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Conflicting patterns ofmyocardial ceU adhesion
molecule expression associated witb cardiac re-
jection bave emergedfrom numerous studies of
randomly selected cardiac biopsies. We designed
a prospective, longitudinal study wbicb reports
botb qualitative and quantitative levels of myo-
cardialICAM-1, VCAM-1, E-selectin, andP-selectin
expression in sequentialbuman cardiac allograft
biopsies. Intense ICAM-1 and VCAM-1 staining
was found in aU biopsies during the first tbree
weeks after transplant and coincided with el-
evated serum levels of troponin T, a sensitive
marker of ischemic myocyte injury. Baseline
ICAM-1 and VCAM-1 expression returned within
tbree tofour weeks, as did serum troponin T lev-
els in ailpatients who didnot develop rejection. AU
29 rejection episodes encountered were associ-
ated with intense ICAM-1 staining, wbile 24 ofthe
29(83%) had intense VCAM-1 staining. Increased
ELAM-1 and CD62 staining was only rarely ob-
served Persistence of increased ICAM-1 and
VCAM-1 staining after treated rejection episodes
predicted a recurrent rejection episode within
two montbs (75%positive and 100% negativepre-
dictive value). Objective quantitative measure-
ments by radioimmunoassay (RIA) confirmed

thesepatterns ofinducedICAM-1 and VCAM-1 ex-
pression. Thus, longitudinal monitoring ofserial
biopsiesfor myocardial ICAM-1 and VCAM-1 ex-
pression could be useful in the early detection of
rejection episodes and monitoring the efficacy of
immunosuppressive therapy. (Am J Pathol
1994, 145:1082-1094)

The histological examination of endomyocardial bi-
opsies (EMBs) performed at routine intervals after
cardiac transplantation is the most reliable means to
assess the patients for allograft rejection. The histo-
logical criteria used to classify mild, moderate and
severe rejection has been standardized by Billingham
et al.1 which provides a diagnostic uniformity to bi-
opsy interpretation. Clinical experience, however, has
shown that whereas biopsies containing multiple foci
of interstitial inflammation with myocyte necrosis rep-
resent ongoing rejection, histology alone cannot
readily distinguish nonspecific myocardial inflamma-
tion from the early stages of rejection.

Recently, a growing body of evidence has shown
the importance of the expression of cell adhesion mol-
ecules (CAMs) on endothelial cells and their respec-
tive ligands on subpopulations of mononuclear cells
in regulating leukocyte-endothelial cell interactions.2
Effective interaction between CAMs and their ligands
facilitate interactions between T cells and antigen-
presenting cells and help direct adhesion, activation
and trafficking of lymphocytes. Numerous studies
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have shown induction of CAMs on endothelial cells in
human and experimental liver,3'4 kidney,5'6 pan-
creas4 and heart grafts,7 15 as well as reduced se-
verity of allograft rejection when adhesion molecule
expression is effectively blocked.1618 Immunohistol-
ogy studies examining the role of CAM expression in
human cardiac allograft rejection performed to
date7-15 have analyzed relatively small numbers of
selected biopsies and have described variable ex-
pression of ICAM-1, VCAM-1 and ELAM-1. In a recent
review of these studies,7 no consensus pattern of
CAM expression associated with rejection was evi-
dent. Potential explanations for such conflicting re-
sults include: 1) variability of inducible CAM expres-
sion in individual patients; 2) varied temporal
relationships between different CAMs and histologi-
cal rejection; and 3) a lack of objective measurements
of CAM expression. Therefore, to more clearly define
the temporal sequence of induced myocardial CAM
expression in patients after cardiac transplantation,
we designed a prospective, longitudinal study to
qualitatively and quantitatively measure changes in
relative levels of ICAM-1, VCAM-1, E-selectin, and
P-selectin in sequential human cardiac allograft bi-
opsies from the time of transplantation. The temporal
relationships between myocardial CAM expression
and the development of rejection constitute the basis
for this report.

Materials and Methods

Patients

A total of 20 consecutive adult patients undergoing
cardiac transplantation at Emory University Hospital
were prospectively studied. Patient demographics,
donor ischemia times, and donor/recipient MHC
class and class 11 typing results were available for
each patient. All transplant patients were routinely
treated with immunosuppressive therapy including
cyclosporine A, azathioprine, and prednisone. Per-
cutaneous transvenous endomyocardial biopsies
were performed on cardiac transplant recipients
within the first week and then weekly for the first eight
weeks and every other week for the next eight weeks,
or as clinically indicated. The biopsies were collected
in sterile medium and transported to the laboratory for
all studies listed below. Serum samples were ob-
tained immediately before EMB sampling during
each biopsy-related visit. Informed consent for all
EMB studies described below were obtained from
each patient and all studies were approved by the

Human Investigations Committee of the Emory Uni-
versity Medical Center.

