thickening and ruffling of the epi-
thelium of the airways results from increasing cell prolifera-
tion in TSP-1-deficient mice. These results indicate that
TSP-1 is involved in normal lung homeostasis. (J. Clin. In-
vest. 1998. 101:982-992.) Key words: thrombospondin
lung « pneumonia « extracellular matrix « gene knockout

Introduction

Thrombospondin-1 (TSP-1)! is an extracellular calcium-bind-
ing protein that is a member of a family of five related proteins
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(1, 2). In addition to calcium, TSP-1 binds heparan sulfate pro-
teoglycans, the avB3, a3p1, a4B1, and a5B1 integrins, the integ-
rin-associated protein, and CD36 on the cell surface (3-8).
TSP-1 can also bind other extracellular proteins including plas-
minogen, fibrinogen, fibronectin, and urokinase (9-11). Also,
it has the ability to bind and activate TGF-8 (12). Through
these interactions TSP-1 modulates cellular migration, differ-
entiation, and proliferation. The specific effect of TSP-1 on
cellular phenotype depends on the target cell type and the rep-
ertoire of cell surface proteins that are expressed by that cell.
For example, TSP-1 promotes proliferation of vascular smooth
muscle cells and inhibits proliferation of endothelial cells (13—
16). TSP-1 also exhibits variable effects on cellular adhesion. It
supports attachment and spreading of skeletal myoblasts; how-
ever, like SPARC and tenascin, TSP-1 expresses antiadhesive
activity toward endothelial cells (17, 18). Intact TSP-1 and pep-
tides derived from the heparin-binding domain disrupt focal
contacts that are formed by endothelial cells on fibronectin-
coating substrates (18).

The members of the thrombospondin gene family are ex-
pressed widely during murine development (19-22). TSP-1 is
expressed at high levels in developing heart, lung, liver, brain,
kidney, bone, and skeletal muscle. TSP-1 mRNA is observed
in the developing cartilage of the mouse embryo after day 13
and in the bone after day 16 (20). TSP-1 is expressed by mes-
enchymal cells as they condense to form ribs and vertebrae.
The highest level of TSP-1 expression is associated with osteo-
blasts. Chondrocytes appear to contain low levels of TSP-1
mRNA (20, 23). Consistent with this low level of expression,
immunocytochemistry fails to detect TSP-1 protein in most
chondrocytes (19). However, a rim of TSP-1 immunoreactivity
is observed where chondroid elements merge with adjacent
stroma. In addition, TSP-1 has been purified from articular
cartilage (24).

TSP-1 mRNA expression in the developing mouse lung be-
gins at day 14 and persists to fetal day 18 (20). In the lung, it is
expressed in the columnar epithelium of the bronchi. TSP-1
protein is specifically localized to the basement membrane of
the forming bronchi in the developing mouse embryo (21).
Basement membrane staining within the lung is also detected
in adult mouse and human tissue (21, 25). In addition, TSP-1 is
synthesized and secreted by alveolar macrophages and type II
cells (reference 26 and Yehualaeshet, T., J.E. Murphy-Ullrich,
R. Silverstein, J. Green-Johnson, S. Mai, and N. Khalil, manu-
script submitted for publication). TSP-2 and -3 mRNA are also
present in the lung; however, their temporal and spatial pat-
terns of expression are distinct from that of TSP-1 (20).

1. Abbreviations used in this paper: CGRP, calcitonin gene-related
peptide; ES cells, embryonic stem cells; neo, neomycin; SP, surfactant
protein; TSP, thrombospondin.



To evaluate the in vivo functions of TSP-1, we have pro-
duced TSP-1-deficient mice by homologous recombination in
embryonic stem (ES) cells. Most of these mice are viable and
exhibit subtle abnormalities in development. However, the
adult mice exhibit increased inflammatory cell infiltrates and
epithelial cell hyperplasia in the lungs. The presence of hemo-
siderin-laden macrophages indicates that diffuse alveolar hem-
orrhage occurs in the lungs of TSP-1-deficient mice, probably
secondary to severe pneumonia. These mice provide a unique
model for the evaluation of the role of TSP-1 in physiological
processes.

Methods

Construction of the targeting vector. Isolation and characterization of
mouse TSP-1 genomic clones has been described previously (27). The
region of genomic DNA that contains exon 2, intron 3, and exon 3
was removed and replaced with the neomycin (neo) resistance gene
driven by the PGK-promoter (28; see Fig. 1). A greater number of
neomycin-resistant colonies and homologous recombination events
was obtained with the neomycin-resistance cassette in the opposite
orientation to the TSP-1 gene. The construct included ~ 1.2 kb of se-
quence upstream of exon 2 and ~ 6.0 kb of sequence downstream of
exon 3. The herpes simplex thymidine kinase (HSV-tk) gene was
placed at the 3’ end of the targeting construct as a second selectable
marker (29). The presence of the neomycin-resistance gene intro-
duces an EcoRI and a Stul site, which resulted in shortened restric-
tion fragments on Southern blots (see Fig. 1).

