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Chemokines have been implicated in the pathogene-
sis of a wide variety of diseases. This report describes
the generation of transgenic mice that conditionally
express M3, a herpesvirus protein that binds and
inhibits chemokines. In response to doxycycline, M3
expression was induced in a variety of tissues and M3
was detectable in the blood by Western blotting. No
gross or histological abnormalities were seen in mice
expressing M3. To determine whether M3 expression
could modify a significant pathophysiological re-
sponse, we examined its effect on the development of
intimal hyperplasia in response to femoral arterial
injury. Intimal hyperplasia is thought to play a critical
role in the development of restenosis after percuta-
neous transluminal coronary angioplasty and in the
progression of atherosclerosis. Induction of M3 ex-
pression resulted in a 67% reduction in intimal area
and a 68% reduction in intimal/medial ratio after
femoral artery injury. These data support a role for
chemokines in regulating intimal hyperplasia and
suggest that M3 may be effective in attenuating this
process. This transgenic mouse model should be a
valuable tool for investigating the role of chemokines
in a variety of pathological states. (AmJ Patbol 2004,
164:2289-2297)

Chemokines are small 8- to 11-kd secreted proteins that
act as chemoattractants and activators of leukocytes
through their interaction with G-protein-coupled recep-
tors. More than 40 chemokines have been identified and
grouped according to the relative positions of their cys-
teine residues. CC chemokines have the first two cysteine
residues adjacent to each other, whereas CXC chemo-
kines have one amino acid separating the first two cys-
teine residues. Two chemokines fit into neither category.
CL1 (lymphotactin) contains only one cysteine residue
and CX3CL1 (fractalkine) has three amino acids separat-
ing the first two cysteine residues.’?

Chemokines can be divided broadly into those that are
inducible at sites of diseased or damaged tissues, and
those that are constitutively expressed. The latter are
responsible for basal lymphoid trafficking and the struc-
turing of lymphoid organs. Soluble chemokines and their
G-protein-coupled receptors have been linked to cardio-
vascular diseases, such as atherosclerosis and cardiac
allograft rejection; inflammatory diseases, such as
asthma and rheumatoid arthritis; cancer; and infectious
diseases, such as AIDS.®

Poxviruses and the herpes-viruses secrete proteins
that bind and inhibit chemokine activity. These chemo-
kine-binding proteins are thought to be used to evade the
host immune system and allow viral proliferation and
dissemination.*® The murine y-herpesvirus 68 (MHV-68)
secretes a 44-kd protein that is encoded by the open
reading frame M3. The M3 protein binds C, CC, CXC, and
CX3C chemokines.®” Cross-linking assays using '#°I-
labeled CXCL8 [interleukin (IL)-8] and CCL3 (MIP-1a)
have demonstrated high M3 affinity for many human and
murine CC chemokines, such as CCL2 (MCP-1), CCL13
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(MCP-4), CCL5 (RANTES), and CCL21 (SLC). High M3
affinity has also been reported for CXC chemokines, such
as human CXCL1 (GRO-a) and CXCL10 (IP-10), for mu-
rine CXCL13 (BLC), and for human CL1 (lymphotactin)
and CX3CL1 (fractalkine). Binding of M3 seems specific
for chemokines, because cytokines such as interleukin-
1B, interleukin-18, interferon-vy, and tumor necrosis fac-
tor-a are not bound by M3.°

Binding of M3 to chemokines is associated with inhi-
bition of chemokine activity. In vitro studies have demon-
strated that M3 inhibits chemokine-mediated increases in
intracellular calcium by blocking the interaction between
chemokines and their cellular receptors.®® M3 also inhib-
its chemotaxis of a CCR7-transfected cell line induced by
CCL19 (MIP-38) and CCL21 (SLC) in vitro and CCL21
(SLC)-mediated recruitment of lymphocytes to the pan-
creas in vivo.®

Because of the broad range of diseases that are me-
diated by chemokines and the therapeutic potential of
chemokine blockade suggested by a variety of animal
studies,'°~'® we generated a transgenic mouse in which
high serum levels of M3 can be induced by administra-
tion of doxycycline (DOX). We examined the effect of M3
induction on the development of intimal hyperplasia in
response to femoral arterial injury. Intimal hyperplasia is
thought to play a critical role in the development of re-
stenosis after percutaneous transluminal coronary angio-
plasty and in the progression of atherosclerosis.” Induc-
tion of M3 resulted in a 67% reduction in intimal area and
a 68% reduction in intimal/medial ratio (I/M ratio). These
data demonstrate that the levels of M3 induced in this
mouse model are sufficient to interfere with an important
pathophysiological response and strengthen the hypoth-
esis that chemokines play an important role in the re-
sponse to arterial injury.

