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Fig. 4. Enzymatic activities of caspase-8 in cardiac myocytes. Caspase 8
activity was dramaticalty enhanced after both treatments of recombinant
Fas ligand (FasL: 1 pg/m!) and doxorubicin (Dox: (.5 pM). N-
acetylcysteine (NAC) and the combination of superoxide dismutase
(SOD) and catalase {(CAT) abolished the enhancement of caspase-8
activity after both treatments of FasL and doxorubicin. Concentrations
were as follows: SOD 500 U/mi, CAT 500 U/ml, and NAC 50 pmol/1.
Results are expressed as mean*S.E.M. of three separate experiments.

lyzing superoxide and hydrogen peroxide, respectively,
prevented the doxorubicin-induced decrease of FLIP pro-
tein expression. Likewise, the antioxidant N-acetylcysteine
(NAC) also restored the down-reguiation of FLIP with
doxorubicin treatment. Conversely, hydrogen peroxide,
which is the most diffusible reactive oxygen species, itself
decreases FLIP expression in a dose dependent manner.
These results indicate that reactive oxygen species mediate
the inhibitory action of doxorubicin on FLIP expression in
cardiac myocytes. Following the reversal to the baseline
level of FLIP by treatments with antioxidants, cardiac
myocytes became resistant to Fas-mediated apoptosis
again. Levels of FLIP have been demonstrated to play a
pivotal role in the Fas-mediated apoptosis in various cell
types [24-26,37]. Thus, reactive oxygen species produced
by doxorubicin sensitize rat neonatal cardiac myocytes to
Fas-mediated apoptosis at least partly by the way of
down-regulating FLIP. In human Jurkat T cell lines,
doxorubicin-induced apoptosis was reported to be indepen-
dent of Fas signaling [38,39]. However in leukaemic cells
[40], incubation with anti-Fas IgM antibody and doxorubi-
cin augmented agoptotic responses as we demonstrated
using neonatal rat cardiomyocytes in the present study.
These data implicate that doxorubicin- and Fas-mediated
apoptosis is cell specific events and may share some
common components in signaling pathways leading to
apoptosis. To our knowledge, precise mechanisms for the
downregulation of FLIP by reactive oxygen species are
still unknown. Transcriptional regulations and the protein
stability or degradation of FLIP are suggested as possible
mechanisms {41,42].

Besides doxorubicin-induced heart failure, reactivé oxy-
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Fig. 5. Hydrogen peroxide (H,0,} down-regulated the expression of
FLIP, and sensitized cardiac myocytes 1o Fas. {A) The expression of
FLIP_ (55 kDa) was determined by Western blor analysis in car-
diomyocytes incubated with various doses of hydrogen peroxide for 24 h.
FLIP, expression was quantified by densitomeiry. (B) Cardiac myocytes
were incubated with human recombinant Fas ligand (FasL: | wg/ml) for
12 h after 12 h treatment with H,O, (50 pmol/1). Cell viability was
determined by MTT assay. * A<<0.0! vs. untreated cells. Results are
expressed as meanxS.E.M. of three separale experiments.

gen species have been shown to cause contractile faiiure
and structural damage in various types of heart failure [43].
There may be a possibility that FLIP levels are down-
regulated by reactive oxygen species in the myocardium of
the failing heart. Recently, Imanishi et al. [44] observed
that FLIP-positive cells rarely had fragmented DNA, while
TUNEL-positive cells rarely contained FLIP in end-stage
human hearts. Cardiac myocytes of the failing heart may
be primed for apoptotic signal by FasL which has been
reported to be elevated in patients with congestive heart
failure [21] (Fig. 6). In the transgenic mouse overexpres-
sing FasL in the heart, neither myocardial apoptosis nor
necrosis occurred in the heart despite expression of Fas
f45]. However, since the FLIP level should be unchanged
in the transgenic mouse, the absence of apoptosis in the
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Fig. 6. One of proposed mechanism for doxorubicin-induced car-
diomyopathy. Administration of doxorubicin produces reactive oxygen
species (ROS) in cardiac myocytes and the ROS down-regulates the
expression of FLIP that acts in a dominant-negative manner to inhibit
caspase-8. In addition to increased level of Fas, the down-regulated FLIP
renders cardiac myocytes Fas-sensitive, resulting in apoptosis. Fas ligand
{FasL) may be expressed by leukocytes, cardiac myocytes and endothelial
cells following administration of doxorubicin. FADD, Fas-associated
death domain.

Fasi-enforced myocardium might be due to relatively high
FLIP levels.

In conclusion, FLIP contributes, at least in part, to
doxorubicin-induced susceptibility to Fas-mediated apop-
tosis in cardiac myocytes. Importantly, the expression of
FLIP is regulated by feactive oxygen species in cardiac
myocytes.
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Inhibition of Experimental Intimal Thickening in Mice
Lacking a Novel G-Protein—Coupled Receptor
Shuichi Tsukada, MSc; Masaru Iwai, MD, PhD; Jun Nishiu, MSc¢; Makoto Itoh, MD, PhD;

Hitonobu Tomoike, MD, PhD; Masatsugu Horiuchi, MD, PhD;
Yusuke Nakamura, MD, PhD; Toshihiro Tanaka, MD, PhD

Background—Vascular restenosis attributable to intimal thickening remains a major problem after percutaneous

transluminal coronary angioplasty (PTCA).

Methods and Results—Through differential-display analysis, we have identified a novel gene whose expression was
increased after catheter injury of rabbit aorta. The gene that is expressed predominantly in vascular smooth muscle cells
encodes a novel protein with 7 transmembrane domains, and we termed it ITR (intimal thickness—related receptor). The
ITR sequence contains a motif common to the Rhodopsin-like GPCR {G-protein-coupled receptor) superfamily. In vivo
analyses of this gene revealed that expression of ITR protein increased with intimal thickening induced by cuff
placement around murine femoral artery. Furthemmore, /TR-knockout mice were found to be resistant to this

experimental intimal thickening,

Conclusions—ITR thus seems to be a novel receptor that may play a role in vascular remodeling and that may represent
a good target for development of drugs in the prevention of vascular restenosis.