Histological Rejection Grades

Aliquots of the biopsies were fixed in 10% neutral buff-
ered formalin, processed in a rapid tissue processor
in a 4-hour cycle, and embedded in paraffin as a
single block. The biopsies were serially sectioned,
which provides slides at 16 levels. Every other slide
was stained with hematoxylin and eosin and micro-
scopic evaluation performed. Intervening slides were
used for special stains if deemed necessary. The
grading of the biopsies was performed using the
standardized histological grading system devised by
Billingham et al:1 negative, grade 0; minimal/mild lym-
phocytic infiltrates, grades 1A and 1 B; focal moderate
rejection, grade 2; and moderate/severe rejection,
grades 3A, 3B, and 4. Episodes of significant rejec-
tion (biopsies demonstrating focal moderate, moder-
ate, or severe rejection) were routinely treated with
additional immunosuppression (see below).

Immunohistology

Aliquots of EMB were snap-frozen in OCT compound,
and serial sections were utilized to semiquantitatively
assess the expression of relative levels of ICAM-1
(CD54), VCAM-1, ELAM-1, and P-selectin (CD62) on
microvascular endothelial cells and cardiac myo-
cytes, essentially as previously described.1921 The
monoclonal antisera specific for ICAM-1, ELAM-1,
and P-selectin were purchased from Becton-
Dickinson (Mountain View, CA), and the anti-VCAM-1
was a generous gift from Dr. J. Harlan (University of
Washington, Seattle, WA). Each of these antisera was
titrated to define optimum concentrations to be uti-
lized, using the human umbilical vein endothelial cell
line (HUVEC, ATCC, CR1730, Rockville, MD) pre-
treated with tumor necrosis factor-a (TNF-a), an EBV-
transformed human lymphoblastoid cell line (pre-
pared in our laboratory), and thrombin-activated
platelets. The optimum concentrations were deter-
mined to be a 1:50 dilution of the anti-ICAM-1 and
VCAM-1 antibodies, a 1:100 dilution for the anti-
ELAM-1, and a 1:25 dilution for the anti-P-selectin an-
tibody. The developing antibody was a peroxidase-
labeled goat anti-mouse IgG antisera (Sigma
Chemical Co., St. Louis, MO) diluted 1:500 before
use. The staining procedure is described in detail
elsewhere.16'17 The semi-quantitative scoring system
was defined as follows: 0 to 1 +, slight patchy staining
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of endothelial cells, myocytes negative; 2+, moder-
a.e, diffuse endothelial staining, myocytes negative;
3+, intense, diffuse endothelial staining, myocytes
negative; and 4+, intense, diffuse endothelial stain-
ing, myocytes low level positive.

All samples were read by one trained observer who
was blinded to patient identity and history. For the
purposes of this study, the term intense staining is
limited to 3+ to 4+ staining patterns. Because arte-
rioles are present in a minority of biopsies, arteriolar
staining patterns were not analyzed. In order to as-
sess different patterns of CAM induction in biopsy
samples following a treated rejection episode, the fol-
lowing definitions were used: non-repeaters, those
patients whose histologic rejection episodes were not
followed by another rejection episode within 2 months
following additional immunosuppression; repeaters,
those patients whose histological rejection episodes
were followed by another rejection episode within 2
months after additional immunosuppression.

Frozen heart samples from an unused potential
transplant donor without any history of heart disease
were used as negative controls. Positive controls con-
sisted of TNF-a pretreated HUVECs and biopsy
samples from 4+ rejection episodes for ICAM-1,
ELAM-1, and VCAM-1 and thrombin-activated plate-
lets for P-selectin (CD62).

RIA for ICAM-1 and VCAM-1

To derive a more objective evaluation, a quantitative
RIA was set up as previously described19,20 to meas-
ure myocardial levels of ICAM-1 and VCAM-1. Ad-
equate tissue was available for all serial biopsies from
18 patients. Briefly, three to five sections of each bi-
opsy (4 p each) were transferred into siliconized 12 x
75 mm glass tubes which had been previously coated
overnight with a cocktail of 1% bovine serum albumin,
10% normal goat serum, and 1% gelatin in PBS pH
7.4 containing 1 mmol/L phenylmethylsulfonyl fluo-
ride, 1 mmol/L dithiodipyridine, 1 mM benzamidine,
2.5 pg/ml each of chymostatin, leupeptin, elastinal,
and antipain, and 5 pg/ml of aprotinin. To triplicate
samples was added 1 ml of PBS containing the above
listed enzyme inhibitors and 25 pi of either normal
mouse serum, anti-lCAM-1 antisera, or anti-VCAM-1
monomorphic antisera, and the tubes incubated for 1
hour at 4 C. To control for variations in biopsy sizes
from one sample to another, all samples were similarly
analyzed using 100 pl of anti-myosin, which we have
previously shown provides a representative measure
of the myocardial sample size.20 Monoclonal anti-
myosin reagent (EU-1H1) was prepared in our labo-

