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Elafin, a Serine Elastase Inhibitor, Attenuates Post-Cardiac Transplant
Coronary Arteriopathy and Reduces Myocardial Necrosis in Rabbits

After Heterotopic Cardiac Transplantation

Bryce Cowan, Olivier Baron, Julie Crack, Claire Coulber, Gregory J. Wilson, and Marlene Rabinovitch
Division of Cardiovascular Research, Research Institute, The Hospital for Sick Children and Departments of Pediatrics, Pathology,
and Medicine, University of Toronto, Toronto, Ontario M5G 1X8, Canada

Abstract

We have related experimentally induced post-cardiac trans-
plant coronary arteriopathy to increased elastolytic activity,
IL-1B, fibronectin-mediated inflammatory and smooth mus-
cle cell (SMC) migration, and SMC proliferation. Since our
in vitro studies show that a serine elastase releases SMC mi-
togens and facilitates IL-1B induction of fibronectin, we hy-
pothesized that administration in vivo of the specific serine
elastase inhibitor, elafin, would decrease the post-cardiac
transplant coronary arteriopathy. Cholesterol-fed rabbits
underwent a heterotopic cardiac transplant without immu-
nosuppression and received elafin (1.79 mg/kg per d contin-
uous infusion after a 9 mg bolus, n = 6) or vehicle (n = 6).
1 wk later, hearts were harvested for morphometric, immu-
nohistochemical, and biochemical analyses. A > 70% de-
crease in the total number of coronary arteries with intimal
thickening in elafin-treated compared to control donor hearts
(P < 0.002) was associated with reduced vascular elastolytic
activity judged by fewer breaks in the internal elastic lam-
ina (P < 0.03), less accumulation of immunoreactive fi-
bronectin (P < 0.02), and reduced cell proliferation quanti-
fied by proliferating cell nuclear antigen (P < 0.0001).
Despite myocardial lymphocytic infiltration, wet weight of
elafin-treated donor hearts was reduced by 50% compared
to untreated controls (P < 0.002) and associated with rela-
tive preservation of myocyte integrity, instead of extensive
myocardial necrosis (P < 0.004). This protective effect cor-
related with decreased myocardial elastolytic activity (P <
0.0001) and inflammatory cell proliferation (P < 0.0001)
and with an elafin-inhibitable elastase in lymphocytes.
Serine elastase activity thus appears an important thera-
peutic target for post-cardiac transplant coronary arterio-
pathy and myocardial necrosis induced by rejection. (J. Clin.
Invest. 1996. 97:2452-2468.) Key words: vascular disease «
extracellular matrix « inflammation - cardiac rejection « fi-
bronectin
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Introduction

The development of allograft coronary arteriopathy and its se-
quelae remains a major complication in the long-term survival
of the cardiac transplant recipient (1-3). Intravascular ultra-
sound studies indicate that the prevalence of graft arteriopathy
is > 50% by the fifth post-operative yr (for review see refer-
ence 4). While a number of mechanisms may contribute to the
pathogenesis of progressive coronary artery neointimal thick-
ening (4-8), an immune-mediated event is certainly involved,
as lesions only occur on engrafted vessels with sparing of the
host’s native arteries (5). This pathogenic process involves en-
dothelial activation, inflammatory cell recruitment, and re-
lease of soluble factors, i.e., cytokines and growth factors, that
stimulate smooth muscle cell (SMC)! migration, proliferation,
and deposition of newly formed extracellular matrix (9-12).
The soluble factors also modulate the functional status of cir-
culating immune cells (13, 14). These events culminate in ex-
tensive intimal thickening characterized by diffuse concentric
lesions (15).

Increased elastolytic activity is also a key feature of the cor-
onary arteriopathy, as judged morphologically by breaks in the
internal elastic lamina (IEL) (4, 16) and biochemically in coro-
nary arteries after heterotopic heart transplant in piglets (17).
Although contributing sources of elastolytic activity in the vas-
cular allograft remain to be determined, primary candidates
are elastases released by trafficking inflammatory cells and en-
dogenous elastases released by vascular SMCs. The presence
of allogenic T lymphocytes and macrophages has been docu-
mented in the coronary vasculature (12, 18-21) and the reject-
ing myocardium after cardiac transplantation (22-24). These
inflammatory cells contain matrix metalloproteinases (25-29)
and an elastase indistinguishable from human neutrophil
elastase (25, 30-32). Recent studies have also shown that vas-
cular SMCs can produce an endogenous elastase (33) that is
induced by serum and endothelial factors (34). Cytokine stim-
ulation of human vascular SMCs produce a complement of ma-
trix metalloproteinases capable of degrading various matrix mac-
romolecules, including elastin (35). IL-18 has also been shown
to induce elastase production and activity in fibroblasts (36).

Elastases and other proteolytic enzymes are also known to
regulate growth factor and cytokine activity and may, in this
way, be involved in the development of neointimal lesions.
They have been shown to release or activate growth factors,
such as basic fibroblast growth factor (37-39) and TGF{3 (40—
42), which are stored in the extracellular matrix. Elastases also
process growth factors, such as TGF-q, at cell surfaces (43, 44).

1. Abbreviations used in this paper: 1EL, internal elastic lamina; IT,
intimal thickening; PCNA, proliferating cell nuclear antigen; SMC,
smooth muscle cell.



IL-1B processing at inflammatory sites is also believed to be
mediated by elastase (45) and increased elastolytic activity
may be responsible for the activation of other cytokines, such
as TNF-a (46) and IL-8 (47). Elastases produce chemotactic
peptides (29, 48, 49), which, in concert with fibronectin (50),
could influence both lymphocyte transendothelial migration
and SMC migration into the subendothelium.

We have previously demonstrated in vivo, using a piglet
heterotopic cardiac transplant model of accelerated allograft
arteriopathy, that a donor coronary artery immune-inflamma-
tory response was associated with an increase in the expression
of IL-1B and fibronectin (19) and in the activity of a 23-kD
serine elastase (17). Through in vitro studies we confirmed
that increased production of endothelial and SMC fibronectin
was reciprocally coinduced by increased levels of endogenous
IL-1B (10, 11) and TNF-a (51). We demonstrated the func-
tional significance of this feature using a rabbit heterotopic
cardiac transplant model in which cytokine blockade, by TNF-«
soluble receptor (TNF-asr), significantly decreased both the
incidence and severity of allograft arteriopathy (18). This was
associated with a reduction in both fibronectin expression and
in the immune-inflammatory response (18, 52). We also dem-
onstrated that blocking the integrin o B, (very late antigen-4)
on T lymphocytes and SMCs using peptide encoding sequences
in the connecting segment (CS)-1 region of fibronectin, also re-
duced the incidence and severity of allograft arteriopathy (12).

Our recent in vitro studies support a cooperative interac-
tion between coronary artery elastase and IL-1B-induced fi-
bronectin synthesis. Elastin peptides in the form of k-elastin
can upregulate fibronectin synthesis in cultured coronary ar-
tery SMC (52a), and the serine proteinase inhibitor, alpha-1
antitrypsin, and the specific serine elastase inhibitor, elafin
(53-55), reduce elastin peptide production and prevent IL-18
induction of fibronectin (56). The mechanism appears to be as-
sociated with the ability of elastin peptides to facilitate binding
of IL-1B to its receptor on SMC surfaces (52a).

We therefore investigated, in rabbits after heterotopic car-
diac transplant, whether inhibition of elastase in coronary arter-
ies may prevent or reduce the coronary arteriopathy by limiting
the release of mitogens and the cytokine-mediated induction
of fibronectin. We administered a recombinant form of human
elafin, a naturally occurring, highly specific elastase inhibitor
(55, 57-59), since we had previously documented its effective-
ness in coronary artery tissue, in vitro (17). A marked reduc-
tion in the number of allograft coronary artery intimal lesions
was observed, as well as a decrease in the severity of the inti-
mal thickening comparing elafin-treated animals to saline con-
trols. The decreased neointimal formation was associated with
a reduction in vascular elastolytic activity judged by morpho-
metric ultrastructural analysis, fibronectin expression by semi-
quantitative immunohistochemistry, and cell proliferation by
proliferating cell nuclear antigen (PCNA) positive cells. Whereas
our previous studies, with the TNF-asr or the CS-1 peptide,
produced a similar reduction in the coronary arteriopathy, ela-
fin appeared to exert an additional protective effect against
myocardial rejection necrosis in the absence of immunosup-
pressive therapy. This was associated with a reduction in myo-
cardial elastolytic activity and inflammatory cell proliferation.
Thus, our observations suggest a novel adjunctive therapeutic
approach in which inhibition of elevated levels of elastolytic
activity in cardiac allografts may be used to prevent the devel-

opment of graft arteriopathy and reduce myocardial necrosis
after cardiac transplantation.