Key Words: angiopiasty B genes B restenosis

P ercutancous transluminal corenary angioplasty (PTCA) is
a widely used therapeutic procedure for coronary artery
diseases, including angina pectoris and myocardial infarction.
However, restenosis, which occurs in 30% to 50% of patients
afier PTCA as a consequence of cellular hyperplasia within
the neointima, is an issue of clinical urgency. Cell-cell
interactions, cell-matrix interactions, redox state, ligand-
receptor interactions, tyrosine kinases, and transcription fac-
tors are all involved in endothelial dysfunction and formation
of neointima.! However, only a few genes have been reported
in relation to this highly complex phenomenon.

Genes encoding G-protein—coupled receptors {GPCRs)
represent the largest superfamily yet identified; more than
800 of them have been discovered to date from a wide range
of species. A characteristic motif of gene products in this
superfamily is the presence of 7 distinct hydrophobic regions,
each 20 to 30 amino acids in length, that are generally
regarded as the transmembrane domains of these integral
membrane proteins. There is little conservation of amino acid
sequence across the entire superfamily of receptors, but key
sequence motifs can be found within phylogenetically related
subfamilies.2-% GPCRs are excellent drug targets, and in fact
several hundred drugs launched within the past 3 decades are
directed to known GPCRs.71¢ Therefore, any GPCR whose

expression level is changed when vascular smooth muscle
cells (VSMCs) are multiplying would be a promising tarpet
molecule for prevention of restenosis.

We had performed differential mRNA display analyses!!
of a rabbit model of vascular injury to identify genes that
were upregulated or downregulated after denudation by a
balloon catheter.!? In the present study, we report isolation
and characterization of a novel gene, designated ITR, that was
upregulated in the acute phase after balloon injury of the
rabbit aorta.

Methods

Cloning of Full-Length ¢cDNA

To isolate a full-fength rabbit ITR gene, 3'-RACE was performed
using the Marathon ¢cDNA Amplification Kit (Clontech Laborato-
ries). Full-length ¢DNAs of human, mouse, and rat ortholegs were
cloned by screening heart ¢cDNA libraries of each species (Clontech).

RNA Expression of the Human ITR Gene

For Northern blot analysis, human multiple-tissue Northern blot (CLON-
TECH) was hybridized to P*P]dCTP-labeled full-tength human ITR cDNA.
All blots were washed at 0.1 X 88C, 65°C, and exposed to autoradiography
film overnight. Total RNAs were isolated from human umbilical vein
endothelial cells, human corcnary arfery endothelial cells, and human
coronary artery smooth muscle cells. Reverse transcriptase—polymerase
chain reaction (RT-PCR) was performed using a set of primers, hiTR-RTF
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(5"-TGGCATTGCAGTATTCATTG-3"y and WITR-RTR (5'-CAGACT-
GGCAAAGGATAACAC-3").

Chromosomal Localization of the Human ITR Gene

The human genomic cosmid clone was isolated from a human
genomic DNA library (STRATAGENE, Gebouw) using the human
full-fength ¢DNA as a probe and used for the FISH experiment on a
R-banded metaphase spreads, as described previously.!*-'5 More
than 100 metaphase cells were examined after in situ hybridization.

Computer Analysis and Database Search

Using the FASTA program, ' we compared nucleotide and deduced
amino acid sequences to the respective databases (nonredundant
combination of GenBank, EMBL, and DDRJ databases for nucleo-
tides and the nonredundant combination of Swiss-prot, PIR, and PRF
databases plus translations of DNA sequences in GenBank for amino
acids). A motif search was done at PRINTS,"”

Generation of Mice Lacking ITR

An ITR-targeting plasmid was constructed according to a method based on
inverse-PCR described previously.'® To isolate BAC clones containing the
mouse ITR gene, “down to the well mouse ES BAC DNA pool” (Genome
Systems Inc, St Louis, Mo) was screened by the primer pair [TR-BACF
{5'-CCGATGATTGGTTACTGTCCCCG-3") and ITR-BACR (5'-
CCGATGATTGGTTACTGTCCCCG-3"), comesponding to DNA se-
quences in exon 1. A 2-pg aliquot of isolated BAC DNA was.digested with
Hindl], circularized by self-ligation at 4°C for 16 hours, and used as
template for inverse-PCR. Amplification was performed by the primer pair
ITR-KI5' (5-ACGCGTTTAATTAAGTCGGCAGCAGAGGGCGGG-
GCGGGACTTAG-3") and ITR-KI3' (5'-ACGCGTGCGGCCGCGCAT-
TCGAGCCCTGTGGTTATGAGTGGATG-3"). After digesting both ends
of PCR product with Nosl and Pacl, the DNA fragment was cloned into
pl108 vector and linearized by Hindfil digestion before transfection.
Targeting of the ITR gene and generation of knockout mice using E14.1
embryonic stem (ES) cells (129/SVY) were performed by essentially
standard techniques.'® Animals considered to be chimeric on the basis of
their coat colors were mated with 129/SV] or C57BL/6) mice. DNA
samples were isolated from tails of ES cell-derived animals for genotyping.
ES cells and F1 mice were analyzed for the presence of a disrupted ITR
gene by Southern blot analysis. F2 mice genotyping was done by PCR
using tail genomic DNA as a template and the following three primers:
primer 1 specific for wild-type allele (5'-CCGTTTCCATTTCCCCGAC-
AC-3"), primer 2 specific for recombinant allele (5-CTCCAAAAAAGC-
CTCCTCACT-3"), and primer 3 for both alleles (5'-CGGTCTTAC-
AAACAACAGGGA-3).

Preparation of Anti-ITR Monoclonal Antibody

COS7 cells were transfected with pFLAG-CMV-1 vector to design
to express N-terminal portion of rat ITR (fN-ITR) corresponding to
the extracellular domain, and the induced protein was purified with
anti-FLAG affinity colump. Anti-ITR monoclonal antibody (Mab)
was prepared by immunizing female BALB/c mice (Shizuoka
Laboratory Animal Center, Shizuoka, Japan) every seventh day with
a footpad injection of purified tN-ITR. The booster injection was
made into the footpad 2 days before fusion. Popliteal Iymph node
cells were fused with mouse myeloma cells, PAI, using PEG4000
(Life Technologies, Inc), and the resulting hybridomas were
~ screened according to their ability to stain ITR transfectants.