ratory and has been characterized to react with car-
diac but not skeletal myosin.20 22'23 After incubation,
the samples were washed four times by centrifugation
with PBS containing 10% normal goat serum and in-
hibitors with 10 minutes incubation between washes.
After the final wash, to each sample was added 10 p1
of 1:20 dilution of 1251-labeled goat anti-mouse Ig
(NEN, Boston, MA). The radiolabelled goat anti-
mouse Ig was absorbed with human thymocytes and
cardiac myocytes and then affinity purified on a
mouse Ig column (mouse Ig conjugated to CNBr-
Sepharose-4B; Pharmacia, Piscataway, NJ) before
use. The dilution of antibody used per sample con-
tained approximately 50,000 cpm. After the addition
of the 1251-labeled goat anti-mouse Ig, the samples
were again washed four times in PBS pH 7.4 by cen-
trifugation and then counted for radioactivity using an
LKB gamma counter. The mean cpm of the triplicate
sample was calculated. With each RIA, a positive and
negative control was used. Positive control consisted
of similarly prepared tissue from a patient who had
died of acute viral myocarditis obtained at autopsy.
Negative control consisted of normal heart tissue ob-
tained from an unused potential transplant donor
without any history of heart disease. Aliquots of tissue
for both positive and negative control were frozen in
mini-vials and used after thawing with each RIA. The
cpm between negative and positive control had to
show a 10-fold difference for the test to be valid. The
following formula was used to calculate the RIA index
for ICAM-1 and VCAM-1: (mean cpm of EMB + anti-
ICAM-1 or VCAM-1 - mean cpm of EMB + normal
mouse serum)/(mean cpm of EMB + anti-cardiac
myosin - mean cpm of EMB + normal mouse serum).

Controls for Quantitative RIA

Standard curves for quantitative ICAM-1 and VCAM-1
levels were generated using increasing concentra-
tions of TNF-a-treated HUVECs (Figure 1). HUVECs
were added to individual wells of a 96-well microtiter
plate in triplicate. The plate was centrifuged at 150 x
gfor 5 minutes at 4C and 0.1 ml of 1:100 dilution of
ICAM-1 or VCAM-1 antibody was added. After incu-
bation for 1 hour, wells were washed with PBS and 0.1
ml of 1:1000 dilution of rabbit anti-mouse Ig was
added to each well, followed by 0.1 ml of an alkaline
phosphatase conjugated goat anti-rabbit 1g. Mean
optical density was determined using the MULTI-
SKAN plate reader. Repeated measures of single bi-
opsy samples revealed <10% variability with either
ICAM-1 or VCAM-1 expression.
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Figure 1. Standardization curvefor the ICAM-1 and VCAM-1 radioimmunoassay. Mean optical density (O.D.) readings were obtained using in-
creasing numbers of TNF-a-pretreated HUVECs.

Serum Assays for Troponin T and
Creatine Kinase Isoenzyme MB (CK-MB)

To determine whether serological evidence of myo-

cardial cell damage was evident after cardiac trans-
plantation, serial serum samples were evaluated for
troponin T and CK-MB levels. Cardiac troponin T is a
regulatory protein not normally found in blood. Its de-
tection in the circulation has been shown to be a sen-

sitive and specific marker of myocardial cell dam-
age.2425 For the quantitative determination of serum
troponin T, an enzyme immunological assay

(Troponin-T kit; Boehringer Mannheim, Indianapolis,
IN) was used to determine whether its presence in the
serum of patients after cardiac transplantation could
be demonstrated. Values .0.1 ng/ml were consid-
ered positive for troponin T in this study. CK-MB was

assessed by a microparticle enzyme immunoassay
(STAT CK-MB kit, Abbott Laboratories, Abbott Park,
IL; values > 7.0 ng/mI were considered positive for
this study). All assays were performed by technicians
unaware of the patients' histories.