Methods

Experimental animal model. The rabbit heterotopic cardiac trans-
plant model has been previously described in detail (18, 51, 60) and
was approved by the Animal Care Committee of The Hospital for
Sick Children, Toronto, CN. Briefly, outbred female New Zealand
White rabbits (Charles River Laboratories, Saint Laurent, CN),
weighing between 3.5 and 4.0 kg, were unselected to favor HLA mis-
match. Host rabbits were serum Pasturella free. Both host and donor
rabbits were fed a 0.5% cholesterol diet (Purina 5321; Research Diets
Inc., New Brunswick, NJ) for 4 d preoperatively, and the host was re-
tained on the diet for the duration of the experimental period. Di-
etary cholesterol supplement has proven to be useful in accelerating
the process of allograft arteriopathy (60). A vertical skin incision was
made on the recipient rabbit in the anterior aspect of the neck, allow-
ing isolation of the right common carotid artery and the ipsilateral
jugular vein. The cardiac allograft was accomplished by anastomosing
the donor aorta end-to-side to the recipient’s carotid artery and the
donor pulmonary artery end-to-side to the recipient’s external jugu-
lar vein. Total ischemic time for the donor hearts was 30 min. Ani-
mals received standard postoperative care in compliance with guide-
lines formulated by the Canadian National Society for Medical
Research.

Implantation of osmotic minipumps. Osmotic minipumps (Alzet
2mL1, lot 042410; Alza Corp., Palo Alto, CA) set to deliver for 1 wk
at an hourly rate of 11.27+0.5 pl/h were loaded with elafin or vehicle
immersed in 0.9% NaCl (saline) and incubated overnight at 37°C to
prime delivery. Implantation was performed in a lateral pocket cre-
ated in the neck pouch, on the contralateral side, at the time of trans-
plantation. The superior vena cava of each animal was accessed using
a silastic catheter (customized for the 2mL1 pump by Dr. A. Behoric,
The Hospital for Sick Children) via the left external jugular vein. The
catheter was secured in the jugular vein using silastic grommets. After
a 1-ml bolus infusion of elafin/saline or saline as described below, the
osmopump delivery port was connected to the catheter, and the os-
mopump implanted into the customized left supraclavicular pocket.

Treatment groups and administration of elafin. Animals were ran-
domized and received one of two treatments: single dose saline and
saline/vehicle infusion (sal/veh) (n = 8) or elafin infusion (sal/elafin)
(n = 6). The number of animals used in each analysis is given in the
Table and Figure legends. Recombinant human elafin (kindly sup-
plied by Dr. J. Fitton of Zeneca Pharmaceuticals, Macclesfield, UK)
was reconstituted with 0.9% saline (vehicle) and administered as a
2.25-mg/kg bolus followed by a 1.79 mg/kg per d continuous intrave-
nous infusion for 7 d. The dose chosen was extrapolated to the in vivo
model based on our in vitro studies and on previously unpublished re-
sults in which the initial increase in pulmonary artery elastolytic activ-
ity in the rat model of monocrotaline-induced pulmonary hypertension
was significantly reduced by osmopump administration of recombi-
nant elafin. Unfortunately, it is still technically unfeasible to obtain
serum or tissue levels for elafin. No other immunosuppressive ther-
apy was administered to the rabbits. The grafts were monitored daily
by palpation and maintained for 8 d, an end point we have previously
described to be associated with myocardial rejection (impaired car-
diac contractility) and development of allograft arteriopathy in this
model (12, 18). In one control animal, due to the absence of a palpa-
ble heartbeat in the graft, the experiment was terminated on the sev-
enth day.

Preparation of the hearts. Preparation of hearts and grading of
rejection were performed as previously described (18, 51). Animals
were killed with a 480 mg i.v. dose of euthanol (MTC Pharmaceutical,
Cambridge, CN), and host and donor hearts were harvested. Hearts
were quickly drained of blood and wet weight assessed using a Libror
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EB-2800 electronic balance (Shimadzu Corp., Kyoto, Japan). Apices
of hearts were removed to assess elastolytic activity of the myocar-
dium in host and donor hearts from two different saline- and elafin-
treated animals. Conical apical sections were isolated by a transverse
cut ~ 1 cm from the apex of the heart. Sections were taken from
hearts before perfusion, and tissue was immediately frozen in liquid
nitrogen and stored at —70°C.

Coronary arteries in all animals were perfused through the aorta
with saline followed by mild fixation by a 2% paraformaldehyde per-
fusion (Sigma Chemical Co., St. Louis, MO). Due to the relatively
uniform distribution of cardiac allograft arteriopathy throughout the
coronary circulation (18, 51, 61, 62), hearts were sectioned trans-
versely from the base to apex. Sections were preserved in 10% forma-
lin (BDH Inc., Toronto, ON) for light microscopic morphometric
analysis or immediately frozen in O.T.C. Compound Tissue Tek (Miles
Laboratories Inc., Elkart, IN) for immunohistochemical studies.

In three donor and host hearts from each group, large intramyo-
cardial coronary arteries (diameter range 500-950 wm) were used for
ultrastructural assessment of elastin degradation. After death, por-
tions of the base of the heart containing coronary artery segments of
the left anterior descending, the left circumflex, and the right coro-
nary arteries, ~ 1 cm in length, were removed from both host and do-
nor hearts, trimmed, and processed as described below.

Grading of rejection. Donor heart sections were stained with he-
matoxylin and eosin for histological grading of rejection. Sections
were graded qualitatively by G.J. Wilson, a cardiovascular patholo-
gist, and B. Cowan, without knowledge of whether the donor hearts
came from saline- or elafin-treated animals and subsequently graded
quantitatively in an unblinded fashion by B. Cowan, under the direc-
tion of G.J. Wilson. To assess rejection quantitatively, three transmu-
ral sections of the left ventricular free wall were graded for each
heart, with respect to necrotic and inflammatory features. The pro-
portions of each section showing: (a) acutely necrotic cardiomyo-
cytes; (b) areas of myocyte loss termed “dropout” or replacement
with fibrous tissue; and (c¢) areas of myocyte loss filled with inflamma-
tory cells consisting of lymphocytes, macrophages, and granulocytes,
termed “infiltrative obliteration,” were estimated and added together
to express necrosis as a percentage of total tissue area. Inflammation
was quantified as the proportion of each section showing either (a)
inflammatory cell infiltration, adjacent to cardiomyocytes but not
obliterating them or (b) infiltrative obliteration, which were esti-

Table I. Morphometric and Immunohistochemical Findings in

mated and added together to express inflammation as a percentage of
total tissue area. It is noteworthy that inflammatory obliteration was
represented in both the assessment of necrosis and inflammation. For
each transmural section of the left ventricle, the percentages of viable
cardiomyocytes, acutely necrotic myocytes, myocyte dropout and re-
placement, infiltrative obliteration, and inflammatory cell infiltration
added to 100%.

Morphological assessment by transmission electron microscopy.
Morphometric ultrastructural assessment of degradation of the IEL
in intramyocardial coronary arteries from host and donor hearts in
saline- and elafin-treated rabbits was performed as previously de-
scribed in piglets (17). Coronary artery sections fixed in 0.1% glutar-
aldehyde were postfixed in 1% osmium tetroxide and embedded in
epon resin. Toluidine blue sections (1 wm) were screened. Ultrathin
sections (60-90 nm) were prepared on high resolution nickel grids
and stained with 5% uranyl acetate and 0.4% lead citrate. The grids
were examined on an electron microscope (model 201; Philips Elec-
tronic Instruments, Mahwah, NJ). At least two sections from each
vessel were analyzed, and 10 photomicrographs including the IEL
were taken at a magnification of 3,760. Analysis of the negatives was
performed using a Photovix (Tamron Inc., Japan) film video proces-
sor attached to a computer-generated video analysis system (New Vi-
sion 10 Software; Perceptics Corp., Knoxville, TN). To assess frag-
mentation, regions of IEL disruption were counted, standardized to
extrapolated continuous IEL length, and a mean value was calculated
for each vessel. To assess loss of IEL length, lengths of lamina in
equivalent viewing fields were summed, standardized to extrapolated
continuous IEL length viewed, and a mean value was calculated for
each vessel.