Transfection and selection of ES cells. D3 ES cells (30) (kindly
provided by Dr. Janet Rossant, Toronto, Canada) were cultured in
DME (DME high glucose) supplemented with 26 mM Hepes buffer
(pH 7.5), 14 mM sodium bicarbonate, nonessential amino acids, 0.1 mM
B-mercaptoethanol, 10 ng/ml of leukemia inhibitory factor, and 15%
fetal calf serum (JRH Biosciences, Lenexa, KS). The ES cells were
cultured on +y-irradiated embryonic fibroblasts and were electropo-
rated as described previously (28).

Analysis of genomic DNA. ES cell DNA and tail DNA were pre-
pared by proteinase K digestion at 37 or 55°C, respectively, followed
by isopropanol precipitation (31). This DNA was used for PCR
with reverse TSP-1 primer (5'-GAGTTTGCTTGTGGTGAACGCT-
CAG) and a forward neo primer (5-TGCTGTCCATCTGCAC-
GAGACTAG) for the mutant allele or a forward TSP-1 primer
(5'-AGGGCTATGTGGAATTAATATCGG) for the wild-type al-
lele. The wild-type and mutant alleles yield PCR products of 700 and
400 bp, respectively. PCR was performed as described previously (32).

For Southern blot analysis, the DNA was extracted twice with an
equal volume of phenol/chloroform (1:1 vol/vol) and once with an
equal volume of chloroform and was precipitated with 0.1 M Na-ace-
tate and 2.5X volume ethanol. Southern blots were prepared and
probed according to Maniatis et al. (33).

RNase protection analysis. RNA was isolated from adult (7-29-
wk-old) brain, heart, lung, and kidney and from 2.5-d-old mice using
the Totally RNA kit (Ambion, Inc., Austin, TX). Organs from six
mice of each genotype were pooled for each preparation of RNA.
RNA probes were prepared for mouse TSP-1, -2, -3, and -4, and actin
using the Maxiscript kit (Ambion, Inc.). The resulting signal was
quantitated using a PhosphorImager (Molecular Dynamics, Sunny-
vale, CA). The ratio of TSP-2, -3, and -4 RNA in TSP-1-deficient
mice as compared with wild-type mice was divided by the equivalent
ratio for actin RNA to control for variations in the quantity of initial
RNA in the RNase protection assay.

Histology. Tissues were fixed in 4% paraformaldehyde prepared
in PBS as described previously (19). With the exception of the lung,
adult organs were dissected out of the mice and placed in fixative
overnight at 4°C. For lung preparations, the mice were killed with
ether and dissected to expose the trachea. An incision was made in

the abdominal wall below the diaphragm to reduce pressure and al-
low the lungs to expand. A section of tubing was inserted into the tra-
chea and fixative was allowed to fill the air spaces of the lung for 1 h
at a hydrostatic pressure of 23 cm. After 1 h, the lungs were removed
and placed in fixative overnight at 4°C. Bone and cartilage in intact
1-d-old mice were visualized using alizarin red and Alcian blue stains
(34). Brain capillaries were visualized with Griffonia (Bandeiraea)
simplicifolia lectin I-isolectin B4 (Vector Laboratories, Burlingame,
CA; 1:200 dilution) using 10-pm sections of Metha Carnoys—fixed tis-
sue. Immunocytochemistry to identify Clara cells was performed with
the CC10 antiserum (generous gift of Dr. G. Singh, University of
Pittsburgh and VA Medical Center, Pittsburgh, PA). Antiserum to
prosurfactant protein-C (pro-SP-C, R68514, generous gift of Dr. J.
Whitsett, Children’s Hospital Medical Center, Cincinnati, OH) was
used as a marker of type II cells (35). Rabbit polyclonal anti-rat calci-
tonin gene-related peptide (CGRP) antiserum (Peninsula Laborato-
ries, Belmont, CA) was used as a marker for neuroendocrine cells.
An antidesmin antibody (Dako Corp., Carpinteria, CA) was used for
immunocytochemical detection of smooth muscle cells. Immunoper-
oxidase analysis was carried out with the standard ABC kit (Vector
Laboratories) as described previously (36, 37).

Blood cell counts. Blood was drawn from 3-5-mo-old mice by
periorbital insertion of a heparinized capillary tube ~ 1.5 cm in
length. Mice were anesthetized with 2.5% avertin. The blood was
drawn into tubes containing 50 pl of acid-citrate dextrose. Whole
blood was diluted 1:1,000 in 20 ml of isotonic saline, five drops of
Zapaglobin were added, and white blood cells were counted (Coulter
Corp., Miami, FL). Subpopulations were quantitated by a trained he-
matology technician using standard techniques. Platelets were iso-
lated by differential centrifugation and washed in pH 6.5 buffer con-
taining 0.102 M NaCl, 3.9 mM K,HPO,, 3.9 mM Na,HPO,, 22 mM
Na,HPO,, and 5.5 mM glucose. The platelets were resuspended in 15
mM Tris-HCI (pH 7.6), 0.14 M NaCl, and 5 mM glucose and mixed
with a one-half volume of sample buffer containing 0.25 M Tris-HCl
(pH 7.5), 5% SDS, 1.25 M sucrose with or without 0.1 M dithiothrei-
tol (38). Samples were electrophoresed on 3.5-15% gradient gels and
stained with Coomassie brilliant blue or transferred to Immobilon-P
as described previously (39). TSP-1 was detected using a rabbit poly-
clonal anti-human platelet thrombospondin antibody designated R1.