Statistics

All results are expressed as means ± SD unless oth-
erwise noted. Categorical data were analyzed with

standard two-tailed x or Fisher's exact test. Continu-
ous data were summarized with standard measures

of central tendency and dispersion using Student's
T-test or, for skewed distributions, the Mann-Whitney
U test to guide interpretation, using conventional lev-
els of significance. Correlation coefficients between
immunohistology and quantitative RIA results were

determined by simple linear regression. Compari-
sons among multiple groups were performed using
an ANOVA followed by a Fisher's PLSD. A P value of
0.05 was considered statistically significant. Positive
predictive value was calculated as the number of true
positive test results among all positive test results ob-
served and negative predictive value as the number
of true negative test results among all negative test
results observed.

Results
A total of 267 serial EMBs were analyzed by immu-
nohistology from 20 patients (mean, 13.4 per patient;
range, 8 to 18 biopsies per patient). Mean follow-up
time was 137 days (range, 72 to 302 days). The mean
age of the transplant patients was 44.8 years (range,
20 to 63 years). Median donor ischemia time was 93
minutes (range, 42 to 202 minutes). Of the 20 patients,
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Figure 2. Immunoperoxidase staining patternsfor ICAM- I and VCAM-1 in frozen sections ofEMB samples after transplantation. A: ICAM-1 stain-

ing in a pre-transplant ventricular biopsy showing minimal reactivity within scattered microvessels. Diffuse increased staining jbr ICAM- 1(B) and

VCAM-1 (C) in EMB samples u'ithout histologic rejection 1 week post-transplantation. D: Intense ICAM-1 staining within the venous and capillary
microvasculature as well asfocal myocyte surface staining (upper right corner) in a biopsy ulith grade 3A histological rejection. Similar staining
patterns werefound in biopsies preceding, as uJell as during, histologic rejection episodes. E: After immtnosuppressive therapy for grade 3A rejec-
tion was instituted, the repeat biopsy revealed resolved rejection, and immunoperoxidase staining for ICAM-1 (and VCAM-1, not shown) shoued a

return to control levels. This patient did not experience a repeat rejection episode uwithin 2 months following the treated rejection episode (non-

repeater). In contrast, in another patient, a repeat biopsy 2 weeks after a treated rejection episode showed continued increased staining for
VCAM- I(F) within the microvascuilature, despite a significant histological improvement (hematoxylin and eosin stain, not shown). A similar per-

sistent increase in ICAM-1 staining was also noted (not shown). This patient experienced a repeat rejection episode 4 weeks cafter his first rejection
episode uwas treated and was therefore labeled a repeater. (A-F, magnification x 400).

5 patients did not experience rejection episodes. Of
the remaining 15 patients, a total of 29 rejection epi-
sodes were encountered. Eighty-six per cent were

treated with a 3-day course of high dose intravenous
methylprednisolone, 10% with increased oral pred-
nisone, and 4% with other regimens. None of the pa-

tients in this study had detectable infection or malig-
nancy.

Induction of ICAM-1 and VCAM- 1
Staining during the Immediate
Post-Transplant Period

Control EMBs taken at the time of transplant revealed
intense (3+ to 4+) staining for ICAM-1 and VCAM-1
in 10% and 15% of the samples, respectively,
whereas none had intense staining for ELAM-1 and
CD62. The majority of the control biopsies showed
VCAM-1 and ICAM-1 to be minimally present on scat-

tered microvessels (Figure 2). There was no relation-
ship between ICAM-1 and VCAM-1 staining and is-
chemia times or HLA mismatches. In contrast, EMBs
within the first week of transplant (median, 6 days
post-transplantation) revealed intense ICAM-1 stain-
ing (involving both the microvasculature and myo-
cytes) in all patients, whereas 60% had intense stain-
ing with VCAM-1 (limited to the microvasculature).
Significant staining for ELAM-1 and CD62 were ran-

domly observed in only 3% and 1% of all EMBs and
were unrelated to rejection episodes. In five patients
who did not experience any episodes of rejection,
increased ICAM-1 and VCAM-1 staining returned to
baseline levels within 28 days after transplantation
(mean, 17 days; range, 10 to 28 days). Quantitative
levels of myocardial ICAM-1 and VCAM-1 levels de-
termined by RIA also returned to control levels during
this time period (see below).

i
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Serum Troponin T Levels

Mildly elevated serum troponin T was present in one
patient at the time of transplant. In contrast, during the
first biopsy after transplantation, serum troponin T lev-
els peaked and were elevated above control values
in all patients (mean, 1.7 ng/ml; range, 0.5 to 2.7 ng/
ml), whereas CK-MB levels remained normal in all pa-
tients. Increased serum levels of troponin T persisted
in all patients at biopsy number 2 (mean, 0.5 ng/ml)
and in 90% of patients at biopsy number 3 (mean, 0.3
ng/ml). Thereafter, serum troponin T levels returned to
baseline levels and were not found to be elevated
during any rejection episode.