Quantitative assessment of host and donor coronary arteries by
light microscopy. Three tissue sections from both host and donor
hearts from six different saline- and elafin-treated rabbits were fixed
in 10% Formalin, embedded in paraffin, and stained by the Movat
pentachrome method. Light microscopic morphometric analysis was
performed using a Zeiss microscope (Carl Zeiss, Inc., Thornwood,
NY) attached to a computer-generated video analysis system (Nu Vi-
sion Software; Perceptics, Inc.) as previously described (12). In each
heart section, the diameter of each vessel was measured, and the cor-
onary arteries were categorized as small (= 100 pm diameter), me-
dium (> 100 = 500 pm diameter), or large (> 500 p.m diameter). For
each heart, the number of vessels in each size category with intimal

Coronary Arteries of Individual Rabbits

Mean number cells/vessel

Mean number of
PCNA-positive cells

Number of vessels Severity of IT

Animal Treatment T cells Macrophages FN L M S with IT (% total) (% vessel area)
1 Elafin 12 0 +/= 2 8 4 4% 30%
2 Elafin 26 0 - 0 2 1 1% 20%
3 Elafin 0 - 2 5 1 5% 35%
4 Elafin 1 0 - NA 4 2 1% 30%
5 Elafin 19 12 +/= 0 10 3 23% 50%
6 Elafin 6 0 - 2 3 0 5% 28%
7 CTRL 8 0 + 75 20 7 44% 50%
8 CTRL 25 8 + NA 17 1 98 % 53%
9 CTRL 18 4 ++ 55 49 9 66% 60%

10 CTRL 5 4 + 8 21 7 1% 68%

11 CTRL 12 0 +/= 22 11 2 42% 50%

12 CTRL 8 0 + NA 9 3 62% 52%

FN, fibronectin; IT, intimal thickening; CTRL, control (0.9% saline); L, arteries (> 500 wm diameter); M, arteries (> 100 < 500 wm diameter); S, ar-
teries (= 100 wm diameter); —, +/—, +, ++, +++, negative, minimal, little, moderately abundant, and very abundant; NA, not assessed.
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proliferation was expressed as a percentage of total vessel number. In
the host hearts, 737 vessels in the control group and 1,013 in the elafin
group were analyzed. In the donor hearts, 690 vessels in the control
group and 1,117 in the elafin group were assessed. The severity of in-
timal thickening was quantitatively assessed in each affected vessel,
according to a method previously described (63). The areas encom-
passed by the outer medial layer (ML), the IEL, and the lumen were
measured, and the area of intimal thickening (IT) related to the ves-
sel area was calculated by the formula: IT = (IEL — lumen area) /
(ML — lumen area) X 100.

Analysis of immunohistochemistry. In all immunohistochemical
studies, sections from host and donor hearts from six different saline-
and elafin-treated groups were used to analyze coronary arteries in
the different size ranges, comparing vessels with and without intimal
proliferation. The relative abundance of each specific antigen studied
in the sections examined was graded semiquantitatively as negative
(=), minimal (+/-), little (+), more abundant (++), or very abun-
dant (+++) by two of the authors independently (B. Cowan and M.
Rabinovitch). The final scoring was based on the average of the indi-
vidual gradings. There was complete agreement in the grading of > 87%
of the cases.

The abundance of inflammatory cells studied was also examined
quantitatively. The number of positive cells, per vessel, was counted,
and a mean number was generated for each animal. Due to an equiv-
alent representation of vessel sizes (small, = 100 pm diameter; me-
dium, > 100 = 500 pm diameter; large, > 500 wm diameter) in each
group but not within each animal, values were generated from the to-
tal number of vessels for statistical analyses, but mean values for each
animal are given in Table I. The number of inflammatory cells in the
myocardium was evaluated in eight randomly selected fields (290-pwm?
fields at an original magnification of 40) and expressed as the mean
number of positive cells per field, in each animal. Proliferation of
cells was quantified using sections stained for PCNA. The number of
positive cells, per vessel, was counted, and a mean number was gener-
ated for each vessel size range (small, = 100 pm diameter; medium,
> 100 = 500 pm diameter; large, > 500 wm diameter). Proliferation
of cells in the myocardial infiltrate was expressed in each animal as a
ratio of positive cells over total number of cells counted in eight ran-
domly selected fields (290-um? fields at an original magnification of
40). Values in the donor were corrected for the mean number of posi-
tive cells, which had been calculated from an equivalent number of
fields from the respective host heart.

Immunostaining for fibronectin. Identification of fibronectin was
performed with a monoclonal IgG; anti-human cellular fibronectin
antibody (Chemicon International Inc., Temecula, CA). Frozen sec-
tions were air dried for 2 h, fixed in acetone for 20 min, and rinsed
with PBS/0.1% BSA (Boehringer-Mannheim, Mannheim, Germany)
(PBS/BSA). Endogenous peroxidase activity was blocked by immers-
ing the sections in PBS/BSA with 1% hydrogen peroxide (H,O,)
(BDH Inc.) for 30 min. After a nonspecific blocking step using 5%
normal horse serum (Vectastain ABC System; Vector Laboratories,
Inc. Burlingame, CA), we incubated the sections in primary antibody
(1:50 dilution) overnight at 4°C, and antibody binding was visualized
using the Vectastain ABC System. Control sections were treated with
normal mouse isotypic IgG (Dako Corp., Carpinteria, CA).

Immunostaining for cell proliferation. The presence of proliferat-
ing cells within the vessel wall was assessed in deparaffinized sections
using an mAb to PCNA (Dako Corp.). After a brief nuclease diges-
tion, endogenous peroxidase activity was blocked by immersing the
sections in methanol with 1% H,0O, for 30 min. Sections were incu-
bated in primary antibody (1:100) for 4 h at 25°C, and antibody bind-
ing was visualized using the PCNA Kit (Dako Corp.). Control sec-
tions were treated with normal mouse isotypic IgG (Dako Corp.). To
assess whether some of the PCNA-positive cells were likely to repre-
sent SMC, immunostaining of deparaffinized sections using an anti-
body to smooth muscle alpha actin (Dako Corp.) was also carried
out. Sections were treated as described for PCNA staining above.
Sections were incubated in primary antibody (1:100) overnight at 4°C,

and antibody binding was visualized using 3,3'-diaminobenzidine
(Sigma Chemical Co.). Control sections were treated with normal
mouse isotypic IgG (Dako Corp.).

Characterization of inflammatory cells. The presence of an inflam-
matory reaction and inflammatory cells adherent to the coronary ar-
tery endothelium and within the vessel wall was determined using
mADbs to rabbit T cells (a gift from Dr. Peter Libby, Brigham and
Woman’s Hospital, Boston, MA) and macrophages (RAM 11; Dako
Corp., Carpinteria, CA). Immunoperoxidase staining was performed
using frozen sections prepared as described above. The specimens
were immersed for 30 min in 1% H,O, solution in methanol to block
exogenous peroxidase activity, and, after a nonspecific blocking step
in 5% normal horse serum (Vectastain ABC System), the sections
were incubated overnight with primary antibody (1:10 dilution) at
4°C. Antibody binding was visualized using the Vectastain ABC System
and developed with 3,3’-diaminobenzidine (DAB) (Sigma Chemical
Co.). Control sections were treated with normal mouse isotypic IgG
(Dako Corp.).

Assessment of myocardial elastolytic activity. The procedure for mea-
suring elastolytic activity was previously described (64) and modified
by our group (65). Tissues were minced and then homogenized in
0.9% saline using a Polytron (Brinkmen Homogenizer; Brinkman In-
struments, Westbury, NY). The homogenate was centrifuged at 2,800 g
for 30 min at 4°C and the pellet was extracted twice for 18 h in 4 ml of
0.5 mol/liter sodium acetate buffer, pH 4.0. The extracts were pooled
and dialyzed against distilled water at 4°C overnight and lyophilized.
The lyophilized powder was reconstituted in 2 ml of 60% saturated
ammonium sulfate solution, shaken gently for 1 h at room tempera-
ture, placed at 4°C overnight to precipitate the proteins, and then
centrifuged for 10 min at 8,160 g at 4°C. All solutions contained 2
mM/liter methylamine to inhibit a,-macroglobulin. The pellet was re-
suspended in 300 wl of Tris Assay Buffer (50 mM Tris-HCI, 150 mM
NaCl, 10 mM CaCl,-2H,0, 0.02% Brij, 0.02% NaNj3, pH 8.0). Tripli-
cate samples of 70 pl were incubated with 20 pl (200 pg) [*H]elastin
substrate (produced as described below) and additional Tris Assay
Buffer was added to correct the total vol to 220 pl. Samples were in-
cubated for 18 h at 37°C and centrifuged at 8,160 g for 4 min. 100-p.l
aliquots of supernatant were added to 4 ml of aqueous counting scin-
tillation fluid and counted for 2 min in a 1219 Rackbeta (LKB Wallac,
San Francisco, CA) scintillation counter. In each assay, elastolytic ac-
tivity was calculated using a standard curve generated with human
leukocyte elastase (0.075-5.0 ng) (Elastin Products Company, St. Louis,
MO [sp act 875 U/mg protein]), and the mean value of triplicate sam-
ples was used in the calculation of elastolytic activity.