Cuff-Induced Intimal Thickening of the Murine
Femoral Artery

Adult male mice (n=10) lacking /TR and 10- to 12-week-old WT
male mice (n=9) from the same genetic background were housed
under climate-confrolled conditions with a 12-hour light/dark cycle,
with room temperature kept at 25°C. They were given a standard diet
(MF, QOriental Yeast Co Ltd) and water ad libitum. The experimental
protocol was approved by the Animal Studies Committee of Ehime
University. Surgery to place polyethylene cuffs (2-mm long PE-90;
Becton-Dickinson) and to obtain artery samples was performed
according to methods described previously.20 23 Excised arterial

TR

Figure 1. Expression of ITR mRNA in rabbits after baltoon injury,
examined by RT-PCR. Numerals indicate days after injury, and
C denotes intact aorta. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control.

tissues were fixed in 10% formalin overnight, dehydrated, and
embedded in paraffin.

The middle segment of artery from each mouse was cut into 3
subserial cross sections of S-um thickness at intervals of 0.3 mm.
The sections were stained by Elastica van Gieson staining to
investigate overall morphology and photography. The areas covered
by neointima and media were measured using image-analyzing
software (NIH image). Neointima was defined as the area between
the vessel lumen and the internal elastic lamina. Media was defined
as the area between the internal and external elastic lamina. The
average of 3 sections was taken as the value for each animal.

The artery samples were taken 7 days after cuff placement, and
bromodeoxyuriding (BrdU, Sigma) was injected 100 mg/kg SC and
30 mg/kg IP at 18 hours before euthanasia and then 30 mp/kg IP at
12 hours before euthanasia. 202! The sections were prepared in the
same manner as morphometric analysis. Immunohistochemistry
using anti-BrdU antibody was performed according to the manufac-
turer’s protocol (BrdU Staining Kit; Zymed Laboratories). After the
sections were counterstained with hematoxylin, we calculated the
BrdU index (the ratio of BrdU-positive nuclei versus total nuclei).
The average index of 3 sections was taken as the value for each
animal. Statistical analyses were performed using two-way ANOVA.,
When a significant effect was found, post-hoc analysis was done to
detect the difference between the groups. P<<(.05 was considered
statistically significant.

Immunohistochemical Staining of ITR

ITR in the cuffed artery was stained with mouse-to-mouse staining
kit (M.O.M. Immuncdetection kit, Vector Laboratories) using
formalin-fixed, paraffin-embedded sections. Endogenous peroxidase
was blocked by 0.3% hydrogen peroxide in methanol. Primary
antibody was applied to the sections and incubated for 16 to 24 hours
at 4°C. Positive staining was visvalized using diaminobenzidine, and
counterstained nuclei with hematoxylin.

Results

Cloning and Characterization of the ITR Gene
Using a differential mRNA display method, we isolated a
novel cDNA fragment that was upregulated early after injury
of the rabbit aorta. Because the elone covered only part of the
3'-untranslated region, 5 and 3’ rapid amplification of cDNA
ends (RACE) experiments were performed to isolate the
full-tength ¢DNA, which we named /TR. RT-PCR showed
that expression of this rabbit mRNA was significantly ele-
vated 2 or 4 days afier injury of the aorta and declined
afterward (Figure 1). This result was confirmed by a similar
procedure using carotid arteries from rats {data not shown).
Human, mouse, and rat counterparts of the rabbit ITR were
isolated from cDNA libraries of the respective species. Align-
ment of human, mouse, rabbit, and rat amino acid sequences
deduced from their nucleotide sequences showed at least 80%
identity among all 4 species. Each predicted amino acid se-
quence revealed a signal sequence at the amino-terminus and 7

—200—



Tsukada et al A Novel GPCR Related to Intimal Thickening 315

CTCCGAECEECCACCCCACCTCCCC AR TACUGACETCREECCERCAGCCECCEECaEC TGUGAGCCGAGGCETCEETGCAGACCTGEAG 7
ACGGGCATEGGGEEGCTACGECTECTGECTATEECCCTCACGTACTEC TAGTGECCGCAGGGCAGCCAGSGTARGACCCTGCGGAGCAGE 84
M 6 GLRLLAYVALTC CC CTUWW® 2?2O0G6S8GeGY¥E T LRGS
TTCAGCAGCACCECGGCECAGGACHCCE AGGECC AGCGCATCGGCCAC TTCGAGTTCCATOSTGACCATEC TCTTCTGTGTGTCAGRATC 174

P 8 8 TAAGQDAQGOQRTI®GHTPETFUH®GDHA EATLTLTE ETVRTI
ARCAACATAGCAGTAGCTGTTGGAAAAGAAGC TAARC TCTACC TG TTCCARGCCCAGGAATGGC TAAAGCTACAGCARRGCAGTCATSGT 264
N ¥ I AV AV S KEA AZEKTELTYTLTFGO QAQ QET¥WTELZEKTLOGQO QSSHG G
TATAGCTGTAGTGAAARATTATCCAARGC TCAGT TGACAATGACCATGARCCAGACCGAACATARTC TGACAGTGTCCCAGATTCCGTAT 354
Y S¢S EXTLSFAQTLTMTMUNQTTETEHEHNTIELTTU VS TI?Pps
CCACARACGTGGCATG TG TT T TATGCAGACARG TATACATGCCAAGATOACAAGGAGARTTCTCAGG TGGAAGATATCCCATTTGAARTG 444
P Q TWHVYTFVYADTEKTTGCGOQDT DEKTETNTSGQVETDTEITPTFENM
GTSTTACTAAACCCAGATGCTGAAGGGAATCCATTTGATCAT T T TAGTGC TGGAGARTCTGGGTTACATGAGTTCTTITTCCTCCTAGTS 534
VLLNPDAEGSGNTPFPODHFSAGEScsy #elEFTF L LV
CTAGTGTACTTTGTGATTGC TTGCAT TTATGCTCAATCAT TG TGGCAGGC TAT TAAGAARGGCGGACCCATGCACATGATTTTARAGSTT 624
L ¥ Y F V I A C I Y AJ0 8 L w ¢ A I K K 6 ¢ P M B v Z_E_¥
CTGACAACTGCATTCCTCT TACAAGC TGS TICAGCTT TAGCTAATTACAT TCAT M TC TCCAGTTACTCCARAGATGGAATAGGGETACCA  T14
LT T AL L L OAGTGSATILIANTYTI®HFSS Y S KDGTIGT Y P
TTTATGGGAAGTTTGGCAGARTTTTTTGACATCGC TTCCCARATTCAGATG T TATACTTACT TTTGAGTCTATGCATGGGTTGGACAATA 804
F M G S L AEVF F D IASOOUI o M I Y L L L & L ¢ M g W T I
GTCAGAATGAAGAAGTCTCAARGCAGACCTCTCCAGTGGGATTCTACGCCTGCATCCACTGGCATTGCAGTATTCATTGTCATGACACAG 894
¥]lr M x R s 90 s R P L 0w s tepalg T 6 I AV F I YV N T ©
AGTGT T TGO T AC T T TGGGAACAGT T TG AAGATATCAGTCATCATAGC TACCATTC ACACCACAAC TTAGCAGGGATCCTCCTAATTGTT 984
S v L L LlwEe ogF EDIsuaues vy s daau N[ aAcS I L L IV
CTAAGAATTTGCCTAGCATTGTCATTRAGGCTGTGGACTCTATCAGATCATCACAGTGGAGAGAAGTACACTCARARGGGAGTTCTACATC 1074
L R I ¢ L ALSULIGG¢ L Y @ I I TV ERTSTTELTERTRETFYI