Induction of ICAM- 1 and VCAM- 1
Staining Associated with
Histological Rejection

Fifteen patients experienced a total of 29 rejection
episodes. All episodes were associated with intense
ICAM-1 staining whereas 24 of 29 (83%) had intense
VCAM-1 staining. Eleven patients experienced early
rejection episodes within 2 months after transplanta-
tion (median, 22 days). All such episodes were uni-
formly associated with persistence of intense ICAM-1
and VCAM-1 staining from the first biopsy after trans-
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plant. ICAM-1 staining was generally diffuse in dis-
tribution and was most intense on venous and cap-
illary microvessels although focal myocyte staining
was also seen. VCAM-1 staining was limited to the
microvasculature and was generally more focal in dis-
tribution, usually associated with the presence of
mononuclear cell infiltration in close proximity of
VCAM-1-positive microvessels (Figure 2). EMBs from
four patients who developed transplant rejection epi-
sodes more than 2 months after transplantation (me-
dian, 94 days), ICAM-1 and VCAM-1 staining initially
returned to baseline levels and then subsequently in-
creased, preceding histological rejection by up to 22
days. Of these four late rejection episodes, three were
predicted by a significant rise in ICAM-1 (14, 14 and
22 days before histological rejection) and two were

predicted by a significant rise in VCAM-1 staining
(both 14 days before histological rejection). In the one
case of late rejection that was not predicted with ei-
ther intense ICAM-1 or VCAM-1 staining, the only
EMB before histological rejection was 29 days before
the diagnostic biopsy. Quantitative measurements of
serial myocardial ICAM-1 and VCAM-1 levels (by RIA)
before histological rejection are presented in Figure 3.
Myocardial ICAM-1 and VCAM-1 levels rise slowly be-
fore rejection and peak levels are frequently found 1
to 2 weeks before histological rejection. Even at 3 to

3-4 wks prior 2 wks prior 1 wk prior Rejection
Figure 3. Mean histological rejection grade and quantitative myocardial ICAM-1 and VCAM-1 levels determined by RA prior to and at the time of
rejection.
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4 weeks before rejection, mean ICAM-1 and VCAM-1
levels are significantly elevated as compared with val-
ues measured in patients who never experience re-
jection (typically with ratios of CAM cpm/myosin cpm
of <0.05; see Figure 7).

Although there was no apparent relationship be-
tween ICAM-1NCAM-1 levels and histology rejection
grades, because rejection was diagnosed in a par-
allel biopsy specimen and processed in a manner
different from the study biopsy, we further assessed
whether increased levels of ICAM-1NCAM-1 simply
reflected CAM expression on increased numbers of
infiltrating inflammatory cells. We subjected the first
four post-transplantation biopsies in all patients to the
same RIA protocol described above using 25 p1 of
anti-common leukocyte antigen (CLA) to provide a
direct measure of infiltrating leukocytes. Standardiza-
tion curves using increasing concentrations of human
peripheral blood mononuclear cells (ranging from 1 x
102 to 1 x 106 cells/well) showed an appropriate lin-
ear relationship between increasing CLA levels and
increasing peripheral blood mononuclear cells (data
not shown). Figure 4 demonstrates ICAM-1, VCAM-1,
and CLA levels determined by RIA in post-transplant
biopsies 1 through 4. No apparent relationship be-
tween the extent of infiltrating leukocytes and CAM
induction could be identified in these biopsies.

Induction of ICAM-1 and VCAM-1
Staining as a Predictor of Recurrent
Histologic Rejection Episodes (Figure 5)

To determine whether persistently increased ICAM-1
and VCAM-1 staining could help monitor the efficacy
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Figure 4. Mean quantitative myocardial
ICAM-1, VCAM-1, and CLA levels determined
by RIA in post-transplantation biopsies 1
through 4.

0.000

of immunosuppressive therapy, we divided all rejec-
tion episodes into those that were followed by another
rejection episode within 2 months (repeaters, n = 17)
and those that were not (non-repeaters, n = 12).
When biopsy samples were examined for intense
ICAM-1 and VCAM-1 staining 2 weeks after a course
of immunosuppressive therapy was started, 100%
and 76% of repeater biopsies had persistently intense
ICAM-1 and VCAM-1 staining, respectively, whereas
only 25% and 9% of non-repeater biopsies did (P =
0.0001 and 0.0008, respectively). In contrast, no dif-
ferences in histology rejection scores were present in
repeaters versus non-repeaters 2 weeks after initia-
tion of immunosuppressive therapy. Persistence of in-
tense ICAM-1 or VCAM-1 staining 2 weeks after ini-
tiation of immunosuppressive therapy for moderate
rejection was associated with a positive and negative
predictive value for recurrent rejection within 2
months of 75% and 100%, respectively. Quantitative
myocardial ICAM-1 and VCAM-1 levels by RIA fol-
lowing treated rejection episodes confirmed the re-
sults obtained by immunohistology and are pre-
sented in Figure 6. Those patients who develop a
recurrent rejection episode within 2 months of treat-
ment (repeater) clearly have sustained elevations in
quantitative myocardial ICAM-1 and VCAM-1 levels
as compared to patients who do not develop recur-
rent rejection (non-repeaters).