Materials and Methods

Generation of M3 Transgenic Animals

A bi-directional responder transgene was constructed by
cloning the cDNA for M3 into pBI-G (Clontech, Palo Alto,
CA). Construction of the activator transgene was previ-
ously described.'® Separation of the transgenes from
vector sequences after digestion with restriction enzymes
was accomplished by zonal sucrose gradient centrifuga-
tion as described.'® Fractions containing the transgene
were pooled, microcentrifuged through Microcon-100 fil-
ters (Amicon, MA), and washed five times with microin-
jection buffer (5 mmol/L Tris-HCI, pH 7.4, 5 mmol/L NaCl,
0.1 mmol/L ethylenediaminetetraacetic acid, Amicon
Corp., Danvers, MO).

DNA containing the responder transgene was micro-
injected into mouse eggs (C57BL/6J X DBA/2 Fj;
Charles River Laboratories, Wilmington, MA), which were
then transferred into oviducts of CD1 (Charles River Lab-
oratories) foster mothers, according to published proce-
dures.?® Genotyping of transgenic mice was performed
by polymerase chain reaction analysis of DNA isolated
from tails. The activator transgenic mice were identified

using the following primers: 5'-CGGGTCTACCATC-
GAGGGCCTGCT-3" and 5'-CCCGGGGAATCCCCGTC-
CCCCAAC-3'. Responder transgenic mice were identi-
fied using the following primers: 5’-ACCAGCGAATA-
CCTGTTCCGTCATAGC-3" and 5'-AGTAAGGCGGTCG-
GGATAGTTTTCTTGC-3'. The endogenous low-density li-
poprotein receptor gene, used as an internal control, was
amplified with the following primers: 5'-ACCCCAA-
GACGTGCTCCCAGGATG-3" and 5'-CGCAGTGCTCCT-
CATCTGACTTGT-3'. Polymerase chain reaction condi-
tions were: 95°C, 30 seconds; 60°C, 30 seconds; 72°C,
60 seconds for 30 cycles. All transgenic mice were kept
under pathogen-free conditions. Experiments were per-
formed following protocols approved by the Animal Care
and Use Committee of Schering-Plough and the Mount
Sinai School of Medicine.

B-Galactosidase Activity Assay and
Histochemistry

Kidneys were collected 48 hours after a single intraperi-
toneal injection of 500 ug of DOX in saline and homog-
enized in lysis buffer [100 mmol/L Tris-Cl, pH 7.5, with
400 mmol/L NaCl, 0.05% sodium azide, 1% Triton X-100,
1 mmol/L phenylmethyl sulfonyl fluoride, 3 mmol/L ethyl-
enediaminetetraacetic acid, and proteinase inhibitor
cocktail (Roche Molecular Biochemicals, Indianapolis,
IN)]. The homogenate was centrifuged 10 minutes at
8000 rpm, the supernatant collected, and total protein
concentration was determined using Bradford reagent
(Bio-Rad, Hercules, CA). p-Galactosidase activity was
measured in a volume of supernatant containing 20 pg of
protein using a chemiluminescence-based assay (Clon-
tech) according to the manufacturer’'s recommendations.
For histochemistry, tissues were harvested from mice,
embedded in tissue compound (Sakura Finetek Co., Tor-
rence, CA) and frozen in 2-methylbutane cooled with dry
ice. Ten-um-thick frozen sections were fixed with 2%
paraformaldehyde in phosphate buffered saline (PBS)
and incubated overnight in the presence of 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside  (X-gal, Roche
Molecular Biochemicals) as previously described.?’ Nu-
clear fast red was used for counterstaining.