Bleeding time and platelet aggregation. The bleeding time was
performed as described by Dejana et al. (40). TSP-1-deficient and
wild-type mice (15-22 g) were maintained in a restrainer and a distal
5-mm segment of tail was severed with a razor blade. The tail was im-
mediately immersed in a beaker containing a 0.9% NaCl solution at
37°C, with the tip of the tail 5 cm below the body. Immersion defined
the starting point, and bleeding time was defined as the time required
for the blood stream to stop completely.

For aggregation studies, mouse platelets were isolated and
washed once as described above except that the final resuspension
buffer contained 1 mM CacCl,. The platelet counts were determined
and the volumes were adjusted to give an equivalent number of plate-
lets per milliliter. 250-pl samples were stirred at 1,000 rpm in an ag-
gregometer at 37°C and 0.25-1 pl of human thrombin (100 U/ml;
Sigma Chemical Co., St. Louis, MO) was added. The change in opti-
cal density was monitored for 3—4 min.

Results

Production of TSP-1-deficient mice. 240 ES cell clones were
isolated by selection with G418 and gancyclovir. Southern blot
analysis indicated that seven of these clones have a disruption
of the TSP-1 gene (Fig. 1). Five of these clones were used to in-
ject blastocysts derived from C57BL/6 mice. 18 chimeric males
(50-95% chimerism based on coat color) were bred to C57BL/6
females and germline transmission of the targeted allele was
observed for all five ES cell clones. Southern blotting of DNA
digested with EcoRI or Stul and probed with a TSP-1 or a neo-
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thymidine kinase (HSV-tk) gene is in-
wild type EcoRl 3.6 kb cluded as a second selectable marker. (B)
targeted 20kb Restriction map of the wild-type and tar-
geted alleles. Introduction of the pgk neo
. Stul . .
wild type 5.8 kb gene results in a shortening of an EcoRI
and a Stul restriction fragment. (C) South-
targeted 44 Kb ern blot of genomic DNA from five se-
lected ES cell lines. Genomic DNA was
C D digested with Stul and hybridized with a
probe: TSP-1 probe: neo probe for TSP-1 or pgk neo. In cell lines
12 3 4 56 7 .
1 2 3 4 5 1 2 3 4 5 where the TSP-1 gene has been disrupted
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4.4kb

mycin probe produced the predicted results for targeted dis-
ruption of the TSP-1 gene. In addition, PCR with primers lo-
cated in the TSP-1 gene and the neomycin-resistance gene
produced a product of the predicted size (data not shown).
Since D3 ES cells were derived from 129Sv blastocysts, chi-
meric males were also bred to 129Sv females to establish the
mutation on a homogeneous genetic background. Southern
blot analysis of the offspring of heterozygous crosses revealed
the presence of all possible genotypes (Fig. 1). The homozy-
gous group has fewer animals than expected in both the mixed
129Sv/C57BL/6 and the homogeneous 129Sv backgrounds (to-
tal: 145 +/+, 265 +/—, and 111 —/—). Taken together, x* anal-
ysis indicated that there is a 96% chance that this distribution
is abnormal and there is a decrease in the viability of the TSP-
1-deficient mice. Colonies of wild-type and homozygous TSP-
1-deficient mice in the 129Sv background were established by
breeding the two genotypes from the heterozygous crosses.

984  Lawleretal.

(lanes 1-3 and 5), the 4.4-kb Stul fragment
hybridizes with both probes. For compari-
son, a cell line in which the TSP-1 gene is

- > 58kp notdisrupted (lane 4) does not produce the
4.4-kb Stul fragment. (D) Southern blot
W W 44kp  analysis of genomic DNA from the off-

spring of a heterozygous cross. DNA was
digested with Stul and probed with the
TSP-1 probe. The offspring are homozy-
gous for the wild-type allele (lanes 4 and 5),
heterozygous (lanes 3, 6, and 7), or ho-
mozygous for the targeted allele (lanes /
and 2).