To determine whether there were significant differ-
ences in the quantity of myocardial ICAM-1 and
VCAM-1 expression among individual patients, we
measured myocardial ICAM-1 and VCAM-1 levels de-
termined by RIA in patients with no rejection (n = 4),
early rejection (n = 8) and late rejection (n = 6) (Figure
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Figure 5. Mean histological grade and semi-
quantitative grades for ICAM-1 and VCAM-1
immunostaining surrounding rejection epi-
sodes in repeater and non-repeater biopsies. Re-
peater biopsies are defined as those patients
whose histologic rejection episodes wvere fol-
lowed by another rejection episode within 2
months following additional immunosuppres-
sion. Non-repeater biopsies are defined as those
patients whose histological rejection episodes
were not followed by another rejection episode
within 2 monthsfollowing additional immuno-VYCAM-1 suppression.

Figure 6. Mean histologic grade and quantita-
tive myocardial ICAM-1 and VCAM-1 levels de-
termined by RkA surrounding rejection episodes
in repeater and non-repeater biopsies. Repeater
biopsies are defined as those patients whose his-
tological rejection episodes were followed by
another rejection episode within 2 months fol-
lowing additional immunosuppression. Non-
repeater biopsies are defined as those patients
whose histological rejection episodes were not
followed by another rejection episode within 2
months following additional immunosuppres-
sion.

7A, B). In patients who experience early rejection epi-
sodes, increased myocardial ICAM-1 levels and, to a
lesser extent, VCAM-1 levels are more pronounced at
post-transplantation biopsy 1 and remain persistently
elevated through biopsy 6.

Immunohistology results for ICAM-1 and VCAM-1
were strongly correlated, with an r value of 0.9
(P < 0.0001). RIA values for ICAM-1 and VCAM-1
were likewise significantly correlated (r = 0.89,
P < 0.0001). Correlation coefficients for immunohis-
tology and RIA results were as follows: ICAM-1,
r = 0.72 (P < 0.0001) and VCAM-1, r = 0.71 (P <

0.0001).

Discussion
A large body of evidence has shown that the expres-

sion of CAMs on endothelial cells and their respective

ligands on leukocytes are responsible for adhesion,
activation, and trafficking of lymphocytes. Essentially,
three molecular families of adhesion molecules and
their ligands have been identified: integrins (LFA-la/
LFA-13 and VLA-4), the immunoglobulin supergene

family (CD4, CD8, CD58, CD54, BB1/B7, VCAM-1,
major histocompatibility complex Class and Class 11
antigens, CD2, and CD28), and the selectins
(ELAM-1, LECAM, and CD62).1'26 It is clear that leu-
kocytes that normally remain in the circulation only
cross the endothelium and enter the extravascular
parenchyma following adhesion to activated endo-
thelial cells. Inflammatory cytokines such as IL-13
and TNF-a lead to the expression of CAMs on endo-
thelial cells27-30 and myocytes21 and thus may facili-
tate adhesion and extravasation of circulating leuko-
cytes into the myocardial interstitial space. In efforts
to gain insight into the possible utility of monitoring
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Figure 7. Quantitative myocardial ICAM-1 lev-
els (A) and VCAM-1 levels (B) as determined
by RIA in select patients with no rejection
(n = 4), early rejection (n = 8), and late reyec-
tion (n = 6), after cardiac transplantation. Re-
sults are expressed as means and standard er-
rors. Comparisons of RIA values at each post-
transplant biopsy were made between the three
groups using an ANOVA.