ACATTTGCCAARGGCTCTATC TTGTGGTTTTTATGCCATCCAGTTCTTGCATGCATTTC TGTCATTTTTAGCGACTACCAAAGAGACARG 1164

————

1254

I T 1T v itcos vs MV I LIYRLFLSESTELTYTWEV
TCTTCACTITCTTCAGTAACACTACCACTGACCATATCATC TGGACACARAAGTCGCCCTCATTTCTGATAC TTGAT TTTTGTTGAGAGS 1344
$ 8 L S SV T LPLTISSGHEST RTPHEFE *

ARAAGTGAATTGGTTARAAGAGTGCAATAAGGATCORAATACAGTGACTTTTTTTTCATACATTTAGTATGARAACTTGAACAGCGARAG 1434
CAGAGCATGTTATTTATATAAC TGCATTTAAGCAGTACCAAGACTCARARARRAGGTAATAMTGAAATGTTTTGARATATACTTARACA 1524
ACARACTTTGAAGAAAGTGTTGTTATARAATTATTGAAGCGATTTCTATGTGGAMATAARTGTGAAAAATARCTATGATATTTTGGTARA 1614
ATATTCACCACTTATAATGCCTCATC TTARTAGCTAACTCAGG T T TAATAGTC T TATAARARGTAATCAGTTABATGATTACTTGCTTAT 1704
AAATATCTARACTAGTCCAGTTATGAAATCAGTGTARTACATTGATT T T TAAARC TGO TGO TTTTTATGCTTTAAGGAARATGTATTTCA 1794
TATTTGAGTTTAAAGGAATTCARATTACTTCAGGARATGAATATAAAATAGGTTCACAGTTAARTGAATAAGCTTTTGTTTATTTGTGGE 1884
TGGAGTTATTCTCCAATTT PTTCTGCCATTTTEGGCTC TAGTICAGE TTTTAGCTTGATTAGCARAGGTTTTTGACAAACAGTTTATGAR 1974
AAAATAAARCTTARATACATTACACGGGTTGTAAGGACARAGGATTTTAAAATCTGAGCACTTAGGTGARGGGACARGCAGGTTTATGTG 2064
TTTAAACAGAAAGAAGGGAARAGGTACTATGTGATATGE TACTGAAATTT TGATCCCAATAGRATTCATTIC TCTTACGTTGRATCCCCA 2154
ATCATAATTAAGCCGTATACACAGATTAAAT TAACAGAAGCATTTCACATAMATGTTGGTTTCAGTCATCAACTACCCATGAATTCCTGC 2244
CCAAGGATACTTAATCAGGATTAAAT FTTC TATGARTAATTGAAAAACAAAACACTCACTGGATTTGTTATAMICCGTGTTGGCACTGGA 2334
TTCTAAGTAGTTGCCATC TTGAATCC TTTGTAATAAAGCCATACTTT TG TGTGTGTGTGTGATGCCCCAGTATTGAGTATGCTAGCTARR 2424
ARATATCAAGTGCCTGATTAAAGAATTGC TARATGGT TG TCAATACTCGCTGTATARARTGAGTATTCCCATTAATAGTCACTGATTGGA 2514
AATTATTCTATTGCTG TTTETCAAGC TG TTCAGGCCTTTTCC T TTTACTTCTGGC TTATTTTARAAATATTTTTTATCTATTTACTGTG 2604
TGTTTAAGCAAGCAACASTECACTCATC TCGTAGT TARATTT T TTAAT TAAATAGT TAAAATAATG TAGTGCARCTTARARATATCTATG 2694
GCTTTGT TP TTGT T T TTC T T T TCTACCTAG TCTCATTCGARATGACTAGTATTC TGCCTCATTTTCAGGGCAGAATATGTGTTTGTGACE 2764
CABAATGACAAAGTTACCAAGTTCAACCTGCTCATTAAATCATCTCTCTATTAGTTCT TIGTAMATCACTTAGTACATTAGAGCTACAGE 2874
T TARGACTAGAAAGTCTGAGTTATGTTT TAGGTATACATGATCETCTCAGTGGTCATAACC TP TTC TTTTATCATGTCTCGCTAATAACC 2964
CCAGCTATTGTCTGTTATGTTCAGCTGAGATGC AAAAAAGARATTAAGCAAAAAAGAAAAAGGTGAAGACTTTTCATGRATTTTGTGAAC 3054
PPGCCARARGGGGARGGGAARAATCTTTGTGTTACTTCACTC AAAGAACATAAGTARCTGCAATTAACATATATGARATTTATTACTCTG 3144
CTTGCATTTATGARACTAACCAGTTT TT TAAM P TTAAT TY TTARATT TATGGT TGGAARTGCTGATAATTTATTTTGT TATTTAAGAGC 3234
TGTTGTTARGTGGAGGAAAGTACTTG T TAATAAATGTATARAACTGT TCTTGACTAGTAATCAGGGACARRATTTATAGTTCATAAGTCA 3324
GACACAGTATTCGCTCTTT TTCTGAATG TTTACATAGAGAT TCATCACTGC AGATTACAGAAAGTTAAGTGTATACTACARACTCTART 3414
TAAAGATAAAAATCTTTTCTAAAAAAARARAAAAAR

Figure 2. Nucleotide and predicted amino acid sequences of human ITR gene. Predigted signal sequence cleavage site is shown by a
triangle, and 7 transimembrane regions are boxed. Three polyadenylation sites are indicated by boldface type. Rhodopsin-like GPCR
superfamily signatures (GPCRRHODOPSN4 motif) are underlined. Kozak sequence adjacent to initiation codon is shown by italics.
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transmembrane regions in the center. A search for motifs in the
ITR protein revealed GPCRRHODOPSNA4, a signature of the
Rhodopsin-like GPCR superfamily (Figure 2).