M3 Western Blotting and Gel Shift Assay

Serum from mice collected 48 hours after a single intra-
peritoneal injection of 500 ug of DOX was electropho-
resed on 4 to 12% NuPage Novex Bis-Tris gels with
2-(N-morpholino)-ethanesulfonic acid-sodium dodecyl
sulfate buffer (Invitrogen, Grand Island, NY) and trans-
ferred to a polyvinylidene difluoride membrane (Bio-Rad)
using a discontinuous buffer system (Bio-Rad bulletin
2134). The membranes were incubated with a rabbit
antiserum raised against M3 expressed in Escherichia
coli (kindly provided by J. Pedro Simas, Faculdade de
Medecina de Lisboa, Portugal) for 1 hour followed by
incubation with horseradish peroxidase-labeled goat an-
ti-rabbit antibody for 1 hour. Immunoreactive bands were
detected using the BM chemiluminescence blotting kit



(Roche Molecular Biochemicals). For the chemokine
cross-linking gel shift assay, serum was incubated with
0.5 nmol/L "25I-CXCL8 (IL-8) (Amersham, Arlington
Heights, IL) for 2 hours at room temperature in the pres-
ence of 0, 5, 50, 250, or 1000 nmol/L unlabeled IL-8
(R&D, Minneapolis, MN). Samples were then incubated
with 5 mmol/L of the cross-linker bis-(sulfosuccinnimidy)-
suberate (BS3; Pierce, Rockford, IL) for 30 minutes at
room temperature and then electrophoresed on a 12%
polyacrylamide gel (Bio-Rad). The gel was developed with
biomax film (Eastman-Kodak, Rochester, NY) for 1 hour.

Flow Cytometry and Blood Chemistry

After red blood cell lysis, 10° cells were incubated with 5
pg/ml Fc block (BD Pharmingen, San Diego, CA) and 300
ng/ml mouse IgG (Pierce). Cells were then stained with
the directly conjugated primary monoclonal antibodies
Gr-1 (RB6-8C5), B220 (RA3-6B2), CD3 (145-2c11), and
MAC-1 (M1/70) (BD Pharmingen) in PBS, 1% bovine
serum albumin, and 0.1% sodium azide for 20 minutes at
4°C in the dark. To determine viability, samples were
subsequently stained with 20 ul of 5 pg/ml of propidium
iodide (Calbiochem, San Diego, CA). Events were ac-
quired on a Becton-Dickinson FACScan (Mountain View,
CA) and analyzed using the CellQuest software.

Blood chemistry was performed by Ani Lytics (Gaith-
ersburg, MD). The following parameters were measured:
alanine aminotransferase, alkaline phosphatase, gamma
glutamyl transferase, uric acid, amylase, creatine phos-
phokinase, lactate dehydrogenase, glucose, blood urea
nitrogen, creatinine, cholesterol, high-density lipoprotein,
triglyceride, bilirubin, albumin, total protein, and globulin.

Vascular Injury

Mice were housed at the Center for Laboratory Animal
Sciences at the Mount Sinai Medical Center, New York,
NY. Protocols and animal care were approved by the
Institutional Animal Care and Use Committee and were in
agreement with the Guide for the Care and Use of Lab-
oratory Animals. Two days before the arterial injury, mice
received a single injection of 500 ug of DOX intraperito-
neally and then 2 mg/ml of DOX in the drinking water.
DOX treatment was continued 10 days after the injury.
Mice drink ~3 ml of water per day. This should result in
an intake of ~6 mg of DOX/day. Femoral artery injury was
performed using a modification of techniques described
previously.?? Mice (22 to 40 g) were anesthetized with
inhaled isoflurane. A 2-mm segment of both femoral ar-
teries immediately distal to the epigastric branch was
dissected and isolated with two surgical ties. An arteriot-
omy was performed and a 0.010-inch angioplasty guide-
wire (Guidant Advanced Cardiovascular Systems, CA)
was introduced into the isolated segment. The proximal
tie was released and a 1.5-cm segment of the guide wire
was advanced and retrieved three times. The guide wire
was removed, the arteriotomy repaired with 11-0 suture
and the proximal and distal ties were released to restore
blood flow. Before the removal of the surgical ties, the
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animals were given one dose of intravenous heparin (100
U/kg) to prevent acute occlusive thrombosis.

Morphometric and Immunohistochemical
Analysis

Mice were sacrificed 4 weeks after arterial injury. The
femoral arteries were perfusion-fixed in 4% paraformal-
dehyde and embedded in paraffin. Five 5-um-thick sec-
tions proximal to the arteriotomy site were cut at 50-um
intervals, and stained with combined Mason’s trichrome
elastin and hematoxylin-eosin (CME). Each section was
digitized and analyzed by computerized morphometry
using Image Pro Plus software (Media Cybernetics, Silver
Springs, MD) and mean values were obtained for each
artery. Measurements included luminal area, medial
area, intimal area, vessel area, and the lengths of the
internal elastic lamina and external elastic lamina. The I/M
ratio was obtained by dividing the intimal area by the
medial area.