myocardial CAM induction as a marker of rejection,
qualitative levels of ICAM-1, VCAM-1, ELAM-1, and
P-selectin were measured prospectively in sequential
human cardiac allograft biopsies. In addition, quan-

titative measurements for the two induced CAMs,
ICAM-1, and VCAM-1 were also performed by RIA.
Our results demonstrate three main findings. First,

the initial myocardial induction of ICAM-1 and
VCAM-1 after transplantation is seen in the majority of,
if not all, patients and may represent a manifestation
of either an early immune response that gets attenu-
ated with further immunosuppression or to post-
implantation reperfusion injury. The expression of
ICAM-1 and VCAM-1 protein within the myocardium
then returns to baseline levels typically within 14 to 28
days unless a histological rejection episode devel-
ops. Second, induction of ICAM-1 and VCAM-1 within
the myocardium is typically associated with histologi-
cal rejection episodes and may precede diagnostic
histological findings by 2 to 3 weeks. Third, persis-
tence of CAM induction in follow-up biopsies 1
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to 2 weeks after a treated rejection episode is asso-

ciated with recurrent rejection episodes within a

2-month period.
Immunohistology revealed intense induction of

ICAM-1 and VCAM-1 in virtually every biopsy speci-
men immediately after transplantation. This pattern of
induction persisted for up to 4 weeks after transplan-
tation before returning to baseline levels in those pa-
tients who did not develop a superimposed rejection
episode. Increased ICAM-1 and VCAM-1 levels were
not apparently related to the extent of leukocyte in-
filtration as determined either by histology grade or by
quantitative CLA levels. In support of the hypothesis
that myocardial induction of ICAM-1 and VCAM-1
after transplantation is related to post-implantation re-

perfusion injury is the uniform post-transplant rise in
serum levels of troponin T noted in all patients. Tro-
ponin T is a cardiac-specific marker of ischemic myo-
cyte damage, which is significantly more sensitive
than routine CK-MB measurements.2425 Although a

relationship between increased serum troponin T lev-

ction (n=8)
tion (n=6)
on (n=4)
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els and operative trauma cannot be ruled out, the per-
sistence of serum troponin T elevations were more
consistent with ongoing ischemic myocyte injury
rather than transient operative trauma. In addition, the
time courses of both elevated serum troponin T levels
and myocardial ICAM-1 and VCAM-1 induction are
coincident with the time frame of histological evi-
dence of subendocardial ischemia, which also per-
sists in EMBs up to 3 to 4 weeks after transplant.31
Induced CAM expression during the immediate post-
transplantation period is consistent with other studies
that have shown induction of CAMs on microvascular
endothelium with ischemia/reperfusion.2 The impor-
tance of CAM induction is also supported by studies
that have demonstrated that therapy with antibodies
to ICAM-1 lead to reduction in reperfusion injury.33

Quantitative measurements by RIA suggest signifi-
cant differences in the quantity of myocardial ICAM-1
and VCAM-1 expression among individual patients.
Patients who experienced early rejection episodes
appeared to have significantly higher myocardial
ICAM-1 and VCAM-1 levels in the immediate 3 to 4
weeks after transplantation. These findings suggest
that variations in the levels of induction of CAMs in
response to either reperfusion or operative trauma or
as a manifestation of the earliest phases of alloacti-
vation before steady state immunosuppression is
reached may play a role in the development of early
rejection episodes.
A growing number of studies have shown in-

creased expression of CAMs during rejection epi-
sodes in solid tissue allografts.3436 It has also been
well demonstrated that proinflammatory cytokines
such as TNF-a and IL-1p, which are known to induce
CAM expression, play an important local role in the
early phases of acute rejection, presumably by acti-
vating endothelial cells to upregulate the expression
of adhesion molecules.3537-40 In our current study,
the localization of maximum induction of ICAM-1 and
VCAM-1 protein expression on microvascular endo-
thelium was frequently within areas of mononuclear
cell infiltration. Although we did not determine
whether these mononuclear cells secreted cytokines,
it is likely that cytokine-induced CAM expression
plays an important role in allograft rejection. Data from
our current study suggests that 1) myocardial induc-
tion of intense ICAM-1 and VCAM-1 expression by
immunohistochemistry may precede histologic rejec-
tion by 2 to 3 weeks and 2) quantitatively, ICAM-1 and
VCAM-1 levels appear to peak one week before his-
tologic rejection. Induction of CAM expression in the
myocardium may therefore precede the influx of large
numbers of mononuclear cells typical of histologic re-

jection, a pattern that has been similarly described
with liver allograft rejection.41