The homozygous matings produce significantly (P = 0.005)
fewer cumulative litters per breeding pair (3.4*=1.7, n = 23)
than the wild-type matings (7.2+2.5, n = 14). Mating pairs
were killed if they did not produce another litter in 3 mo and
these values do not include matings in either colony that did
not produce any litters. At weaning, the homozygous litters
produced significantly (P = 0.01) fewer offspring per litter
(4.8+1.9, n = 26) than the wild-type colony (6.2+2.2, n = 24).
To establish that the TSP-1 gene expression was disrupted,
an RNase protection assay was performed on tissues from
wild-type and TSP-1-deficient mice with a probe for exon 3. In
the wild-type mice, varying levels of TSP-1 message were ob-
served (Fig. 2). The highest level of expression was observed in
the lung of adult mice and in the 2.5-d-old pup. Intermediate
levels of expression of TSP-1 are observed in the heart and
kidney, and the brain and liver express low levels. The pre-
dicted protected fragment was not observed in RNA from any
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Figure 2. RNase protection assay for TSP-1 mRNA. RNA from adult
brain (second and third lanes), heart (fourth and fifth lanes), lung
(sixth and seventh lanes), liver (eighth and ninth lanes), and kidney
(tenth and eleventh lanes), and 2.5-d-old mouse (twelfth and thirteenth
lanes) was isolated from wild-type (second, fourth, sixth, eighth, tenth,
and twelfth lanes) or TSP-1-deficient mice (third, fifth, seventh, ninth,
eleventh, thirteenth lanes). The gel also includes an RNA ladder (first
lane). mRNA protected bands in the brain and liver samples are
readily detectable on longer exposures.

of the tissues from the TSP-1-deficient mice. An abnormal
TSP-1 transcript is detected when a probe for sequences that
were not deleted is used.

To establish that the TSP-1 protein is not produced, we iso-
lated blood platelets from the various genotypes. Electro-
phoresis of nonreduced platelet proteins from wild-type mice
revealed the presence of the 450,000-D TSP-1 trimer (Fig. 3).
In the presence of reducing agents, the TSP-1 polypeptides mi-
grate at 185,000 and 160,000 D (data not shown). A variable
amount of the 160,000-D peptide is observed in preparations
of purified human platelet TSP-1. This peptide is produced by
proteolytic removal of the 25,000-D, NH,-terminal, heparin-
binding domain. This proteolysis appears to be more extensive
in the mouse. Since the intact trimeric protein can contain 0-3
degraded subunits, it electrophoreses as multiple bands with
molecular weights of 375,000-450,000 (Fig. 3). Platelets from
mice that are homozygous for the targeted allele do not con-

+/+ == +/+ —/-

Figure 3. SDS-PAGE
of mouse platelets.

Washed platelets from a
o wild-type (+/+) and a
— TSP-1-deficient mouse

(—/—) were electro-
phoresed in the ab-
sence of reducing agent.
Parallel samples were
stained with Coomassie
blue (left) or transferred
to Immobilon P and
probed with a poly-
clonal anti-TSP-1 anti-
body. The arrow indi-
cates the position of the
intact TSP-1 band.

tain TSP-1 protein (Fig. 3). Platelets from heterozygous mice
appear to have approximately one-half the quantity of TSP-1
as wild-type platelets (data not shown). Western blot analyses
of platelets from mice that are homozygous for the targeted al-
lele revealed no peptides that react with the polyclonal anti—
TSP-1 antibody (Fig. 3). These results show that aberrant pep-
tides are not derived from the targeted allele and that the mice
lack TSP-1 protein.

Phenotype of TS P-1-deficient mice. Mice that were derived
from two targeted ES cell clones were used throughout this
study. The presence of pneumonia in TSP-1-deficient mice
(see below) was confirmed with a third ES cell clone. In both
the mixed and homogeneous genetic backgrounds, the TSP-1-
deficient mice exhibit a lordotic curvature of the spine (Fig. 4).
The amount of curvature varies but is apparent from the day
of birth in affected individuals. Some TSP-1-deficient mice ap-
pear to have a flattening of the posterior portion of the spine.

No abnormalities were observed in most of the major or-
gan systems of TSP-1-deficient mice in the 129Sv genetic back-
ground. These analyses included the brain, heart, liver, aorta,
kidney, stomach, spleen, and intestines (aorta, cerebellum, and

Figure 4. Lordotic curvature of
the backbone in wild-type (top)
or TSP-1-deficient mice (bot-
tom). (A) The skeletons of new-
born mice stained with alizarin
red and Alcian blue. (B) X-ray
pictures of adult mice.
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kidney sections are shown in Fig. 5). Since TSP-1 supports vas-
cular smooth muscle cell proliferation in vitro, we examined
the aorta for smooth muscle content (14, 15). As shown in Fig.
5, A and B, the thickness and morphology of the smooth mus-
cle cell layers around the aorta appear to be comparable in
TSP-1-deficient and wild-type mice. Since TSP-1 has been re-
ported to be involved in granule cell migration, the cellular ar-
chitecture of the cerebellum was analyzed in detail (22). The
structure of the cerebellum in TSP-1-deficient mice is similar
to that of wild-type mice at birth and 7, 10, 15, 20, and 25 d af-
ter birth. Tissues from days 7 and 25 are shown in Fig. 5, E-H.
Since TSP-1 can inhibit angiogenesis, we quantitated the num-

986 Lawleretal.

Figure 5. Histology of tissues
from wild-type (A, C, E, and G)
and TSP-1-deficient mice (B, D,
F, and H). Transverse sections
through the aorta (A and B) or
kidney (C and D) of newborn
mice stained with hematoxylin
and eosin are shown. Sagittal
sections of the cerebellum of
7-d-old (E and F) and 25-d-old
(G and H) mice stained with cre-
syl fast violet (Nissl) stain. The
arrow marks the surface of the
cerebellum. Bar = 100 pm.

ber of capillaries in the outer layer of the cortex of the brain
(41). The number of capillaries in the TSP-1-deficient brains is
equivalent to the number observed in wild-type brains, 1.5 and
25 d after birth (Table I).