Production of insoluble [°HJelastin. Purified insoluble elastin from
bovine nuchal ligament (Elastin Products Company, Owensville, MO)
was radiolabeled as previously described using [PH]NaBH, (New En-
gland Nuclear, Boston, MA) (66). [*H]elastin was reconstituted at 16
mg elastin/ml (sp act was ~ 2,000 cpm/pg elastin) in Tris Assay
Buffer and stored at —70°C before performing the assay. Before use,
[*H]elastin was boiled and washed with Tris Assay Buffer until the
background counts became less than 100 cpm/100 pl supernatant.
The [*H]elastin suspension was then diluted to 100,000 cpm/20 pl
(= 200 pg insoluble elastin).

Preparation of rabbit lymphocytes. Heparinized rabbit peripheral
blood was obtained from peripheral ear arteries of two different 4-6
kg Charles River New Zealand White female rabbits, as well as from
one transplant control animal. The PBMCs were separated by Ficoll-
Paque (Pharmacia Fine Chemicals, Uppsala, Sweden) density gradi-
ent centrifugation as previously described (50, 67). The mononuclear
cells were washed twice in HBSS (Sigma Chemical co.), resuspended
in M199 culture medium supplemented with 25 mM Hepes buffer, 2 mM
glutamine, 1% antibiotics/antimycotics (Gibco, Burlington, CN), and
10% FBS (Intergen Co., Purchase, NY), and counted in a Coulter cell
counter (Model ZF; Coulter Electronics, Hialeah, FL). Monocytes
were excluded by the adherence method in which PBMCs are incu-
bated on 150 cm? tissue culture flasks at a concentration of 2 X 10/ml
for 1 h at 37°C. This procedure yields a suspension of lymphocytes
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80-90% pure (68). Nonadherent cells were removed, pooled, resus-
pended, and extensively washed in RPMI 1640 medium before seed-
ing in 16-mm tissue culture wells for assessment of elastolytic activity.
The proportion of lymphocytes in our peripheral rabbit white blood
cell (WBC) fraction was 45-50%, whereas monocytes comprise ~ 4—
9% of the peripheral WBC fraction (assessed by the clinical hematol-
ogy laboratory at The Hospital for Sick Children). It is unlikely that
monocyte contamination would be largely responsible for the levels
of elastolytic activity observed in the peripheral lymphocyte fraction
isolated, as monocytes and lymphocytes produced similar levels of
enzyme activity (data not shown).

Lymphocyte elastolytic activity. Elastin degradation by lympho-
cytes was measured as solubilization of [*H]elastin (29, 69). [*H]elas-
tin was dried on the bottom of wells of 16-mm multiwell tissue culture
plates (Corning Glass Works, Corning, NY). Plates were prepared as
follows: [*H]elastin suspension was thawed and washed extensively in
deionized water with 0.02% Brij until the background counts were
below 100 cpm. After regulating the suspension to ~ 300,000 cpm/250 1,
250 wl of suspension was placed in each well and allowed to air dry
overnight under ultraviolet light in a tissue culture hood. Weakly ad-
herent elastin was washed from the wells with warm RPMI 1640 me-
dium (Gibco) before cell seeding. Rabbit peripheral blood T lympho-
cytes, suspended in RPMI 1640 medium fortified with 10% FBS and
plated at 5 X 10° cells/ml. Cells were allowed to react with the sub-
strate for 18-24 h at 37°C. After the culture period, 600 pl of culture
medium was harvested, transferred to an Eppendorf vial, and micro-
centrifuged at 8,160 g for 4 min. The radioactivity of the supernatant
(500 pl) was assayed for *H by liquid scintillation spectrometry (as
above). To control for nonenzymatic degradation of the elastin sub-
strate, elastin degradation was corrected for media blanks. Blanks
were < 0.1% of the cpm bound to each well. Elastin degradation was
corrected for 5 X 10° cells and then expressed as micrograms of elas-
tin solubilized. Experimental wells did not release > 1% of the total
radioactivity applied. Assays were performed in triplicate.

Statistical analysis. Data are expressed as mean*SEM in Results
and the Figure legends. All analyses were performed using ANOVA
with post hoc paired subgroup testing by Fisher’s analysis and P value
corrected for multiple comparisons. When only two groups were
compared, e.g., numbers of inflammatory cells/myocardial field in do-
nor elafin versus donor saline, the Fisher’s analysis was also used. The
correlation among categorical variables (i.e., fibronectin immunohis-
tochemistry) was analyzed using Fisher’s exact test. In assessments of
fibronectin, sections were considered positive if = + in the two groups
(control and elafin-treated). In comparing myocardial rejection and
inflammation, the mean percentage from the three sections for each
animal was used and comparison was made between control and ela-
fin-treated groups by the Mann-Whitney rank sum test. In all analy-
ses differences were considered statistically significant at P < 0.05.

Results

Morphological assessment by transmission electron microscopy.
Using a computer-generated video analysis system to analyze
SEM negatives of coronary artery cross-sections, we observed
both qualitatively and quantitatively that, unlike the largely in-
tact IEL of host coronary arteries, the IEL of donor coronary
arteries of control (saline)-treated rabbit hearts was greatly
fragmented (Fig. 1). When degradation of the IEL was as-
sessed by the number of disruptions per 100 wm, the IEL of
donor vessels in the control group showed approximately a
twofold increase in the number of disruptions per 100 pm
when compared to host values (8+1/100pm vs. 3+1/100um)
(n = 3 per group) (P < 0.03). In contrast, donor arteries in the
elafin-treated group showed no increase in the number of dis-
ruptions per 100 pm when compared to host values.

When degradation of the IEL was assessed by the length of
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Figure 1. Effect of elafin administration on IEL degradation in host
and donor coronary arteries from rabbit hearts after heterotopic car-
diac transplantation. Number of disruptions per 100 wm of IEL
length in host and donor coronary artery from control and elafin-
treated animals were compared in three randomly selected rabbits
from each treatment group. Values for disruptions of IEL increased
in donor control arteries relative to all other groups (*P < 0.03 for all
comparisons).

intact IEL remaining per 100 wm of coronary artery length, the
IEL of donor vessels in the control group showed a 39% loss in
the length of intact IEL per 100 wm of coronary artery length
when compared to host values (P < 0.0006). In contrast, donor
vessels in the elafin-treated group did not show a significant
decrease in the length of intact IEL per 100 wm when compared
to host values. Representative photomicrographs of the IEL
from coronary arteries in the host, donor, and donor elafin-
treated animals are shown in Fig. 2, A, B, and C, respectively.

Morphometric analyses of host and donor coronary arteries.
Using light microscopic morphometric analysis applied to the
Movat pentachrome-stained histologic sections, we observed
no large coronary arteries (> 500 wm diameter) with intimal
thickening in host hearts from control (vehicle) and elafin-
treated groups (n = 6) (Fig. 3). In donor hearts from the con-
trol group, however, 50£12% SEM of the large vessels had in-
timal thickening, whereas in the elafin-treated group only
21+8% SEM were affected (P < 0.005). Medium- (> 100 =
500 pm diameter) and small-sized (= 100 wm diameter) coro-
nary arteries comprised numerically the overwhelming major-
ity (> 90%) of vessels available for analysis. Those from host
hearts of control and elafin-treated groups displayed minimal
intimal thickening ranging from 4+2% SEM in medium-sized
vessels from elafin-treated animals to 1£0.4% SEM in the
small sized vessels of host hearts from control animals. In con-
trast, most of the medium and small sized vessels from donor
hearts of the control group displayed intimal thickening (78+3
and 54%+2% SEM, respectively). In the elafin-treated group
only 18=3 and 6+1% SEM vessels of comparable size were af-
fected (P < 0.0001). Taken together, the presence of elafin re-
sulted in a 58, 77, and 89% reduction in the incidence of inti-
mal lesions in large-, medium-, and small-sized donor coronary
arteries, respectively. Average values for the total number of
affected vessels in each animal of both donor groups is in-
cluded in Table I.