The ITR gene was ubiquitously expressed in normal
human tissues on Northern blots, where 2 transcripts (approx-
imate molecular sizes, 1.9 and 3.8 kb) were detected in the
tissues analyzed (Figure 3A), owing probably to the different
sites of polyadenylation seen in Figure 2. We also examined
expression pattern of this gene among cells constituting blood
vessel and found that this gene was predominantly expressed
in smooth muscle cells (Figure 3B).

The chromosomal localization of the human ITR gene was
determined by fluorescence in situ hybridization using a
full-fength human ITR ¢DNA as the probe. Metaphase cells
showed specific hybridization signals with twin spots at
chromosomal band 13931 (data not shown).

TR

GAPDH

Role of ITR in Vascular Remodeling

To investigate the in vive rele of ITR, we generated mice
lacking this gene (see Figure 4 for targeting scheme). Under
normal conditions, ITR-null mice were indistinguishable
from wild-type mice in appearance, growth rate, reproduc-
tion, and histology of major organs, including liver, heart,
lung, brain, aorta, kidney, thymus, testis, muscle, pancreas, or
spleen. To elucidate the in vivo role of ITR in intimal
thickening, we performed cuff placement experiment around
mouse femoral artery. As shown in Figure 5A, intimal

Figure 3. A, Northern-biot analysis of human ITR
mRNA. Blots from various adult human tissues
containing 2 pg of poly{A) RNA in each lane were
probed with human TR cDNA. The bottom panel
shows the same blot hybridized with B-actin. B,
Expression of ITR mRNA in each of the cell types
that constitute blood vessel. HUVEC, HCAEC, and
HSMC represent human umbilical vein endothelial
cells, human coronary artery endothelial cells, and
human coronary artery smooth muscle cells,
respectively. Other types of tissues serve as con-
trols to compare the results of Northern blot analy-
sis. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a control.

thickening was observed 14 days after surgery in wild-type
mouse. Immunohistochemical staining revealed that expres-
sion of ITR protein was induced in media and intima of the
injured artery at 7 days after cuff placement, when intimal
thickening was not yet overt (Figure 6). On the other hand,
ITR-null mice hardly showed any of the neointima that were
formed in wild-type mice during the experimental period
(Figure 5A). The neointimal area was =~200% greater in
wild-type mouse than in ITR-null mouse 14 days after cuff
placement (P<<0.01, Figure 5B and 5D). There was no
significant difference in the medial area between wild-type
and ITR-null mice (Figure 5C). As a marker of DNA
synthesis in vascular smooth muscle cell (VSMC), BrdU
incorporation into VSMC after cuff placement was signifi-
cantly suppressed in ITR-null mice (P<<0.001, Figure SE).

Discussion
We have described here the cloning and characterization of a
putative G-protein—coupled receptor, called ITR, that was
isolated as a novel gene differentially expressed at an early
phase of vascular injury in rabbits.

The deduced amino acid sequence of /TR contains a second-
ary structure of 7 transmembrane a-helical domains character-
istic of the Rhodopsin-like GPCR superfamily. GPCRs represent
an increasingly large and functionally diverse superfamily of
receptors whose intracellular actions are mediated by signaling
pathways involving G proteins and downstream secondary
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Figure 4. Generation of ITR-deficient mice by gene targeting. A, ITR gene was disrupted by replacing part of exon 1 and intron 1 with
the neomycin-resistance cassette. B, Southern blot analysis of genomic DNA from ES cells and F1 mice using probes outside the
homologous recombination region, as indicated in panel A. G, Genotyping of F2 mice by means of PCR. For the presence of recombi-
nant allele, primer 2 and primer 3 were used (top), and for wild-type allele, primer 1 and primer 2 were used {bottom).

messengers.2+ Receptors of this class respond to a variety of
extracellular signals, including peptide hormones, lipid-derived
messengers, and neurotransmitters, Because 7 transmembrane
domains are present in all GPCRs, most of these receptors bear
sequence similarity to one another, primarily in the transmem-
brane regions.*52425 However, /7R has little sequence homol-
ogy to any known proteins, although its putative transmembrane
domains do contain signatures of the Rhodopsin-like GPCR
superfamily. Therefore, ITR protein may be an orphan GPCR
rather than a member of any known GPCR subfamily. The lack
of sequence homology to other known GPCRs makes it difficult
to predict the specific ligand for this receptor or the identities of
its coupled G protein and second messengers.

We performed two distinct experiments to study pathogen-
esis of intimal thickening; one was the catheter injury of
rabbit aorta and the other was the cufl placement around
mouse femoral artery. In both models, expression of ITR was
induced before intimal thickening became overt. Combining
our results that ITR was predominantly expressed in vascular
smooth muscle cell and that ITR-deficient mice were resistant
to this experimental intimal thickening, it may be reasonable
to suggest that ITR is essential in the early stage of intimal
thickening, especially for vascular smooth muscle cells to
receive one of the critical signals to migrate or proliferate.

Because ITR is a putative GPCR, it may be a good tar-
get for drug development to encounter intimal thicken-
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B C Figure 5. Morphometric analysis of injured
artery after placement of polyethylene-cuff
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o mice. A, Elastica van Gieson staining of
8000F - TR KO 12000F | cuffed femoral artery 14 days after cuff
placement. Magnification x50. Artery sam-

ples were obtained 7 days and 14 days
after cuff placement. B, Intimal area; C,
Medial area; D, Intima/media ratio.
*P<0.01 versus WT. Values are
mean=SEM. E, Bromodeoxyuridine (BrdU)
incorporation in media and neocintima of
cuffed femoral artery. BrdU index (BrdU-
positive nuclei/total nuclei) was analyzed 7
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Sham Operation 7 Days After Cuff

Figure 6. Immunchistochemical staining of
ITR in injured artery 7 days after cuff place-
ment. Artery samples were obtained from
wild-type (WT) and ITR-null ITR KO} mice,
and parafiin-sections of arteries were stained
with monoclonal antibody for ITR.