For immunohistochemical analysis, representative
sections were stained for smooth muscle cells (alkaline
phosphatase-conjugated monoclonal anti-smooth mus-
cle a-actin, 1:100 dilution; Sigma, St. Louis, MO), macro-
phages (MOMA-2, rat anti-mouse macrophages/mono-
cytes, 1:400 dilution; Biosource International, Camarillo,
CA). Negative controls were prepared by substitution of
the primary antibody with an irrelevant antibody of the
same isotype.

Statistical Analysis

Data are expressed as mean = SEM. Comparisons were
made using an unpaired Student’s t-test assuming un-
equal variances. Statistical significance was assigned to
P values <0.05.

Results

Generation of a Conditional Transgenic System
for Expression of M3

A tetracycline-dependent gene expression system previ-
ously described?®® was used to generate transgenic mice
expressing M3 conditionally. This bigenic system com-
prises two transgenes: the activator transgene containing
the reverse tetracycline-controlled transactivator (rtTA)
expressed constitutively and the responder transgene
containing the gene of interest under transcriptional con-
trol of the tetracycline responsive promoter element
(TRE). Transcription of the gene of interest is induced in
the presence of tetracycline or DOX. To generate the
responder transgenic mice, a bi-directional responder
transgene was constructed containing the M3 gene and
the LacZ gene encoding B-galactosidase (B-gal) (Figure
1). Nine transgenic founder mice were isolated from
which four transgenic lines were derived. No B-gal activ-
ity was detected in frozen sections from kidney, liver,
muscle, pancreas, and spleen of transgenic mice carry-
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Figure 1. Bi-transgenic system for conditional expression of M3. Activator
and responder transgenes for conditional expression of the M3 and LacZ
genes. CMV/B-actin, CMV enhancer/chicken B-actin promoter; rtTA, reverse
tetracycline-controlled transactivator; r B-globin pA, rabbit B-globin polyad-
enylation signal; SV40, SV40 polyadenylation signal; Pmin, CMV minimal
promoter; B-globin pA, B-globin polyadenylation signal.

r B-globin pA

ing the responder transgene only, indicating that re-
sponder transgene expression was silent in the absence
of rtTA.

We have previously described the development of
transgenic mice carrying an activator transgene driven
by the CMV enhancer/B-actin promoter. These trans-
genic mice express the activator transgene in multiple
tissues.'® Transgenic mice from each of the responder
lines described above were crossed to these activator
transgenic mice to obtain mice carrying both the activator
and responder transgenes (in the following referred to as
transgenic mice). B-gal activity was detected by a chemi-
luminescence-based assay in the kidneys of transgenic
mice derived from all four-responder lines 48 hours after
a single intraperitoneal injection of 500 ng of DOX. The
line with the highest level of induction was selected for
further analysis. Tissues from mice receiving DOX were
analyzed by histochemical staining. Highest levels of
B-galactosidase activity were noted in the liver and kid-
ney, with an intermediate level in the heart. No activity
was noted in the noninduced mice, demonstrating that
transgenic expression was dependent on DOX (Figure 2).

DOX Treatment Results in High Levels of
Circulating M3

Because M3 is abundantly secreted from infected cells in
vitro,® we hypothesized that transgenic expression of M3
in multiple tissues would lead to its presence in the cir-
culation. To test this hypothesis, we collected blood from
animals treated with DOX (500 ug i.p.). M3 was detected
in the serum of DOX-treated mice by Western blot anal-
ysis (Figure 3A). Incubation of serum with radioactive
labeled CXCLS8 (IL-8), a chemokine known to be bound
by M3 with high affinity,® resulted in a gel shift typical of
an M3-IL-8 complex, indicating that serum M3 retains its
chemokine-binding activity. The gel shift was inhibited in
the presence of increasing concentration of unlabeled
CXCLS8 (IL-8) (Figure 3B).