The severity of the lesions, judged in affected vessels by the
area of intimal thickening as a portion of total vessel area, was
similar in medium and small host coronary arteries from both
control and elafin-treated groups (range: 23+3-33+4% SEM)
(n = 6) (Fig. 4). Intimal thickening in large vessels from donor



Figure 2. Representative electron photomicrographs of host (A) donor (B) and elafin-treated donor (C) coronary arteries. No disruptions are
seen in the IEL of host coronary arteries, whereas the IEL of donor coronary arteries are tortuous and exhibit multiple disruptions (arrows). In
contrast, donor arteries from animals receiving elafin treatment structurally resemble the IEL of host arteries. END O, endothelial cell; SMC,
smooth muscle cell; IEL, internal elastic lamina. X3,760; scale bar = 1 pm.

control animals was 29+4% SEM of total vessel area. In the
elafin-treated group, large vessel intimal thickening was re-
duced by 50%, but this difference was not reflected in statisti-
cal significance due to the small number of compromised ves-
sels in this size range (n = 13 in total). Intimal thickening in
medium and small donor arteries from control animals dis-
played a onefold increase in severity above host levels. In the
elafin-treated group, intimal thickening in these vessels was re-
duced by 28 and 18%, respectively (P < 0.0001 for both).
However, lesions in medium and small donor arteries of elafin-
treated animals remained significantly larger than their host
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Figure 3. Effect of recombinant human elafin treatment on the num-
ber of coronary arteries with intimal lesions in both host and donor
hearts. Intimal thickening was observed in large (> 500 pm diame-
ter), medium (> 100 = 500 pm diameter), and small (= 100 pm di-
ameter) coronary arteries. The number of vessels in the elafin-treated
group were significantly reduced compared to the control group

(P < 0.005 for large coronary artery and *P < 0.0001 for medium
and small coronary artery, respectively). In host coronary arteries, no
differences were observed in groups for large-, medium-, and small-
size vessels.

saline and elafin counterparts (P < 0.02 and P < 0.002, respec-
tively). Average values for severity of intimal thickening in each
animal of both donor groups is included in Table 1. Represen-
tative examples of coronary arteries in the host, donor, and do-
nor elafin-treated animals are shown in Fig. 5, A, B, and C, re-
spectively.

Assessment of fibronectin accumulation and the coronary
arteries. Minimal immunostaining for cellular fibronectin was
observed in host arteries of control animals (Fig. 6 A). In con-
trast, donor coronary arteries of control animals showed mod-
erate to abundant (+ to ++) fibronectin in five of six animals
(Fig. 6 B, Table I), whereas coronary arteries of elafin-treated

*p<0.0001 . .
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Figure 4. Effect of recombinant human elafin treatment on the sever-
ity of coronary artery intimal lesions in affected arteries as assessed
by intimal thickening (as a percentage of total vessel area) related to
vessel size in both host and donor hearts. There was a significant re-
duction in the severity of intimal thickening in both medium- (> 100
= 500 pm diameter) and small- (= 100 pm diameter) size vessels of
the elafin-treated group when compared with the control donor
group (*P < 0.0001).
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Figure 5. Representative photomicrographs of Movat pentachrome staining of coronary arteries in the host control, donor control, and elafin-
treated donor groups. The normal appearing host vessel (A) contrasts with the affected donor vessel (B) showing a concentric intimal lesion in
the control group and a more normal appearing artery in the elafin-treated donor group (C). All vessels are in the medium- (> 100 = 500 pm di-
ameter) size range. Original magnification 200.

rabbits showed negative to minimal immunostaining (— to +/—) nary arteries of elafin-treated animals was usually localized to
(Fig. 6 C) (P < 0.02). Fibronectin expression in the donor arter- the intima. The animal expressing the least intense fibronectin
ies of the control group occurred throughout the media and in- staining in the control group possessed both the least number
tima, whereas fibronectin immunostaining in the donor coro-  of compromised vessels and severity of intimal thickening

A B C

Figure 6. Representative photomicrograph of immunoperoxidase staining for cellular fibronectin (A-C) and proliferating cell nuclear antigen
(D—-F) in host and donor coronary arteries from both control and elafin-treated groups. The accumulation of cellular fibronectin was minimal in
host vessels (A). Donor coronary arteries from the control group showed abundant accumulation of fibronectin (B), whereas, donor coronaries
of elafin-treated rabbits showed a similar level of fibronectin accumulation (negative to minimal) as seen in host vessels (C). A minimal level of
PCNA staining was also seen in host vessels (D). PCNA staining was notably increased in the media and adventitia of donor coronary arteries of
control animals (E) and reduced below host levels in donor coronary arteries of elafin-treated rabbits (F). Original magnification 600.
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Figure 7. Effect of recombinant human
elafin treatment on cellular proliferation
in coronary arteries as assessed by posi-
tive staining for PCNA in host and donor
hearts from control and elafin-treated an-
imals. There was a greater than threefold
increase in the number of proliferating
* cells in both medium- (> 100 = 500 pm
diameter) and small- (= 100 wm diame-
ter) size vessels of the donor control
group relative to the host (P < 0.0001 and
P < 0.0005, respectively, not indicated on
figure). The number of proliferating cells
was significantly reduced in large (> 500
wm diameter) (*P < 0.0001) medium
(*P < 0.0001) and small arteries (°P <
0.02) of donor hearts in elafin-treated an-
imals and large (*P < 0.0001) and me-
dium vessels (TP < 0.005) of elafin-
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within that group (Table I). Similarly, one of the two elafin-
treated animals that displayed the greatest degree of fibronec-
tin accumulation was associated with the greatest number of
compromised vessels and severity of intimal thickening within
the elafin-treated group.

DONOR treated host hearts.

Assessment of cellular proliferation in the coronary arter-
ies. Immunohistochemical studies were performed to assess
the effect of elafin on cellular proliferation in the coronary ar-
teries of transplanted hearts. Minimal immunostaining for pro-
liferating cell nuclear antigen was observed in host arteries of
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Figure 8. Representative photomicrograph of immunoperoxidase staining for rabbit T cells (A-C) and macrophages (D—F) in host and donor
coronary arteries from both control and elafin-treated groups. Negative staining was seen in most host vessels for both T cells and macrophages
(A and D, respectively). In donor vessels of both groups, T cells were abundant both on the endothelial surface and infiltrating the vessel wall (B
and C, respectively). Occasionally, macrophages could also be seen adhering to the endothelial cell surface in donor vessels of both groups (B
and C, respectively), however, the majority of vessels were negative for this cell type. Macrophages were less evident in the elafin-treated group,
and when seen on the coronary arteries they were usually associated with outer medial layer and adventitia. Original magnification 600.
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Figure 9. Composite photograph of host and donor rabbit hearts har-
vested from saline and elafin treated rabbits 1 wk after heterotopic
cardiac transplantation. Control (saline) host, control (saline) donor,
elafin-treated host, and elafin-treated donor.

control animals (Fig. 6 D). In contrast, the number of positively
stained cells both in the media and adventitia was greatly in-
creased in donor coronary arteries of control animals (Fig. 6 E).
A significant number of positive cells could also be seen in the

intima of vessels with neointimal lesions. In donor coronary ar-
teries of rabbits that received elafin, the level of staining was
notably diminished (Fig. 6 F) (Table I). Quantitative assess-
ments are given in Fig. 7. In control host hearts, large coronary
arteries showed = 20 cells that were PCNA positive, whereas
= 5 PCNA positive cells were observed in medium and small
vessels. In large donor coronary arteries, no significant differ-
ence in the number of PCNA-positive cells was appreciated,
but, in medium and small coronary arteries from donor control
hearts, a two- to threefold increase was apparent (Fig. 7) (P <
0.0001 and P < 0.0005, respectively). Elafin-treated donor
hearts, however, showed a 96% (P < 0.0001), 69% (P < 0.0001),
and 52% (P < 0.02) decrease in cell proliferation from donor
control levels, respectively. A 97 and 79% decrease in num-
bers of proliferating cells was also observed in large and me-
dium host arteries of elafin-treated animals when compared to
the control group (P < 0.0001 and P < 0.005, respectively). A
decrease in the basal level of cell proliferation was not ob-
served in small arteries of the elafin-treated host group. Al-
though a general increase in the level of cell proliferation was
associated with coronary arteries of the donor control group,
there did not appear to be a direct relationship between the
number of PCNA-positive cells and either the number of af-
fected arteries or the severity of intimal thickening (individual
values given in Table 1). We have not distinguished the num-
ber of PCNA-positive cells that were inflammatory versus
SMCs, but based upon immunostaining for alpha actin and in-
flammatory cell markers, we can infer that the majority were
likely SMCs.