ITR KO
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Impaired Pulmonary

Inflammatory Responses Are a

Prominent Feature of Streptococcal Pneumonia in
Mice with Experimental Emphysema

Sumito Inoue, Hidenori Nakamura, Kazuhisa Otake, Hiroshi Saito, Kyoko Terashita, Jun Sato, Hiroaki Takeda,

and Hitonobu Tomoike

First Department of Internal Medicine, Yamagata University School of Medicine, Yamagata; Respiratory Medicine, Sei-rei Hamamatsu General

Hospital, Shizuoka, Japan

Little is known about why patients with chronic obstructive puimo-
nary disease are susceptible to bacterial Infections. Using an animai
maodei of puimonary emphysema, we investigated the inflammatory
responses to bacterial infection. After intratracheal infection with
Streptococcus preumoniae (10°-107 cfu/mouse), the control mice did
not dle. However, the mice with emphysema died in a dose-depen-
dent manner. Bronchoalveolarlavage fluid, examined 24 hours after
infection showed that the numbers of totai cells and neutrophils,
in addition to murine tumor necrosis factor-a and macrophage
inflammatory protein-2 concentrations, were significantly less in
the mice with emphysema compared with the control mice. Histo-
pathologic findings revealed that the alveoli were fifled with inflam-
matory cells and exudate in the control mice but not in the mice
with emphysema. Seventy-two hours after infection, serum cytokine
levels were significantly higher in the mice with emphysema, and
significant numbers of S, pneumoniae were detected in both the
whole lung tissues and the blood of mice with emphysema. These
findings suggest that the inflammatory response in mice with em-
physema was impaired at the site of bacterial infection despite
the bacteremia, which accelerated severe systemic inflammatory
responses. Accordingly, intra-alveolar but not systemic immune re-
sponses to bacterial infection were impaired in the presence of
experimental emphysema.

Keywords: chronic obstructive pulmonary disease; bacterial infection;
cytokine; Streptococcus pneumnoniae; bacteremia

Chronic obstructive pulmonary disease {COPD) is a commeon
disease, characterized by various levels of airflow obstruction,
and it is one of the major medical problems in developed
countries, including Japan (1-6). The natural history of
COPD is associated with frequent respiratory tract infections,
which result in exacerbation, severe respiratory failure, and
death (7-9). Recurrent infection of the respiratory tract leads
to significant problems for patients with COPD not only by
way of medical complications but also by way of costs of
care (4, 5, 10-14).

COPD is generally considered to be an important predis-
posing condition for pneumonia, aithough conclusive or de-
finitive evidence showing that the risk of pneumonia for
patients with COPD is higher than for the general population
remains to be confirmed (15-17). Specifically, little is known
about the precise mechanisms of how or why patients with
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COPD are susceptible to bacterial infection. In addition,
there have been few studies about bacterial infection of the
respiratory tracts in animal models of COPD. The purpose
of the present study was to investigate the pathophysiology
of the susceptibility to bacterial infection in patients with
COPD, using a mouse model of elastase-induced pulmonary
emphysema. Because Streptococcus preumoniae is one of the
major bacterial pathogens of respiratory infections in patients
with COPD (4, 7, 8, 12, 18), we used it as a pathogen.

METHODS

Animals

Specific pathogen-free male ICR mice, 8 weeks of age, were purchased
from Japan Clea Co. (Tokyo, Japan). All experiments using mice in this
study were approved by the institutional animal care and use committee,

Preparation of 5. pneumoniae

S. pneumoniae Serotype 3 (Otsuka Pharmaceutical Co. Ltd., Toku-
shima, Japan} is penicillin-sensitive. The minimal inhibitory concentra-
tion of penicillin G against the organism was less than or equal to
0.06 py/ral. 5. preumoniae were incubated at 37°C in tryptic soy broth
(DIFCO, Detroit, MI) with 10% fetal bovine serum. The bacterial
number was estimated by measuring the optical density at 660 nm with
a spectrophotometer. The challenged bacterial number was determined
by counting by the number of colonies on the blood agar plates (19-23).

An Emphysematous Model

To produce pulmonary emphysema, mice were anesthetized with an
intraperitoneal injection of thiopental sodium (150 mg/kg body weight),
and the trachea was intubated with a 22-gauge cannula. Porcine pancre-
atic elastase (PPE) (Calbiochem-Novabiochem Co., USA) in phds-
phate-buffered salt solution (PBS) was intratracheally administered via
a cannula in doses of 6 {n = 5), 9 (n = 5}, 12 (n = 5) unit/50 pl. Control
mice (n = 3) were treated similarly but with 50 pl of PBS (24-29).

Streptococcal Infection

Three weeks after 12 U of clastase treatment, suspensions containing
10* to 107 cfu of §. prewmoniue/100 pl broth were intratracheally admin-
istered to both coutrol (n = 52) and mice with emphysema (n = 63)
under conditions of intraperitoneal anesthesia.

Preparation of Serum

At 24 and 72 hours after inoculation, whole blcod was obtained by
direct puncture of the right ventricular cavity in mice, which had been
deeply anesthetized with excess intraperitoneal thiopental sodium (450
mg/kg body weight). [ndividual sera were separated from the clotted
blood by centrifugation and stored at —80°C until the assays were
performed.

Bronchoalveolar Lavage

After blood was drawn by direct puncture of the right ventricle, bron-
choalveolar lavage (BAL) was performed. In brief, a 22-gange cannula
was wedged into the trachea. Three milliliters of PBS was infused and
recovered via a cannula. These manipulations were performed gently
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to avoid artilicial lung injury. Cytologic preparations were made using
centrifugation (Cytospin 2; Shandon, Pittsburgh, PA) and were stained
with modified May-Giemsa stain (Diff Quick; American Science Prod-
ucts, McGaw Park, TL). Differential cell counts were performed on 200
cells per sample. Cells were removed from BAL fluids (BALF) by
centrifugation at 200 x g for 10 minutes, apd supernatants of BALF
were stored at —80°C until evaluation.

Biochemical Analysis of BALF and Serum

Mugine tumor necrosis factor-o (TNF-u), KC {cytokine-induced neutro-
phil chemoattractant, CXCL1), and macrophage inflammatory protein-2
{MIP-2) in both BALF and serum were measurcd by ELISA {(Quan-
tikine; R&D Systems, Minneapolis, MN) because these cytokines are
known to act as key molecules in inflammatory responses in bacterial
infections (30-37).