It is important to note that, although induced
VCAM-1 expression was limited to the microvascu-
lature, induced expression of ICAM-1 on myocytes
was also demonstrated in intensely staining biopsy
samples. This pattern of ICAM-1 expression is likely
not an artifact. Our previous studies21 and others42
have demonstrated that increased ICAM-1 expres-
sion can be induced on cultured human cardiac myo-
cytes upon exposure to proinflammatory cytokines.
Seko et a142 similarly found cytokine-mediated induc-
tion of myocyte expression of ICAM-1 in mouse car-
diac myocytes in vitro. Induced ICAM-1 expression
on myocytes has also been described in the setting
of ischemia/reperfusion injury43 and myocarditis.44 In
any case, selective induction of ICAM-1 on cardiac
myocytes may represent a mechanism by which en-
hanced mononuclear cell-myocyte adherence is ac-
complished.
The failure to detect increased levels of ELAM-1

and CD62 on cardiac biopsy samples in our study
was somewhat surprising. Several reasons could ac-
count for this finding. First of all, both these CAMs are
only transiently induced following activation of endo-
thelial cells.45'46 Thus, it is possible that the sequential
biopsies studied may have been obtained from pa-
tients at time intervals that did not allow for the as-
sessment of such increases. Second, while other
CAMs such as ICAM-1 and VCAM-1 are either con-
stitutively expressed and/or induced to express by
several cell lineages, the expression of ELAM-1 and
CD62 may be more restricted, which would contribute
to the sensitivity of either the immunohistological as-
says or the RIA that we utilized. Finally, it should be
noted that several other studies have similarly shown
a failure in the detection of ELAM-189,14 during car-
diac rejection episodes. In addition, our finding of a
lack of ELAM-1 and CD62 inducibility on myocardial
endothelium and a distinct distribution of ICAM-1 and
VCAM-1 is similar to that described in liver transplant
rejection.3 These results may be due to the problems
discussed above or may suggest that post-
transplantation inflammation in vivo may not mirror in
vitro findings for the expression of certain CAMs.

Histological examination of post-rejection
follow-up biopsies usually demonstrates marked im-
provement in interstitial inflammation and myocyte in-
jury. Repeat or recurrent rejection episodes within
short periods of follow-up, however, are common and,
in our current study, 59% of the rejection episodes
encountered by our study population were followed
by recurrent rejection episodes within a 2-month pe-
riod. Our data suggest that monitoring myocardial



1092 Herskowitz et al
AJP November 1994, Vol. 145, No. 5

ICAM-1 and VCAM-1 expression in the first two post-
rejection biopsies is a sensitive and specific method
to distinguish which patients are at high risk for re-
current rejection episodes. Our data are consistent
with the hypothesis that, in the subgroup of patients
who experience recurrent rejection, clones of allo-
activated lymphoid cells may persist and cause per-
sistent induction of ICAM-1 and VCAM-1. We have
recently also found a similar pattern of persistent in-
duction of major histocompatibility complex class
and class 11 antigens in those post-rejection biopsies
that are followed by subsequent episodes of recur-
rent rejection (unpublished obervations).
A number of recent studies have described differ-

ent patterns of expression of CAMs, largely in ran-
domly selected biopsy samples in cardiac transplant
recipients.712'14'15 Carlos et al1 1 showed a clear cor-
relation between VCAM-1 and rejection but not with
ICAM-1. Tanio et al7 described a strong correlation
between rejection and ICAM-1 expression but not
VCAM-1 or ELAM-1. Ferran et al12 described in-
creased ELAM-1 and VCAM-1 staining in serial bi-
opsies from four of six patients who developed re-
jection during the course of study. Our current study
results suggests three important factors that under-
score the need to longitudinally study serial biopsy
samples from individual patients starting at the time
of cardiac transplantation in order to determine the
precise role of CAM induction in human cardiac trans-
plant rejection: 1) the significant rise in myocardial
ICAM-1 and VCAM-1 levels in all patients immediately
after transplantation, apparently unrelated to rejec-
tion; 2) the induction of ICAM-1 and VCAM-1 expres-
sion preceding histologic rejection by as much as 3
weeks; and 3) persistence of ICAM-1 and VCAM-1
expression in a subgroup of post-rejection follow-up
biopsies in patients subject to recurrent rejection.
These factors may help explain apparent discrepan-
cies relating the temporal association between CAM
induction and rejection.

In conclusion, our study suggests that longitudinal
monitoring of myocardial ICAM-1 and VCAM-1 ex-
pression could be useful both in monitoring the de-
velopment of initial rejection episodes and in deter-
mining the efficacy of immunosuppressive therapy
more sensitively than histology. In addition, it dem-
onstrates that CAM induction may precede histologi-
cal evidence of rejection by up to several weeks. The
concept that rejection may take weeks or longer to
develop is consistent with the clinical observation that
rejection episodes are slower to progress since the
advent of the immunosuppressive drug cyclosporine.
The potential role of individual patient variations in the
quantity of constitutive and induced myocardial

ICAM-1 and VCAM-1 levels after transplantation and
the development of initial and subsequent rejection
episodes requires further study.
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