Immune-inflammatory cells in the coronary arteries. Immu-
nohistochemical studies were performed to compare adhesion
and invasion of T cells and macrophages in host and donor
coronary arteries from control and elafin-treated groups. Host
coronary arteries were negative for these inflammatory cells.
Fig. 8, A and D, show examples of negative immunostaining
for T cells and macrophages in host coronary arteries, respec-
tively, whereas donor coronary arteries from both control and
elafin groups showed variable expression of these inflamma-

Table 1. Immunohistochemical Findings in Allograft Myocardium from Individual Rabbits

Grading of rejection

Mean number cells/290 pm? Fraction of PCNA

Cardiac function

positive cells

Animal Treatment (final) % Necrosis % Inflam T cells Macrophages (% total)
1 Elafin Contractile 22% 22% 76 3 16%
2 Elafin Contractile 23% 13% 113 5 5%
3 Elafin Contractile 31% 19% 147 6 9%
4 Elafin Contractile 21% 15% 88 4 8%
5 Elafin Contractile 24% 25% 172 20 7%
6 Elafin Contractile 19% 15% 66 3 10%
7 CTRL Asystolic 68% 28% 130 9 24%
8 CTRL Asystolic 88% 15% 111 28 11%
9 CTRL Asystolic 85% 19% 141 39 38%

10 CTRL Asystolic 88% 8% 52 36 44%

11 CTRL Asystolic 90% 5% 55 4 17%

12 CTRL Asystolic 90% 12% 52 10 45%

CTRL, control (0.9% saline); % Necrosis, percentage of total ventricular wall area with (necrotic myocytes, replacement or dropout, infiltrative obli-
teration); % Inflam (percent inflammation), percentage of total ventricular wall area with (infiltrative obliteration and inflammatory cells); PCNA,

proliferating cell nuclear antigen.
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tory cells (Fig. 8, B and C, and E and F, respectively). T cells
were quantitatively judged to be more abundant when the av-
erage number of cells per vessel was assessed (Table I). T cells
were most often adherent to the endothelium, fewer showed
invasion onto the media, and occasionally T cell presence was
observed in the adventitia. Three of six control donor hearts had
vessels with 12 or more T cells, two had an average of eight
T cells per vessel and one had less than eight. In contrast, only
one of six elafin donor hearts showed an average of eight T cells
per vessel, two had less than eight, and three elafin-treated
hearts had no T cells associated with their vessels (Table I). In
spite of a trend toward decreased numbers of vascular-associ-
ated T cells in elafin-treated animals, average numbers of T cells
associated with vessels in both groups were not significantly
different (P < 0.63). In neither group was this feature corre-
lated with a reduction in number or severity of arteriopathic
lesions.

Macrophages were notably less abundant than T cells, and
although they could be found adherent to the endothelial layer,
they were most commonly localized in the outer media and ad-
ventitia. In control and elafin-treated animals, macrophage
presence in donor vessels was determined to range from none
to as many as 12 macrophages per vessel (Table I). Although
elafin-treated donor hearts showed a greater number of ani-
mals negative for vascular-associated macrophages, differ-
ences between the two groups was not statistically significant
(P < 0.80); it is worth noting that both control and elafin-
treated animals that possessed vascular-associated macrophages
had larger numbers of intimal lesions within their respective
groups and the greatest increase in the severity of intimal le-
sion size (Table I).

Evaluation of heart size. The extent of damage to both ar-
teries and myocardium in transplanted hearts without elafin
treatment resulted in a lack of function in the donor heart (Ta-
ble II). This is reflected both in the appearance and in the
marked difference in size when compared to hearts from ela-
fin-treated animals (Fig. 9). After experimental heterotopic
cardiac transplantation, control and elafin-treated host hearts
appeared normal (Fig. 9, A and C, respectively) and showed
no difference in wet weight at 8.24+0.34 and 8.88+0.38 g, re-
spectively (n = 6). However, after saline infusion, donor hearts
appeared very hemorrhagic, infiltrated, and edematous (Fig.
9 B) and weighed an average of 25.75+0.89 g, whereas donor
hearts receiving elafin treatment appeared much less hemor-
rhagic and edematous (Fig. 9 D) and weighed an average of
15.44+1.14 g (n = 6). Thus, at the termination of the study, do-
nor hearts in saline-treated animals were approximately three
times the weight of their respective host hearts (P < 0.0001),
whereas elafin-treated hearts were only 1.5 times the weight of
host hearts (P < 0.002). Elafin treatment resulted in a 75% re-

duction in the transplant-induced increase in heart weight (P <
0.0001).

Grading of rejection. Donor heart sections stained with he-
matoxylin and eosin were qualitatively graded with respect to
severity of necrosis and inflammation. Myocardium appeared
normal in host hearts from both control (Fig. 10 A) and elafin-
treated rabbits. 1 wk after transplantation, the myocardium of
control donor hearts showed infiltration by lymphocytes, mac-
rophages, and granulocytes. This was associated with marked
edema, with separation of the myocardial muscle bundles, exten-
sive myocyte necrosis, interstitial hemorrhage, and early fibrosis
(Fig. 10 B). In contrast, the myocyte integrity of transplanted
hearts, in elafin-treated animals, more closely resembled that
of nontransplanted hearts in most fields of view. Minimal
acute cardiomyocyte necrosis, typically 1-2% and never ex-
ceeding 5% of any section, was observed in elafin-treated do-
nor hearts although there was extensive lymphocytic infiltra-
tion (Fig. 10 E). Some areas were present, in elafin-treated
donor heart sections, where dropout of myocytes, indicative of
necrosis, was associated with lymphocytic infiltration (Fig. 10 D).
In some of these areas there was early replacement fibrosis
and areas of infiltrative obliteration. The epicardium and sub-
epicardium of control donor hearts often showed extensive
hemorrhage and less cellularity (Fig. 10 C) than their elafin
counterparts (Fig. 10 F).

When the total percentage of left ventricular wall tissue
containing areas of acutely necrotic cardiomyocytes, myocyte
dropout or replacement with tissue fibrosis and infiltrative
obliteration was assessed, elafin-treated donor hearts had an
average of 23% (range 19-31%) of the tissue containing areas
of necrosis. In contrast, hearts of the saline-treated group
showed an average of 85% (range 68-90%) necrotic area in
their ventricular wall (P < 0.004) (Table IT). The percentage of
total tissue area assessed as containing inflammation was 18%
(range 13-25%) in elafin-treated donor hearts, which was sim-
ilar to donor hearts of the saline-treated group, which received
an average score of 14% (range 5-28%) (P = 0.29) (Table II).
Since the category of inflammatory obliteration was included
in both the assessments of necrosis and inflammation, addition
of the two percentages may exceed 100%, as did occur in three
of the controls (Table II).

Immune-inflammatory cells: presence and proliferation in
the myocardium. To compare infiltration of T cells and mac-
rophages in host and donor myocardium from control and elafin-
treated groups, immunohistochemical studies were performed.
Host myocardium was negative for these inflammatory cells.
Fig. 11, A and D show examples of negative immunostaining
for T cells and macrophages, respectively. In contrast, donor
hearts from both control and elafin-treated groups showed
marked expression of both T cells and macrophages. In control

Figure 10. Representative photomicrographs of hematoxylin- and eosin-stained sections of myocardium from host (control), donor (control),
and donor (elafin-treated) groups. Normal myocardium in host hearts (A) contrasts with the severely rejected myocardium observed in the con-
trol group (B and C). The myocytes from elafin-treated donor hearts more closely resemble those in host hearts (E) in spite of inflammatory cell
infiltration (D and F). Original magnification 100 (A, C, D, and F) and 200 (B and E).

Figure 11. Representative photomicrograph of immunoperoxidase staining for T cells (A-C), macrophages (D-F), and PCNA (G-I) in host and
donor myocardium from both control and elafin-treated groups. Negative staining was seen in host myocardium for both T cells (A) and mac-
rophages (D). In contrast, donor myocardium of hearts from both control and elafin-treated groups showed extensive infiltration of T cells (B
and C, respectively) and limited infiltration of macrophages (E and F, respectively). Infiltrating cells in the myocardium showed positive immu-
noperoxidase staining for PCNA in myocardium from control donor hearts (H). In elafin-treated donor myocardium the level of positive PCNA
staining was reduced (/). Myocardium of host hearts was negative for PCNA staining (G). Original magnification 400.
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Figure 12. Elastolytic activity of host and donor myocardium from
control and elafin-treated hearts. In two separate trials, comparing
myocardium from all four groups, increased control donor myocar-
dial elastolytic activity was reduced to control host levels in elafin-
treated donor myocardium (*P < 0.0001). Myocardium from elafin-
treated host hearts also showed a significant reduction in elastolytic
activity (*P < 0.0001). Values are mean=SEM from a representative
experiment.

donor hearts, an average of 90+17 T cells and 21+6 macro-
phages were observed per 290 um? of myocardium. In donor
hearts of elafin-treated animals an average of 110+17 T cells
and 7+3 macrophages were observed per 290 wm? of myocar-
dium (Table II). Neither the numbers of myocardial T cells (P <
0.27) or macrophages (P < 0.43) were statistically different be-
tween the two treatment groups. However, T cells were ~ 4.5
times more abundant than macrophages in the donor myocar-
dium of control animals (P < 0.001) and 16 times more plenti-
ful in the myocardium of elafin-treated animals (P < 0.0001).