RNase protection analysis was used to determine if TSP-2,
-3, and -4 are upregulated in TSP-1-deficient mice to compen-
sate for the absence of TSP-1. The level of TSP-2, -3, and -4
RNA was normalized to actin RNA levels in adult brain,
heart, lung, and kidney as well as in the 2.5-d-old pup. As sum-
marized in Table II, the levels of TSP-2, -3, and -4 in TSP-1-
deficient mice are not significantly different from those in the
wild-type mice. The lung is the only tissue that expresses a



Table I. Brain Capillary Counts

Genotype
Age +/+ —/=
15d 98.7+24.1 (n = 12) 958+132 (n = 12)
25d 104.7+12.7 (n = 12) 109.3+12.6 (n = 12)

level of TSP-3 that is significantly more than one standard de-
viation above the wild-type level. As described below, this dif-
ference probably results from epithelial cell hyperplasia rather
than gene regulation.

Lung histopathology in TSP-1-deficient and wild-type
mice. The lungs of the TSP-1-deficient mice develop normally
and do not differ appreciably from those of wild-type mice at
birth. The only notable phenotypic effect of the disrupted
TSP-1 gene is the consistent appearance of acute and organiz-
ing bacterial pneumonia. By histopathological examination of
lung sections from the mice, this phenotype arises between 1
and 4 mo of life in homozygous TSP-1-deficient mice. Repre-
sentative sections are shown in Fig. 6. At 1 d old, there is no
major difference in overall lung architecture or cytodifferenti-
ation between TSP-1-deficient (Fig. 6 B) and normal mice
(Fig. 6 A). By the age of 1 mo, the vast majority of wild-type
mice retain normal lung histopathology (Fig. 6 C). In contrast,
seven out of nine 1-mo-old TSP-1-deficient mice demonstrate
widespread patchy, acute, and chronic organizing pneumonia
(Fig. 6 D). This is manifested as prominent neutrophilic infil-
trates and edema involving the alveoli and perivascular con-
nective tissue, but not the conducting airways. By the age of 4
mo, the differences between normal lung in wild-type mice
(Fig. 6 E) and chronically injured lung in TSP-1-deficient mice
(Fig. 6 F) are increasingly apparent. Inflammatory infiltrates
include both neutrophils and mononuclear cells, in varying
proportions in different foci, consistent with multiple foci of
pneumonia of different ages (Fig. 6 F). There is also wide-
spread disruption of lung architecture, with patchy fibrosis and
airway epithelial cell hyperplasia, including the formation of
inflammatory pseudopolyps projecting into some of the airway
lumens (Fig. 6 F). The disruption of normal architecture in
these regions is more clearly demonstrated by histochemical
staining for elastin (Fig. 6 H, black) and trichrome staining to
highlight established fibrous connective tissue (Fig. 6 G, blue).
All TSP-1-deficient mice (n = 12) between the ages of 2.5 and
7 mo had widespread patchy, acute, and chronic organizing
pneumonia. Small foci of acute pneumonia were identified in 3
wild-type mice out of 13 examined at 1-7 mo of age.

To characterize further the nature of the epithelial cell
hyperplasia occurring in TSP-1-deficient mice, immunohisto-

Table II. mRNA Levels for Thrombospondins

chemical analyses were carried out for markers of three major
epithelial cell lineages in the lung: CC10, the Clara cell secre-
tory protein; SP-C, which is exclusively expressed by type II al-
veolar pneumocytes; and CGRP, a specific and sensitive
marker of mature neuroendocrine cells in adult rodent lung.
The results of these analyses are given in Fig. 7. Prominent hy-
perplasia of all three epithelial cell types is apparent in TSP-1-
deficient (Fig. 7, B, D, and F) as compared with wild-type mice
(Fig. 7, A, C, and E). Clara cells lining the bronchioles are
larger and more numerous in regions both involved and unin-
volved by pneumonia. Clara cells in the lungs of TSP-1-defi-
cient mice are stratified and frequently form papillary projec-
tions into the airway lumen (Fig. 7 B), as compared with the
single layer of small Clara cells in normal mice (Fig. 7 A). Nu-
merous SP-C—positive type II cells are identified in TSP-1-defi-
cient mice (Fig. 7 D), especially in regions directly involved
with organizing pneumonia, whereas only rare type II cells are
apparent in wild-type mice as expected in normal adults (Fig. 7
(). SP-A is also abundantly expressed in both Clara cells and
type II cells in TSP-1-deficient and control mice (data not
shown). TSP-1-deficient mice also demonstrate markedly in-
creased numbers of CGRP-positive pulmonary neuroendo-
crine cells (Fig. 7 F) as compared with normal mice (Fig. 7 E),
with more neuroendocrine cells per cluster and more clusters
per unit length of bronchiolar epithelium. Similar to Clara
cells, the volume of cytoplasm and nucleus in the neuroendo-
crine cells is increased, suggesting that these cells might be ac-
tivated in the setting of acute and chronic lung injury. Hyper-
plastic Clara cells and neuroendocrine cells are apparent
throughout the lungs of TSP-1-deficient mice, including other-
wise normal regions uninvolved by acute and/or organizing
pneumonia.