Short-Term Expression of M3 Is Not Associated
with Significant Toxicity

To examine potential M3 toxicity, transgenic mice were
treated with DOX (2 mg/ml in drinking water) for 1 month.
During treatment, animals appeared normal and main-
tained normal weight. At necropsy, no gross changes
were observed in any organ. No abnormalities were de-

-DOX

Figure 2. DOX-dependent expression of B-gal in tissues from transgenic
mice. B-gal staining of fresh frozen tissues prepared from untreated trans-
genic mice (—DOX) or from transgenic mice 48 hours after a single dose of
DOX (500 pg i.p.) (+DOX). B-gal activity is detected in the presence but not
the absence of DOX in heart, liver, and kidney. Original magnifications: X40
[A and B (heard)]; X100 [C and D (liver), E and F (kidney)].

tected on light microscopy of hematoxylin and eosin-
stained sections of brain, heart, intestine, kidney, liver,
lung, pancreas, peripheral lymph nodes, spleen, and
thymus. After 1 month, no abnormality was detected in
routine blood chemistries (Table 1). In addition by flow
cytometry, the relative and absolute numbers of periph-
eral blood leukocytes, stained with Gr-1, Mac-1, B220,
and CD83 from animals expressing M3 did not differ from
that of control animals treated with DOX (Table 2). These
results suggest that short-term (1 month) expression of
M3 is not overtly toxic to the mice.

M3 Inhibits Intimal Hyperplasia after Femoral
Arterial Injury

To determine whether the expression of M3 interfered
with a physiological response, mice were subjected
to bilateral femoral arterial injury. DOX+ mice (n = 8)
received DOX 2 days before injury and daily through
postoperative day 10, whereas DOX— mice (n = 6) re-
ceived vehicle only. Similar to previous studies, the injury
protocol resulted in complete endothelial denudation in
both groups, determined by ICAM-1 staining (data not
shown). Fourteen DOX+ and eleven DOX— arteries were
used for analysis.



A 48h 2 wks
Tg WT rM3

Tg WT rM3

-y W - -

B

NC 10x 100x 500x 2000x WT

75 —
50 — -8
35 — +M3
25 ==
15 —

e .

Figure 3. Expression analysis of M3 in blood. A: Western blot of M3 in blood
from M3 transgenic mice (Tg) and wild-type littermates (WT). Blood was
collected 48 hours after a single dose of DOX (500 ug i.p.) and 2 weeks after
a single dose of DOX (500 ug i.p.) and 2 mg/ml in drinking water. tM3, 50
ng of recombinant M3. Molecular mass is shown in kd. B: Chemokine-
binding activity of blood from M3 transgenic mice. Blood collected from
transgenic mice after DOX treatment was incubated with 125I-IL-8 in the
absence (NC) or presence of increasing concentrations of unlabeled IL-8 and
a cross-linking agent. An autoradiography of the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis with molecular masses in kd is
shown.

Arterial injury produced a substantial expansion of the
intima at 4 weeks in DOX— mice, resulting in an I/M ratio
of 0.9 (£0.23), similar to that reported for other stud-
ies.'®22 In contrast, DOX treatment resulted in a 67%
reduction in intimal area (P < 0.01) and a 68% reduction
in I/M ratio (P < 0.05) (Figure 4, A and C). Typical femoral
artery sections of DOX+ and DOX— mice 4 weeks after
injury are shown in Figure 5, A and B. There were no
significant differences in medial area or in total vessel
area (Figure 4, B and D). As expected, DOX~— arteries

Table 1. Serum Chemistries of Transgenic Mice after DOX
Induction

TAM3 (n = 7) Reference range
ALT 36.0 = 33.2 U/L 24-140
ALP 171.4 £ 36.2 U/L 25-222
GGT 1.3 1.1UL 0-2
Uric acid 2.2 = 0.6 mg/L 2.2-4.6
Amylase 2058.1 = 227.3 U/L 602-2311
CK 76.1 £59.9 U/L 0-800
LDH 293.3 = 135.3 U/L 260-680
Glucose 257.6 = 20.2 mg/L 124-262
BUN 34.1 = 4.7 mg/L 9-28
Creatinine 0.37 = 0.05 mg/L 0.2-0.7
Cholesterol 104.0 = 15.0 mg/L 46-100
HDL 83.4 = 9.1 mg/L 25-100
Triglyceride 209.4 = 85.0 mg/L 115-155
Bilirubin 0.19 = 0.09 mg/L 0.0-0.9
Albumin 3.8+02¢g/L 2.6-4.6
Protein 51=*x14g/L 4.0-6.2
Globulin 1.7 =029/l 1.9-3.2