T cells were routinely distributed uniformly throughout the
myocardium. Fig. 11, B and C show examples of positive myo-
cardial immunostaining for T cells in control and elafin-treated
animals, respectively. Despite lack of statistical significance, (P <
0.43), it was interesting that four of six control donor hearts
had = 10 macrophage per 290 um? of myocardium, with three
of the four having numbers of 28 and above whereas five of the
six elafin-treated rabbits showed = 6 macrophages per 290 um?
of myocardium (Table II). Fig. 11, E and F show examples of
positive myocardial immunostaining for macrophages in con-
trol and elafin-treated donor hearts, respectively. Unlike the
uniform distribution of T cells, macrophages were usually ob-
served in the general vicinity of the coronary vasculature at
sites of intense myocardial infiltration. In spite of the similar
numbers of both cell types in the donor myocardium of both
transplant groups, there was a significant difference in the myo-
cardial rejection grade between the two treatment groups.

Minimal immunostaining for proliferating cell nuclear anti-
gen was observed in host myocardium of control (Fig. 11 G)
and elafin-treated animals (not shown). In contrast, 30+3% of
cells in the myocardial infiltrate in donor hearts of the saline
group showed positive PCNA staining, indicating cellular pro-
liferation (represented in Fig. 11 H). Infiltrating immune cells
from elafin-treated donor hearts showed a twofold reduction
in the level of proliferation to 9+1% (P < 0.0001), which is
represented in Fig. 11 I. Proliferation rates for individual ani-
mals are listed in Table II.

Myocardial elastolytic activity. In four animals we were
able to analyze tissue for myocardial elastase activity. Myocar-

dial protein extracts from donor hearts of control animals
showed a greater than onefold increase in elastolytic activity
per milligram of tissue, judged by degradation of a [*H]-insolu-
ble elastin substrate, when normalized and compared to host
controls (P < 0.0001) (Fig. 12). In contrast, protein extracted
from the donor myocardium of elafin-treated animals showed
elastolytic activity similar to the host controls. Myocardial pro-
tein extracts from elafin-treated host hearts, however, also
showed a 52% reduction in elastolytic activity compared to the
values of control group host myocardium (P < 0.0001). A
mean valuexSEM is shown from a representative experiment.

Lymphocyte elastolytic activity. To determine whether in-
filtrating T cells could be a contributing source of myocardial
elastase activity, we isolated peripheral blood T cells from two
nontransplanted rabbits and assessed their ability to degrade
insoluble [*H]elastin, as a measure of elastolytic activity. We
observed that 5 X 10° lymphocytes degraded ~ 550 ng of insol-
uble elastin. This activity was suppressed by 75% after the ad-
ministration of 1 pg of recombinant human elafin (P < 0.01).
Lymphocytes isolated from heparinized peripheral blood of a
transplanted rabbit did not differ in either the magnitude of
basal elastolytic activity or in the level of inhibition by exoge-
nous elafin.

Discussion

In this study, we describe the positive effect of elafin, a selec-
tive serine elastase inhibitor, in markedly attenuating both the
development of experimental graft arteriopathy and the asso-
ciated myocardial necrosis in vivo. These are the first observa-
tions to provide evidence of a functional role for increased
elastolytic activity in the pathophysiology of this disease. We
were able to show that the decrease in both the incidence and
severity of allograft coronary artery lesions in the elafin-
treated group was associated with inhibition of elastolytic ac-
tivity judged ultrastructurally, and fibronectin production and
vascular cell proliferation assessed immunohistochemically.
These results suggest that inhibition of elastolytic activity pre-
vents the cytokine-mediated upregulation of fibronectin in do-
nor vessels which we have previously described (56, 70). In-
creased fibronectin has been previously shown to mediate
both smooth muscle cell migration into the subendothelium
(71) and transendothelial migration of inflammatory cells (12,
18, 19). In addition, it is likely that elafin also interfered with
the elastase-mediated release of matrix-bound growth factors
that cause smooth muscle cell proliferation (37), which is
known to precede neointimal lesion development (72-76). We
could conclude, therefore, that elafin influences the process of
intimal thickening in the setting of the allograft arteriopathy,
primarily by its direct and indirect effects on smooth muscle
cell migration and proliferation. Elafin did not, however, de-
spite its modulation of fibronectin, appear to influence inflam-
matory cell transendothelial migration, implicating other
mechanisms, e.g., production of metalloenzymes (77). An un-
expected finding was that administration of elafin also limited
the increase in donor heart size and decreased myocardial ne-
crosis observed in control hearts. This was associated with an
inhibition of donor myocardial elastolytic activity, and a signif-
icant depression in the proliferation of infiltrating inflamma-
tory cells. We related these features to elafin-mediated inhibi-
tion of basal lymphocyte elastolytic activity, in vitro, and to
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direct and indirect effects of elafin on cell proliferation (which
will be discussed).

The rabbit heterotopic cardiac transplant model has proven
to be useful in studying the pathophysiologic mechanisms un-
derlying the development of graft arteriopathy and myocardial
rejection (12, 18, 60, 62). The allograft arterial lesions in this
model develop over an accelerated time course (18, 60). How-
ever, as the lesions resemble those observed in human allografts
(62), the model offers a time-efficient method of studying the
factors contributing to this disease process. In the rabbit model,
lack of immunosuppression is required to accelerate neointi-
mal lesion development (18), which occurs before complete al-
lograft rejection at 7-8 d (18, 60). In the presence of immuno-
suppression, these lesions still develop but over a longer time
course (i.e., 5-6 wk) (63, 78).

Animals were also made hypercholesterolemic to elevate
the normally low cholesterol levels in rabbits and further accel-
erate the development of the arteriopathy (20, 60, 79, 80). Af-
ter consumption of a 0.5% cholesterol diet, the intimal lesions
are fatty proliferative in nature and bear close resemblance to
chronic posttransplant coronary arteriopathy lesions seen in
the human disease (60). Elevated rabbit serum cholesterol is
also reflected in the early induction of intimal lesions in host
vessels and fatty infiltration of the myocardium (18). In the ab-
sence of an increased cholesterol diet, arteriopathic lesions de-
velop over a longer time course and are characterized as pre-
dominantly proliferative in nature (60).

Evidence of increased elastolytic activity in coronary arter-
ies from cardiac biopsy and postmortem tissue of transplant re-
cipients (4) has been suggested by morphologic evidence of
disruption of the internal elastic lamina (16). We have corre-
lated the ultrastructural appearance of fragmentation of elas-
tin with increased serine elastase activity in coronary arteries
from piglets after cardiac transplantation (17). Increased elas-
tolytic activity has also been associated with atherosclerosis
(81, 82) and increasing evidence supports the involvement of
both metallo- (26, 27) and cysteine proteinases (83) in vulnera-
ble regions of atherosclerotic plaques. We have previously re-
ported increased levels of serine elastolytic activity in experi-
mental models of pulmonary hypertension (84-87) and in
association with neointimal proliferation in an organ-culture
model of atherogenesis (88). In experimental models of pul-
monary vascular disease, elastase inhibitors were found to re-
duce pulmonary hypertension significantly, and to reduce vascu-
lar changes, including early evidence of neointimal formation
(84, 85, 87). Elastases may function to liberate growth factors
from the matrix and to upregulate cytokine activity and, in this
way, contribute to the development of neointimal lesions (37—
47). Elastase activity also results in the production of chemo-
tactic peptides (29, 48, 49), which may influence both lympho-
cyte transendothelial migration and SMC migration into the
subendothelium.

The contributing sources of elastolytic activity in the vascu-
lar allograft remain to be determined. However, primary can-
didates are trafficking inflammatory cells and vascular smooth
muscle cells. Both allogenic CD4+ and CD8+ T lymphocytes
secrete granzyme serine proteinases (89-91), and granzyme A
is known to be elastolytic (91). Macrophages secrete elastolytic
serine proteinases indistinguishable from leukocyte elastase
and cathepsin G (30, 92, 93). These inflammatory cells have
been extensively documented both in the coronary vasculature
(12, 18-21) and in the rejecting myocardium (22-24) after car-
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diac transplantation. Coronary artery smooth muscle cells
could also contribute to the increased elastolytic activity ob-
served (56).

In vitro, we have demonstrated that IL-18-stimulated cor-
onary artery smooth muscle cell fibronectin synthesis is re-
duced to basal levels by the administration of either the serine
proteinase inhibitor, alpha-1 antitrypsin, or the specific elastase
inhibitor, elafin (70) and that this is correlated with reduced
production of elastin peptides (56). As k-elastin, a fragmented
form of insoluble elastin, has been shown to upregulate fi-
bronectin synthesis in cultured vascular smooth muscle cells by
facilitating the interaction between IL-1B and its receptor
(52a), we postulate that elastin peptides may have the same ef-
fect in vivo in coronary allograft arteriopathy by promoting cy-
tokine-mediated endothelial and smooth muscle cell fibronec-
tin synthesis.