To determine possible inciting factors and cellular re-
sponses to tissue injury in TSP-1-deficient mice, Prussian blue
histochemical staining was carried out to clarify whether
chronic hemorrhage is a prominent feature of the lung injury
occurring in TSP-1-deficient mice. Whereas wild-type mice
have very few alveolar macrophages with or without heme
iron deposition (Fig. 7 G), TSP-1-deficient mice demonstrate
increased numbers of hemosiderin-laden alveolar macro-
phages by 1 mo of age (data not shown), and have abundant
hemosiderin-laden macrophages throughout the lungs by 4 mo
of age (Fig. 7 H). Most of these hemosiderin-laden macro-
phages occur in regions of the lung uninvolved by pneumonia.
Chronologically, the hemosiderin deposition appears to follow
the pneumonia, suggesting that it is secondary to chronic tissue
damage rather than being a cause of injury in itself. Tissue
Gram stain demonstrates occasional gram-positive cocci, lo-
cated both extracellularly in the alveolar spaces and within al-
veolar macrophages and neutrophils (data not shown). Lung
cultures of both wild-type mice and TSP-1-deficient mice grew

2.5-d-old Brain Heart Lung Kidney
TSP-2 0.99+0.21 (3) 1.32+0.59 (6) 0.83+0.23 (6) 1.34+0.61 (8) 1.07%0.30 (3)
TSP-3 1.09%0.43 (5) 0.640.37 (4) 0.850.30 (4) 1.31%0.23 (4) 1.66=0.69 (4)
TSP-4 1.02%0.12 (3) 1.19%0.13 (3) 0.67+0.20 (3) — —

Data are expressed as fraction of wild-type levels after normalization against actin mRNA.
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out the same spectrum of mixed bacterial flora: group D Strep-
tococcus and Pasteurella pneumotropica.

Hematological characterization of TSP-I1-deficient mice.
White blood cell counts were performed on TSP-1-deficient
mice in the homogenous 129Sv background. TSP-1-deficient
mice exhibited a significant (P = 0.0005) increase in total
white blood cell counts (Table III). All subpopulations of
white blood cells were elevated with the greatest percent in-
crease occurring in those populations that are low in wild-type
mice (eosinophils and monocytes). Platelet counts, hemoglo-
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Figure 6. Histology of lung tis-
sue from TSP-1-deficient and
wild-type mice. Representative
sections are shown from TSP-1-
deficient (B, D, and F-H) and
wild-type (A, C, and E) mice. (A
and B) At 1d old, there is no dif-
ference in lung architecture or
cytodifferentiation between
TSP-1-deficient mice (B) and
controls (A). Tissue sections
were stained with hematoxylin
and eosin. (C and D) At 1 mo
old, there are prominent neu-
trophilic infiltrates with some
mononuclear cell infiltrates and
early organization in TSP-1-
deficient mice (D) but not in
most normal mice (C) (hematox-
ylin and eosin). (E-H) At 4 mo
of age, lungs of wild-type mice
remain normal (E), but there is
variable architectural disruption
throughout the lungs of TSP-1-
deficient mice (F-H) that is
largely associated with scattered
foci of acute and chronic orga-
nizing pneumonia (£ and F,
hematoxylin and eosin; G,
trichrome stain; and H, elastin
stain). Interstitial fibrous con-
nective tissue was not observed
with trichrome or elastin staining
in wild-type mice (data not
shown). Bar = 100 pm.
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bin levels, and hematocrits were equivalent in the normal and
TSP-1-deficient mice (Table III).

Since TSP-1 has been reported to be involved in platelet
aggregation and we observe diffuse alveolar hemorrhage, we
compared the bleeding time and thrombin-induced aggrega-
tion in TSP-1-deficient and wild-type mice (42-46). The bleed-
ing time of the TSP-1-deficient mice (90.5+37.1s,n = 15) was
comparable to that of the wild-type mice (98.9+49.6 s,n = 15).
In addition, the aggregation of washed platelets in response to
thrombin was equivalent (Fig. 8).
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Discussion

TSP-1 has been reported to be involved in cell differentiation,
migration, adhesion, and survival (for review see reference 1).
In addition, it is widely expressed during murine development
(19-21). These observations suggested that deletion of the
TSP-1 gene might result in embryonic lethality. This is obvi-
ously not the case; TSP-1-deficient mice are viable and fertile.
However, the decreased number of homozygous offspring in
both the heterozygous and homozygous crosses suggests that
there is an ~ 20% decrease in the viability of the homozygous