Peripheral blood was collected from transgenic (Tg) mice treated
with DOX in drinking water (2 mg/mL) for 1 month. All serum chem-
istries performed were within reference range for mice.
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Table 2. Peripheral Blood Leukocyte Differential of Tg and
WT Mice after DOX Induction

Tg (n = 5) WT (n = 3)
B220 389=*26 431 +14
CD3 31.9=*27 26.9 + 3.6
Gr-1 14219 121 =14
Mac-1 205+ 13 183+ 1.7

Peripheral blood was collected from transgenic (Tg) and wild-type
(WT) mice treated with DOX in drinking water (2 mg/mL) for 1 month.
By flow cytometry, no difference (P > .05) in peripheral leukocyte
numbers (relative numbers) was noted by staining for B220 (B-cell
marker), CD3 (T-cell marker), Gr-1 (granulocyte marker), and Mac-1
(granulocyte/macrophage marker).

demonstrated no B-gal activity. Despite the diminished
intimal response to injury, DOX+ arteries showed no
B-gal staining, but the surrounding skeletal muscle dem-
onstrated B-gal staining (Figure 5, C and D). As previ-
ously described the media and intima stained diffusely
for a-actin at 4 weeks in DOX— mice, consistent with the
predominance of smooth muscle cells, whereas no mac-
rophages were found in either layer (Figure 5, E and F).

To test if DOX treatment alone affects intimal hyperpla-
sia, we performed arterial injury on littermates missing
either the rtTa or the M3 transgene. Five of these mice
induced with DOX as per the protocol described previ-
ously were injured and sacrificed at 4 weeks. Four other
mice not induced with DOX were injured and sacrificed at
4 weeks. Morphometric analysis of seven arteries from
the DOX+ group and seven arteries from the DOX—
group was performed as described previously. There
was no significant difference in media area (DOX+,
10,016 = 3912; DOX—, 11,258 *+ 4404; P = 0.69) or in
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Figure 4. Morphometric analysis of DOX— (—) and DOX+ (+) femoral
arteries 4 weeks after injury. Az Intimal areas in um? of DOX— (9308 * 2116)
and DOX+ (3048 *+ 913) femoral arteries. B: Medial areas in um? of DOX—
(11,998 * 672) and DOX+ (13,339 + 944) femoral arteries. C: I/M ratio of
DOX— (0.90 = 0.23) and DOX+ (0.29 * 0.10) femoral arteries. D: Vessel
size in um? of DOX— (75,093 + 4755) and DOX+ (66,319 = 4223). Bars
represent mean and SEM (*, P < 0.05; **, P < 0.01).
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Figure 5. Histological analysis of femoral arteries. Combined Mason’s
trichrome elastin and hematoxylin-eosin staining of DOX— femoral artery
(A) and DOX+ artery (B) 4 weeks after injury. White bars indicate the
intimal area. The DOX+ artery shows substantially less intimal hyperplasia
when compared to the DOX— artery. B-galactosidase staining of DOX—
femoral artery (C) and DOX+ femoral artery (D) 2 days after induction with
DOX. Neither DOX— nor DOX+ femoral artery show staining. Note the
staining of skeletal muscle in the DOX+ artery. E: DOX— artery 4 weeks after
injury showing actin staining in the intima and media (medial area under-
neath and adjacent to the intimal area shown by the white bar). F: DOX—
artery 4 weeks after injury show absence to MOMA staining for macrophages.
Original magnifications, X400 (A, B).

the I/M ratio (DOX+, 0.84* 0.28; DOX—, 0.88+ 0.35; P =
0.78) when the two groups were compared.

Discussion

Chemokines have been increasingly implicated in the
pathogenesis of a wide array of diseases.? In this report,
we describe the generation of transgenic mice that con-
ditionally express the chemokine-binding protein MS.
Treatment of these animals with DOX resulted in the
presence of M3 in the blood. This circulating pool was
probably produced by organs such as the liver and kid-
ney, in which B-gal activity was demonstrated. We also
show that induction of M3 was associated with a signifi-
cant blunting of a physiological response, a marked re-
duction in intimal hyperplasia in the setting of femoral
arterial injury. We postulate that this effect was caused by
the circulating M3, because the transgene was not ex-
pressed in the vascular wall.