Histologic Analysis

For morphologic examinations, both lungs were inflated under constant
positive pressure at 25 cm water pressure with 10% buffered formalde-
hyde and were then perfuse-fixed. The fixed lungs were embedded in
paraffin, stained with hematoxylin and cosin, and examined using a
microscope (BXS50F4; Olympus, Tokyo, Japan) (38). The severity of
structural alternations in the emphysematous model was determined
morphometrically using the mean linear intercept of the airspaces. This
is one of the more common parameters for determining emphysema
in laboratory animals and humans (25, 28, 39, 40). We evaluated 10
randomly selected fields per lobe or lung part. The whole lung mean
linear intercept value was derived as a mean of the left and right lung
mean linear intercept values.

Bacteriologic Examination

The severity of bacterial infection in the lung tissue and blood were
quantitatively evaluated as bacterial colony numbers after infection.
Namely, lungs were homogenized in 1 ml of PBS, and the homogenates
were serially diluted 10-fold with PBS. One hundred microliters of the

diluents of lung homogenates or 10 pl of blood were spread on blood

agar plates. The plates were incubated at 37°C with 5% carbon dioxide
for 18 hours {22, 41). The bacterial numbers were determined by count-
ing the colonies on the plates, and expressed as cfus,

Statistical Analysls

All values are expressed as means + SEM. Two-factor functional analy-
sis of variance was performed to assess differences between the groups.
The differences between the groups or between periods were further
compared using Tukey-Kramer tests with an adjustment of the p values
(p < 0.05). A p value of less than 0.05 was considered statistically
significant.

RESULTS

Severity of Experimental Pulmonary Emphysema

After intratracheal elastase instillations, we confirmed histologi-
caily the dose-dependent emphysematous changes throughout
the lung (data not shown}. Morphometric analyses demonstrated
that the mean linear intercept in lungs from elastase-treated
mice were significantly increased in a dose-dependent manner
(control mice; 33.90 = 0.68 wm, PPE 6 U; 41.98 * 1.66 um, PPE
9 U; 50.31 = 1.06 pm, PPE 12 U; 67.21 * 2.00 pm, p < 0.05,
control vs. PPE6 U, 9 U, and 12 U, PPE 6 U vs. PPE 9 U, and
12 U, PPE 9 U vs. PPE 12 U). In the following experiments, we
used 12 U of PPE to produce experimental emphysema.

Survival After Infection

Figure 1 illustrates the survival curves obtained from four groups
of mice with different doses of S. pneumonine inoculation. The
control mice did not die after a challenge of §. preumoniae up
to a dose of 4.9 X 1 ciw/mouse. Mice with emphysema became
emaciated and died in a dose-dependent manner within several

765
100 4 4.9% 107 (n=5)
£ 504 3.6x102(n=6)
]
_g Challenged dose of
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0

o 1 2 3 4 5 6
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Figure 1. Survival rate in control and mice with emphysema. Control
mice did not die after challenge with 4.9 X 10 cfu/mouse of 5. pneurnon-
iae. Mice with emphysema died after challenge with 3.6 X 10°+~4.9 x 107
cfu/mouse of $. pneumnoniae in a challenged bacterial dose-dependent
fashion.

days. Mice with emphysema without infection survived through-
out the observation period.

BALF Analysis

Cell numbers and differential cell counts. Celt compositions of
BALF are summarized in Figure 2. There was no significant
difference in the volume of the lavage fluid retrieved between
the two groups of mice (control mice 2.46 = 0.64 ml vs. mice
with emphysema 2.26 = 0.55 ml; not significant). Before infec-
tion. there were no significant differences in total cell counts
and cellular profiles between the control and mice with emphy-
sema. At 24 hours after infection, total cell counts, especiaily
neutrophils, were significantly increased in the control mice. The
number of total cells and neutrophils in BALF from the mice
with emphysema were significantly lower than those of the con-
trol mice, Seventy-two hours after infection, there were no sig-
nificant differences in cellular counts between the control and
mice with emphysema.

= Control mice Emphysema mice

E 401 401

é 351 351 ®  Tolal calt counts

X _ | | Macrophage

e 30 C_1 Neutrophil

2 267 251 M Lymphocyte

2 20 207

£ 151 151

= H# %

3101 101

3 51 51

0 24hrs 72hrs 0 24hrs 72hrs

before after infection befora after infection
(=€)  (n=6) (n=T) n=?)  (n=T) (n=6)

Figure 2. Total cell counts and differential cell counts in BALF. Before
infection, there were no significant differences in total cell counts and
celluiar profiles between control and mice with emphysema. At 22 hours
after infection, total cell counts, especially neutrophils, were significantly
increased in control mice (p < 0.05). The numbers of total cells and
neutrophils in BALF from mice with emphysema were significantly lower
than those of control mice. Atotal of 4.9 X 107 cfu/mouse of 5. pneumon-
ige were challenged. *p value less than 0.05 compared with the neutro-
phil countsin cdntrol mice at 24 hours. *p value less than 0,05 compared
with the total cell counts in control mice at 24 hours,
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Figure 3. Time course of TNF-a (A), KC (B), and MIP-2 (C) levels in
BALF from control and mice with emphysema. TNF-a and MIP-2 levels
in mice with emphysema were significantly lower than in contrel mice
24 hours after infection. Seventy two hours after infection, TNF-ce levels
in control and mice with emphysema, and KC and MIP-2 levels in
control mice significantly decreased compared with those at 24 hours
after infection. A total of 4.9 X 10’ cfu/mouse of 5. pneumoniae were
challenged. t p value less than 0.05, *p value less than 0.05 compared
with control mice. MIP-2, macrophage inflammatory protein-2; TNF-w,
tumer necrosis factor-a.

Cytokine levels in BALF. Time course of the levels of TNF-a,
KC, and MIP-2 in BALF after infection are shown in Figures
3A-3C. Before infection, the levels of these cytokines in BALF
were very low in both the control and mice with emphysema.
At 24 hours after infection, TNF-a, KC, and MIP-2 levels in the
control mice were significantly increased, however, the extent
of TNF-u and MIP-2 increases in the mice with emphysema
were significantly lower than in the control mice.

At 72 hours, TNF-a, KC, and MIP-2 levels in BALF de-
creased from the 24-hour level in the control mice. In the mice
with emphysema, the cytokines levels decreased except for KC.