Thrombospondin-1 Is Required for Normal Pulmonary Homeostasis

Figure 7. Histochemical analy-
ses of lung epithelial cell differ-
entiation and hemosiderin depo-
sition in TSP-1-deficient and
wild-type mice. Representative
sections are shown from TSP-1-
deficient (B, D, F, and H) and
wild-type (A, C, E, and G) mice.
(A and B) CC10 immunostaining
for Clara cells in TSP-1-deficient
mice (B) and controls (A)
(methyl green counterstain). (C
and D) SP-C immunostaining for
type II pneumocytes in TSP-1-
deficient mice (D) and controls
(C) (methyl green counter-
stain). (E and F) CGRP immu-
nostaining for neuroendocrine
cells in TSP-1 null mice (F) ver-
sus controls (E) (methyl green
counterstain). (G and H) Prus-
sian blue iron staining demon-
strates prominent hemosiderin-
laden alveolar macrophages in
the lung parenchyma of TSP-1-
deficient mice (H) but only in-
frequent hemosiderin-positive
cells in age-matched controls
(G). Bar = 50 pm.

embryos or neonates. A much larger population of mice would
need to be analyzed to determine precisely the magnitude and
significance of the difference between the TSP-1-deficient and
wild-type mice (47). In addition to an apparent decrease in via-
bility, matings of the TSP-1-deficient mice also produce fewer
litters. Whereas an average wild-type breeding pair produces a
total of 45 offspring, an average breeding pair of TSP-1-defi-
cient mice produces a total of 16 offspring over its lifetime.
The decrease in viability and fecundity probably provide suffi-
cient selective pressure to maintain the TSP-1 gene in the
mouse genome.
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Table I11. Blood Cell Counts

+/+ ~/=

Total white cell counts 5316+1336 (n = 41) 8519£3237 (n = 46)
Differential counts:

Total white cell counts 4973%1249 (n = 16) 8148%3954 (n = 16)

PMN 871+380 (17.5%)  1009=528 (12.4%)
Eosinophils 156111 (3.1%) 444+387 (5.5%)
Lymphocytes 3838+1119 (77.2%) 63993301 (78.7%)
Monocytes 10596 (2.1%) 279229 (3.4%)
Platelet counts 708112 X 103 742+118 X 103
(n=16) (n=21)
Red blood cell counts  9.43+0.48 X 10° 9.79+0.62 X 10°
(n=16) (n=21)

In vitro, vascular smooth muscle cell proliferation is inhib-
ited by various monoclonal antibodies against TSP-1 (15). In
addition, antibodies to TSP-1 inhibit granule cell migration in
explant cultures of cerebellar cortex (22). By contrast, the
aorta and cerebellum in TSP-1-deficient mice do not exhibit
major defects. The lack of abnormalities in development of or-
gans in which in vitro data predict an effect indicates that TSP-1
is not essential in vivo during the development of these organs.
The knockout mouse data do not invalidate the in vitro data.
Whereas antibody or peptide blocking studies ask if a protein
is normally involved in a process, gene ablation studies ask if a
protein is uniquely essential (48). In vivo, other matrix pro-
teins may compensate for the absence of TSP-1 (49). This
would require both proteins to be expressed in the same tis-
sues. Whereas each thrombospondin has a unique expression
pattern, most tissues do express more than one thrombospon-
din and multiple other matrix proteins. With the exception of
fibronectin, knockouts of adhesive extracellular matrix glyco-
proteins have produced mice with surprisingly mild abnormali-
ties (48).

The role of TSP-1 in platelet aggregation has been studied
because TSP-1 is a principal constituent of platelet a-granules.
Antibodies against TSP-1 inhibit adenosine diphosphate-, col-
lagen-, and thrombin-induced platelet aggregation (42-46).
Whereas Dixit et al. (43) observed inhibition of platelet aggre-
gation induced by 0.5 U/ml of thrombin, Kao et al. (44) re-
ported that anti-TSP-1 antibodies are inhibitory at lower doses
of thrombin only (0.02 U/ml for human platelets) where the
aggregation response is submaximal. We have tested the ag-
gregation response of wild-type mouse platelets at varying
thrombin concentrations to determine the appropriate concen-
tration range. The aggregation response varies with mouse
strain with platelets from 129Sv mice being less responsive to
thrombin than platelets from C57BL/6 mice (Lawler, J., un-
published data). In this study, wild-type and TSP-1-deficient
platelets have equivalent aggregation responses. Since TSP-1
colocalizes with fibrinogen and olIIbB3 on the surface of
thrombin-treated platelets, antibodies to TSP-1 may inhibit
platelet aggregation by steric hindrance of the formation of the
fibrinogen—alIbB3 complex (45, 46). The normal level of
platelet aggregation in TSP-1-deficient mice is consistent with
the observation that these mice do not have bleeding diatheses
and have normal bleeding times. Like platelet-derived growth
factor or TGF-B, TSP-1 may be included in platelet a-granules
to facilitate tissue repair that occurs subsequent to thrombosis.
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The most prominent defect in the TSP-1-deficient mice is
in their lungs. The lungs of these mice exhibit acute and
chronic inflammatory cell infiltrates. The stimulus for the in-
flux of inflammatory cells is unknown at present. Factors that
may contribute to the neutrophil and monocyte recruitment
include (a) aberrant production of stimulating or inhibitory cy-
tokines; (b) abnormal production or degradation of extracellu-
lar matrix; (c) defective phagocytosis; and (d) defective op-
sonization of bacteria that are present and are nonpathogenic
in the wild-type mice maintained in the same colony. The le-
sions in the TSP-1-deficient mice are persistent and progress
toward increased fibroblastic and epithelial cell proliferation,
matrix deposition, and diffuse alveolar hemorrhage. The in-
creased white blood cell counts are likely to result from a
chronic state of infection. A role for TSP-1 in inflammatory
and possibly immune responses in the lung is consistent with
the observation that TSP-1 is expressed during organizing
pneumonia in humans (50). It is unlikely that secondary defi-
ciencies of CC10 or SP-A protein expression contribute to the
observed abnormalities because both of these antigens are
present in TSP-1-deficient mice.
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Figure 8. Thrombin-induced platelet aggregation. Washed platelets
from wild-type (A) or TSP-1-deficient mice (B) were treated with
0.24 U/ml of thrombin at 37°C with continuous stirring.