M3 has been found to bind C, CC, CXC, and CX3C
chemokines with variable affinity.®” The molecular inter-
action of M3 with chemokines has been recently deter-

mined.?* The crystal structure of M3 bound to CCL2
(MCP-1) shows that M3 dimerizes and generates a bind-
ing site for chemokines that interacts with the N-terminal
region of CCL2 (MCP-1) that is involved in binding to
CCR2, thus mimicking the chemokine-receptor interac-
tion and masking the receptor-binding site on CCL2
(MCP-1). An independent study using a panel of CXCL8
(IL-8) analogs shows that M3 interacts with the N-terminal
region of CXCLS8 (IL-8) involved in binding to chemokine
receptors and that M3 blocks the interaction of chemo-
kines with glycosaminoglycans, an interaction required
for the correct presentation of chemokines to the passing
leukocytes and for chemokine activity in vivo.?® Although
there are no comprehensive studies on the effects of M3
binding to chemokines, a number of studies have dem-
onstrated that M3 binding is associated with inhibition of
chemokine functions, such as mobilization of intracellular
calcium, chemotaxis, and leukocyte recruitment.®”:°

Coronary artery disease is a leading cause of death in
the United States and other industrialized nations.?2”
Percutaneous transluminal coronary angioplasty alone or
together with implantable stents is now the most com-
monly used approach for treating occlusive coronary
artery disease.?® Restenosis, however, limits the long-
term success of percutaneous transluminal coronary an-
gioplasty, necessitating second procedures or coronary
bypass surgery. Intimal hyperplasia, because of smooth
muscle cell proliferation and migration, is thought to be a
major cause of restenosis'” and may also play an important
role in the progression of atherosclerotic plaques.?®2°

A variety of animal models of arterial injury have been
developed to examine the molecular events underlying
intimal hyperplasia and to test pharmacological and mo-
lecular biological approaches to inhibiting this pro-
cess.®™2% Many studies have focused on the role of
growth factors, cytokines, and intracellular signaling
pathways in mediating intimal hyperplasia.®®*~*° In con-
trast, only a few have examined the role of chemokines.
Targeted deletion of the CCL2 (MCP-1) receptor, CCR2,
resulted in an ~60% reduction in intimal hyperplasia at
28 days in a mouse model of femoral arterial injury.'® In
an identical injury model, targeted deletion of CCL2
(MCP-1) resulted in ~29% reduction in intimal hyperpla-
sia.*® In a rat model of balloon arterial injury, antibodies to
CCL2 (MCP-1) reduced intimal hyperplasia by 29 to 40%
at 14 days and 56% at 5 weeks.*” These studies suggest
that CCL2 (MCP-1) and its receptor mediate in part the
intimal response to arterial injury.

In the present study, induction of M3, a nonspecific
chemokine-binding protein, decreased intimal hyperpla-
sia by ~67%. Similarly, intravenous administration of
M-T7, a chemokine-binding protein produced by the
myxoma virus, resulted in an ~80% reduction in a rabbit
model of intimal hyperplasia.*® These studies support a
role for chemokines in mediating intimal hyperplasia.
Both M3 and M-T7 bind to CCL2 (MCP-1) and recent data
suggests that M3 masks the binding site of CCL2 (MCP-
1)2* and may thus inhibit binding to its receptor, CCR2.
Although it is likely that part of the inhibitory effects of M3
and M-T7 are mediated by CCL2 (MCP-1), the more
pronounced effect on intimal hyperplasia seen with these



nonspecific inhibitors as well as in the CCR2-deficient
mice suggests that other chemokines may be involved.
Such chemokines may include ligands for CCR2 other
than CCL2 (MCP-1). We think that it is unlikely that DOX
itself contributed to the decreased intimal hyperplasia
observed in mice expressing M3. In two studies, DOX
treatment had no effect on the development of intimal
hyperplasia.*®° In a recent study, DOX treatment was
associated with a modest decrease in I/M ratio 28 days
after rat aortic injury (1.67 to 1.36).°" However, in these
animals, there was no significant decrease in the intimal
area. In this study, we did not find any effect of DOX
treatment on intimal area or on I/M ratio.