Histologic Changes After Infection

Representative microscopic findings of the lungs in the control
and mice with emphysema 24 and 72 hours after infection are
shown in Figure 4. In the control mice, the alveoli were filled
with inflammatory cells, especially neutrophils and exudate, 24
hours after infection (Figure 4A), and the inflammatory cells
and exudate disappeared from the alveolar spaces 72 hours after
infection (Figure 4B). In the mice with emphysema, inflamma-

Figure 4. Histologic findings of the lung tissue sections (hematoxylin
and eosin stain, X200). A total of 4.9 X 107 cfu/mouse of $. pneumoniae
were challenged. {A) Control mice, 24 hours after infection. The alveoli
were filled with inflammatory cells, especially neutrophils and exudate.
{B) Control mice, 72 hours after infection. Inflammatery cells and exu-
date disappeared from the alveolar spaces. (C) Mice with emphysema,
24 hours after infection. There were less inflammatory changes in alveo-
lar spaces compared with control mice, Inflammatory cells infiltrated
normal-logking alveoli rather than emphysematous alveoli. (D) Mice
with emphysema, 72 hours after infection. Alveofar wall thickening with
eosinophilic materials and capillary congestion with red blood cells is
evident,

tory cell infiltrations in alveolar spaces were less at both 24 and
72 hours after infection (Figures 4C and 4D). Alveolar wall
thickening with eosinophilic materials and capillary congestion
with red blood cells were evident in the mice with emphysema
at 72 hours.

Systemic Inflammatory Changes

Before infection, there was no sigaificant difference in white
blood cell (WBC) counts in punctured blood between the control
and mice with emphysema (Figure 5). At24 hours after infection,

Control mice Emphysematous mice
801 t 807 i T
235 1 i
A 701 704
28 I
8x 604 601
g 504 501
B 40 40+
3 30 | 30 .
el 1
= 204 204
=
2 0 104 I—’—l
o] 0
before 24 hrs 72hrs befora 24 hrs 72 hrs
after infaction after infection
n=5) (n=5) (n=5) (n=5] ("=} (n=5}

Figure 5. Time course of WBC counts in blood from control and mice
with emphysema. At 24 hours after infection, WBC counts in control
and mice with emphysema significantly increased compared with WBC
counts before infection. At 72 hours, WBC counts decreased in both
controf and mice with emphysema. Specifically, WBC counts in mice
with einphysema tended to decrease below the levels before infection.
A total of 1.76 X 10° cfu/mouse of §. pneumoniae were challenged. 'p
value less than 0.05. WBC, white blood cell.
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Figure 8. Time course of TNF-a (A), KC (B}, and MIP-2 {C) levels in
serum from control and mice with emphysema. At 24 hours after infec-
tion, each cytokine level in mice with emphysema tended to be higher
than those in control mice. TNF-a, KC, and MIP-2 levels 72 hours after
infection in mice with emphysema were significantly higher than those
in control mice. A total of 4.9 X 107 cfu/mouse of S. pneumoniae were
challenged, 'p value less than 0.05. *p value less than 0.05 compared
with control mice. MIP-2, macraphage inflammatory protein-2; TNF-c,
tumor necrosis factor-o.

WBC counts in both the control and mice with emphysema were
significantly higher than before infection. At 72 hours, WBC
counts decreased in both the control and mice with emphysema.
Specifically, WBC counts in mice with emphysema tended to
decrease after infection.

Serum TNF-a, KC, and MIP-2 levels are summarized in Fig-
ures 6A-6C. Before infection, there were no significant differ-
ences in TNF-a, KC, and MIP-2 levels between the control and
mice with emphysema. After infection, serum cytokine levels
increased in both groups of mice 72 hours after infection. In-
creased levels of serum cytokines were significantly higher in
mice with emphysema compared with the control mice.

Bacterial Colony Counts in Whole Lung Tissues and Blood

Bacterial colony numbers from lung tissues are shown in
Figure 7. At 24 hours after infection, the bacterial counts in
whole lung tissues were not significantly different between the
two groups of mice. At 72 hours, the bacterial counts in lung
tissuies from the control mice decreased. In contrast, the number
of bacterial colonies in lung tissues from mice with emphysema
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Figure 7. Bacterial counts from total lung tissue after streptococcal in-
fection (log scale). Seventy-two hours after infection, bacterial counts
in control mice decreased. In contrast, bacterial colony growth in mice
with emphysema markedly increased. A total of 1.76 X 10° cfu/mouse
of 5. pneumoniage were challenged.

markedly increased (control mice 1.71 + 0.92 X 10 ciwlung,
emphysema 7.58 * 5.73 X 107 cfw/lung, NS.). '
Bacterial cultures from punctured blood are summarized in
Table 1. In two to three of the five control mice, blood cultures
were positive for §. pnewmoniae 24 hours after infection. Quanti-
tatively, the bacterial number had decreased 72 hours after infec-
tion in the control mice. In contrast. all mice with emphysema
were bacteremic 24 hours after infection, and the numbers of
bacteria in blood increased markedly 72 hours after infection.

DISCUSSION

In the present study, we demonstrated the unique inflammatory
responses to bacterial infection in the lungs of mice with elastase-
induced emphysema. Early responses in the lungs after infection,
including the infiltration of neutrophils and production of in-
flammatory cytokines such as TNF-a or MIP-2, were significantly
less in mice with emphysema. These findings are in parallel with
the histologic findings. Because inflammatory responses in lungs,
such as neutrophil migration and cytokine production, play an
important role in host defense in the alveolar space during the
acute phase of bacterial infection (30-36, 42), an impaired in-
flammatory response in the lungs may be one of the most impor-
tant contributing factors to the susceptibility of infection in mice
with experimental emphysema.

Mechanism of the Blunted Inflammatory Response In Lungs
of Mice with Emphysema

No clear answer was found to explain why mice with emphysema
showed impaired inflammatory responses in lungs. First, the
bacteria entering the alveolus are likely to be thrust up against
the alveolar wall, where they will become immersed in the epithe-
lial lining fluid. There they would be coated with various nonim-
mune opsonins and a specific IgG antibody (43, 44). The antibody
creates an antigen—-antibody reaction that activates a comple-
ment sequence resulting in bacterial lysis. A mixture of opsonins
adhere to the bacterium and facifitate ingestion by alveolar mac-
rophages. Because the principal function of innate immunity is
to rapidly clear inhaled substances to prevent the establishment
of an inflammatory process, further studies are needed to clarify
whether innate immunity is suppressed in emphysematous lungs.

A second possibility is that alveolar macrophages in emphyse-
matous lungs come into less contact with microbes in the en-
larged airspaces in vivo. Experimentally, when a bacterial inocu-
lum is instilled onto the alveolar surface, bacteria remain free for
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