Deficiencies in several functions of TSP-1 that have been
identified in vitro may contribute to the lung pathology. TSP-1
reportedly activates TGF- (12). TGF-B acts to suppress the
immune system as evidenced by the fact that TGF-3—deficient
mice die as a result of massive mononuclear inflammatory cell
infiltrates in many organs (51-53). In the lung, TGF-3—defi-
cient mice exhibit perivascular cuffing of lymphocytes, mac-
rophages, and plasma cells, and interstitial pneumonia (51-53).
In the absence of TSP-1, lesser amounts of active TGF-3 may
be produced in the lung and an exaggerated inflammatory re-
sponse may occur. The lesion may be specific to the lung be-
cause TSP-1 is normally expressed at high levels in the lung
and because this organ is directly exposed to the external envi-
ronment. Khalil and co-workers (Yehualaeshet, T., J.E. Mur-
phy-Ullrich, R. Silverstein, J. Green-Johnson, S. Mai, and N.
Khalil, manuscript submitted for publication) have found that
TSP-1 is involved in activation of TGF8 by alveolar macro-
phages. In response to bleomycin-induced pulmonary injury,
active TGF-B is produced by alveolar macrophages through
a mechanism that involves TSP-1, CD36, and plasmin. Cur-
rently, we are performing a detailed histological comparison of
2-3-wk-old TSP-1- and TGF-B-deficient mice to determine if
similar lung abnormalities are present (Crawford, S.E., V.
Stellmach, J. Murphy-Ullrich, J. Lawler, G.P. Boivin, R.O.
Hynes, and N. Bouck, unpublished data).

An aberrant inflammatory and/or immune response in the
lungs of TSP-1-deficient mice could arise from defects in re-
cruitment or clearance of neutrophils or monocytes. TSP-1 re-
portedly supports neutrophil adhesion and migration, and
primes for generation of oxidants (54). TSP-1 also supports
monocyte chemotaxis, haptotaxis, and diapedesis (55, 56). In
addition, TSP-1 is reportedly involved in the uptake and clear-
ance of apoptotic neutrophils and eosinophils by macrophages
(57, 58). Uptake of apoptotic neutrophils by the TSP-1-depen-
dent mechanism does not elicit a proinflammatory response
(59). Thus, this mechanism of clearance might limit the extent
of the inflammation. Whereas large numbers of neutrophils
and macrophages accumulate in the lungs of TSP-1-deficient
mice, we have not studied the kinetics of recruitment or clear-
ance. A defect in the regulation of the uptake or clearance of
inflammatory cells may result in the persistent pneumonia that
is observed in the lungs of TSP-1-deficient mice.

Multilineage epithelial cell proliferation in the lungs of
TSP-1-deficient mice may result from the state of chronic ac-
tive injury with the production of cytokines and the potential
decrease in the levels of active TGF-B. Clara cell differentia-
tion can be induced by y-interferon (60). Neuroendocrine cell
differentiation can be triggered by fibronectin or by TNF-«
(Haley, K.J., and M. Sunday, manuscript in preparation). In
addition, activated TGF-B has been shown to downregulate
lung epithelial cell proliferation (61). Thus, increased epithe-
lial cell proliferation may occur in the absence of TSP-1-depen-
dent activation of TGF-B.

TSP-1 is expressed in response to injury in skin, muscle,
kidney, and vascular tissue (62-68). In addition, TSP-1-defi-
cient mice display aberrant cutaneous wound healing (69).
Thus, TSP-1 may function as a repair protein and could aug-
ment the function of other matrix molecules. If this is the case,
the effects of knocking out other thrombospondins, tenascin,
vitronectin, or other matrix molecules could be more severe on
a TSP-1 null background.

The data presented here implicate TSP-1 as a key mediator

of pulmonary homeostasis probably through regulation of the
inflammatory and/or immune systems. This regulation sug-
gests that TSP-1 is important for limiting the extent and/or du-
ration of inflammation during the host response to lung injury.
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