In contrast to a previous report,?® we did not observe
significant inflammatory cell adherence to the vessel lu-
men 1 hour after injury (data not shown). In this study, we
used a model of vascular injury that restores normal
blood flow to the injured segment and may thus simulate
a more physiological condition. In the previous model,
interruption or at least significant reduction of blood flow
in the injured segment of the vessel caused by surgical
ligation may have promoted inflammatory cell adherence
to the vessel wall.

Macrophages were not seen in the vessel wall 28 days
after injury in either DOX+ or DOX— animals. This is
consistent with previously published reports of murine
femoral arterial injury models, in which leukocyte infiltra-
tion was not seen 2 hours, 1 day, 5 days, and 28 days
after injury.?®3" Although it remains possible that tran-
sient influx and efflux of leukocytes may play a role, the
effect of chemokines on intimal hyperplasia may be in-
dependent of their ability to attract inflammatory cells to
sites of injury. Although several studies have suggested
that CCL2 (MCP-1) causes smooth muscle cell prolifera-
tion,®27°% one study has suggested that it may be inhib-
itory.®® We have recently found that 1-309°¢ and eotaxin
(R Kodali, W Kim, M Gazdiou, and MB Taubman; unpub-
lished observations) cause chemotaxis of human aortic
smooth muscle cells. In addition, CCL2 (MCP-1), CCL4
(MIP-1B), and CXCL12 (SDF-1a) induce expression of
the procoagulant molecule tissue factor (TF) in arterial
smooth muscle cells by a protein kinase C-dependent
mechanism.®”~%° Thus, chemokines may have direct ef-
fects on arterial smooth muscle cells that contribute to
intimal hyperplasia. TF has also been implicated in me-
diating intimal hyperplasia,®® raising the possibility that
the effect of chemokines may be secondary to their ability
to induce TF. Although TF antigen is abundant in the
intima 28 days after arterial injury, no difference was seen
by immunostaining in DOX+ and DOX~— mice (data not
shown). It remains possible that important differences in
TF expression might be present at earlier time points.
Additional studies will be necessary to establish the
mechanism(s) underlying the effect of M3 and the role of
chemokines in intimal hyperplasia.

It is also possible that chemokines mediate intimal
hyperplasia through effects on cells distant from the site
of injury. Recent studies have suggested that cells de-
rived from the bone marrow contribute to intimal hyper-
plasia in models of vascular injury.6"52 It is interesting to
speculate that chemokines may direct bone marrow-de-
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rived cells to the vascular wall. There are precedents that
support this notion. In models of ischemia-reperfusion,
bone-marrow stem cells can be mobilized to the heart
where they differentiate into myocytes.®® These stem
cells, which express chemokine receptors,®* may be di-
rected to the heart by a chemokine-dependent mecha-
nism. Furthermore using a rat model of vascular injury,
Fujiyama and colleagues®® suggest that bone marrow
cells of the monocyte-lineage are directed in a CCL2
(MCP-1)-dependent manner to the vascular wall where
they differentiate into endothelial cells. Similarly, chemo-
kines that are up-regulated in the vessel wall after injury
may mobilize bone marrow-derived cells to sites of injury,
and differentiation of these cells into a smooth muscle cell
phenotype may contribute to the neointima. Thus, al-
though speculative at this point, M3 may inhibit intimal
hyperplasia by blocking the targeting of bone marrow-
derived cells to sites of vascular injury.

The induction of M3 was not associated with obvious
toxic effects, such as change in coat appearance, social
behavior, eating pattern, or weight loss. In addition, there
were no major effects on peripheral blood counts or basic
chemistries. M3 thus has the potential to be an effective
short-term therapeutic agent with minimal toxicity.

In conclusion, we have generated a conditional trans-
genic system for the evaluation of animals expressing
M3. In this model, production of M3 did not result in overt
toxicity throughout a 30-day induction but generated lev-
els of M3 that inhibited a pathophysiological response.
Chemokines are important regulators of the immune sys-
tem and have been linked to a variety of cardiovascular,
inflammatory, pulmonary, malignant, and infectious dis-
eases. Many of these diseases involve ensembles of
chemokines and therefore may not be responsive or may
be suboptimally responsive to blockade of a single che-
mokine or its receptor. For the same reason, studies
involving targeted deletions of a single chemokine or its
receptor in disease models may fail to establish a role for
chemokines. By producing a protein that binds a wide
variety of chemokines, our transgenic mouse model pro-
vides an important new resource for examining the role of
chemokines and the efficacy of chemokine blockade in a
broad variety of diseases.
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