Elafin’s selectivity and, specifically, its inhibition of elas-
tase(s) isolated from heterotopically transplanted piglet donor
coronary arteries (17), and its inhibition of IL-13-stimulated
coronary artery smooth muscle cell fibronectin synthesis in
vitro (70), made it an excellent candidate for the assessment of
the pathophysiologic role of elastolytic activity in the rabbit
model of post-cardiac transplant coronary arteriopathy. Re-
combinant human elafin is a 6-kD (57 amino acid), highly
charged, acid-stable, basic polypeptide with a 38% sequence
homology with the COOH-terminal half of antileukoprotein-
ase (59). Elafin, initially purified from human psoriatic lesions
(59) and later from bronchial mucus of patients with chronic
bronchitis (55), is a potent, substrate-like, fully reversible in-
hibitor of human leukocyte elastase (57, 59), porcine pancreatic
elastase (59), and proteinase 3 (58). Elafin inactivates serine
elastases by blocking the reactive serine at the catalytic center
(57) and blocks both human leukocyte elastase and porcine
pancreatic elastase at a 1:1 molar concentration (59). Elafin
has no effect on plasmin, trypsin, a-chymotrypsin, and cathep-
sin G making it a very selective elastase inhibitor (58, 59, 94).
In addition, it has been reported that IL-18, TNF-«, human
neutrophil elastase, and cathepsin G are major inducers of ela-
fin/pre-elafin expression in two human airway epithelial cell
lines (95). Elafin has also been shown to reduce reperfusion
neutrophil recruitment and preserve post-ischemic skeletal
muscle viability, in vivo (96). Elafin appears to be constitutively
expressed in the vasculature (97) and our unpublished obser-
vations and may be a naturally occurring inhibitor, which
could be suppressed or sequestered in disease. Recently, it was
proposed in studies of mammary epithelial cells that intracellu-
lar elafin expression may even have direct effects inhibiting
cell cycle progression and proliferation (98). If so, this may
also contribute to the observed reduction in smooth muscle
and inflammatory cell proliferation.

Elafin treatment did not appear to influence the number or
severity of host vessels with lesions. This feature was also ap-
preciated in our studies using the TNF-asr (18) and CS-1 pep-
tide (12), but not in studies with other agents used to reduce
graft arteriopathy (63, 78). This reinforces a selective effect of
elafin on the pathophysiology of graft arteriopathy.

In developing the quantitative assessment of rejection for
the present study, the cardiac biopsy grading scheme estab-
lished by the Heart Rejection Study Group of the Interna-
tional Society for Heart and Lung Transplantation (99), a
modified version of the Billingham grading scheme (100), was
not used for several reasons. It is not quantitative; it is de-



signed for the assessment of endomyocardial biopsies not
transmural sections and is more appropriate to clinical practice
as contrasted with the nonimmunosuppressed outbred hetero-
topic rabbit heart transplant model of the present study in
which rejection was so severe in the control animals that at 7-d
follow-up none of these hearts remained beating. Neverthe-
less, our assessment of rejection retained the key elements of
all systems for grading cardiac rejection: the distinction be-
tween the presence of inflammatory activity and cardiomyo-
cyte necrosis. The quantitative assessment was not performed
in a blinded fashion because qualitative differences in heart
sections from the two groups, assessed previously, were so dis-
tinctive.

The 62% mean reduction in necrotic left ventricular wall
area after elafin administration differed from previous studies
in our laboratory in which significant reduction in both the
number of arteries with neointimal lesions and severity of le-
sions was accomplished without altering the associated myo-
cardial necrosis (12, 18). It is likely that elastases released from
both infiltrating inflammatory cells and from vascular cells
function to disrupt myocyte integrity and the myocardial archi-
tecture. Matrix metalloproteinases and human leukocyte
elastase are capable of myocardial disruption through the deg-
radation of fibrillar collagen (101), and macrophage protein-
ases have been shown to degrade a wide variety of extracellu-
lar matrix components, including elastin and collagen (102,
103). Serine proteinases have also been shown to activate myo-
cardial promatrix metalloproteinases that have been localized
to the endocardium, subendocardium, and the interstitium
(101). Allogenic T lymphocytes are know to possess granzymes
A and B and perforin, which are effectors of foreign cell de-
struction (89, 90). The presence of granzyme A, granzyme B,
and perforin in prerejected myocardial biopsies suggests that
these proteins could be used as predictive markers for acute
rejection in patients with early rejection crisis (104-106) and
possibly function in the cytolysis that occurs during transplan-
tation rejection (104). Also, serine proteinase inhibitors of
T lymphocyte natural cytotoxicity have been shown to block
cytotoxic activity without affecting lymphocyte-target cell
binding (107). This provides further support that serine pro-
teinases may be involved in the initiation of the cascade of
events that may lead to cytolysis (107).

Although allogenic T lymphocytes and macrophages have
been extensively documented in donor coronary arteries (12,
18-21) and the rejecting posttransplant myocardium (22-24),
macrophages are not a prominent early feature of the rabbit
accelerated graft arteriopathy model (12, 18, 20). Accordingly,
we have observed relatively fewer macrophages adherent to
the coronary vasculature and infiltrating the myocardium.
Macrophages become a significantly more prominent feature
of rabbit cardiac allografts 2-3 wk after experimental trans-
plantation (20) and are also prevalent in human cardiac al-
lografts only years after cardiac transplantation (22, 23). Thus,
we chose to focus on the potential elastolytic contribution of
the extensive T cell infiltrate to myocardial necrosis. In this
study, we demonstrated that isolated rabbit peripheral blood
lymphocytes possess elafin-inhibitable elastase activity, although
we cannot exclude potential contribution from other sources.
This activity may be elevated after both lymphocyte adhesion
to the cardiac allograft and stimulation by cytokines and solu-
ble factors in the graft microenvironment.

Elafin administration resulting in a 67% reduction in the

percentage of proliferating cells as judged by the presence of
PCNA suggests that elafin’s limiting effect on myocardial ne-
crosis may also be mediated by a reduction in the clonal prolif-
eration rate of infiltrating inflammatory cells. As observed in
the vasculature, this may be the result of elafin’s reductive ef-
fect on the liberation of matrix-bound growth factors involved
in cell proliferation (37) and perhaps its speculative role as an
inhibitor of cell cycle progression (98). In spite of the 21% in-
crease in the number of PCNA-positive cells observed in sa-
line-treated donor hearts, there was, if anything, a trend to-
ward increased numbers of inflammatory cells in elafin-treated
hearts (P = 0.06). That the increase in PCNA-positive cells was
not reflected in an increase in cell number may either mean
that, despite proliferation, there is high cell turnover or that
there is lack of progression to cell division. Inflammatory cell
proliferation has been documented in rat cardiac allografts ir-
respective of the form of immunosuppression (108). In these
studies, CD8+ T cell proliferation rates ranged from 15 to
37% and CD4+ T cell proliferation rates ranged from 25 to
30%. In contrast, macrophage proliferation within the graft
was minimal at 1 to 4% (108), suggesting, as in our study, that
T cells are the major proliferating cell population. Although
steroid immunosuppression eliminated signs of graft destruc-
tion, no effect was observed on the levels of inflammatory cell
proliferation (108). These observations indicate that elafin
may reduce myocardial necrosis through a reduction of both
the number of clonally proliferating inflammatory cells and
also through an inhibitory effect on their proteolytic enzymes.

In summary, we have used elafin to show that the reduction
of experimental accelerated graft arteriopathy induced in cho-
lesterol-fed rabbits after heterotopic cardiac transplantation
can be achieved by reducing vascular-associated elastolytic ac-
tivity. We propose that the reduced production of elastin pep-
tides in the vasculature impairs cytokine-mediated stimulation
of endothelial and smooth muscle cell fibronectin synthesis
which influences the migration of smooth muscle and inflamma-
tory cells. Elafin also reduces the liberation of matrix-bound
growth factors which may be responsible for the proliferation
of vascular smooth muscle cells. We have also shown that ad-
ministration of elafin causes a reduction in posttransplant myo-
cardial necrosis. Since elafin reduced the elastolytic activity of
isolated lymphocytes, we speculate that elastolytic activity pro-
duced by these cells contributes to transplant-associated myo-
cardial necrosis. Therefore, it is possible that local inhibition of
elevated elastolytic activity may offer alternative or accessory
therapy for the effective prevention of both graft arteriopathy
and myocardial necrosis.
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