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In beart transplantation, long-term engraftment
success is severely limited by the rapid develop-
ment of obliterative disease of the coronary ar-
teries. Data from various groups bave been sug-
gestive of a pathogenetic role of berpesviruses,
particularly buman cytomegalovirus, in acceler-
ated allograft coronary artery disease; bowever,
results are not yet conclusive. This study exam-
ines the bypotbesis that buman cytomegalovirus
infection of allograft tissues is related pathoge-
netically and directly to accelerated coronary ar-
tery disease. Using in situ DNA bybridization and
polymerase chain reaction, we examined par-
ticular coronary artery segments from 41 buman
beart allografts (ranging from 4 days to greater
than 4 years after transplantation; mean, 457
days) and 22 donor age- and gender-comparable,
coronary site-matched trauma victims for pres-
ence of buman cytomegalovirus DNA. Human cy-
tomegalovirus genome was detectedin 8 of 41 (19.
5%) allografis and in 1 of 22 (4.5%) control bearts.
This difference in positivity was not statisti-
cally significant (P = 0.10). In the buman
cytomegalovirus-positive bearts, viral genome
was localized to perivascular myocardium or
coronary artery media or adventitia. Human cy-
tomegalovirus genome was not detected in arte-
rial intima of any allograft or control beart, al-
though buman cytomegalovirus genome was
readily identified within intima of small pulmo-

nary arteries from lung tissue with buman cyto-
megalovirus pneumonitis. By statistical analyses,
the presence of buman cytomegalovirus genome
was not associated with tbe nature or digitized
extent of transplant arteriopathy, evidence of re-
Jection, allograft recipient or donor serological
data suggestive of buman cytomegalovirus infec-
tion, duration of allograft implantation, or
causes of death or retransplantation. Thus, our
data indicate a low frequency of detectable bu-
man cytomegalovirus gemnome in accelerated
coronary artery disease and do not support a di-
rect role for buman cytomegalovirus in vascular
wall infection or in the development of acceler-
ated coronary artery disease. (Am J Pathol
1995, 147:461—475)

Use of contemporary immunosuppressive regimens
for allograft rejection has led to increased early sur-
vival after heart transplantation. Accelerated coro-
nary artery disease (ACAD), however, remains a ma-
jor limitation to long-term engraftment success.
Olivari and colleagues reported an angiographic in-
cidence of ACAD of 10% at 1 year, 25% at 3 years,
and 36% at 5 years, with ACAD being responsible for
60% of late deaths in 139 allograft recipients.?
Through January, 1991, 465 heart or heart-lung re-
transplantations were recorded in the Registry of the
International Society for Heart and Lung Transplan-
tation, and 40% of those procedures were done for
chronic rejection/ACAD.?
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Transplant-associated ACAD is distinguishable
pathologically from native atherosclerosis; ACAD is
typically more concentric, diffuse, and cellular, involv-
ing intramural and extramural vessels. In addition,
ACAD develops over a much shorter period of time
(months) than classical atherosclerosis (years). De-
generative features such as plaque calcification are
thus much less frequently seen in arteriopathy. These
data, combined with the fact that risk factors for tra-
ditional atherosclerosis are less well linked to ACAD,®
have focused investigative attention on other poten-
tial etiological mechanisms in ACAD.

Much effort has been directed towards evaluation
of possible etiological links between herpesviruses
and classical, native atherosclerosis. Early studies
demonstrated induction of occlusive atherosclerotic
lesions in normocholesterolemic, pathogen-free
chickens by the avian herpesvirus, Marek’s disease
virus.*® Several groups have since reported antigens
or nucleic acids of herpesviruses, including human
cytomegalovirus (HCMV), in atherosclerotic vessels
by immunological or molecular techniques.6-3

Interest in a role for herpesviruses in transplant-
associated ACAD was spurred by ubiquity of sys-
temic HCMV colonization of immunocompromised
cardiac transplant recipients'4-'¢ and two, indepen-
dent, retrospective analyses of a combined total of
403 cardiac transplant recipients in whom a relation-
ship was observed between post-transplant HCMV
infection and ACAD.'"-'8 More recent molecular stud-
ies of human allograft tissue for HCMV are also
suggestive.9-21

The present study was undertaken to further ex-
amine the hypothesis that HCMV is involved patho-
genetically, and particularly directly, in ACAD. In
situ DNA hybridization and polymerase chain re-
action (PCR) to detect HCMV immediate early and
late genes were employed to compare the pres-
ence and distribution of HCMV genome in coronary
arteries of human heart allografts to that in donor
age- and gender-comparable and coronary site-
matched control hearts. Comparison of allograft ar-
teries to those of control hearts provides two types
of valuable data. First, the potential role of HCMV
in allograft ACAD is evaluable, and second, the
prevalence of HCMV nucleic acids in early, clas-
sical atherogenesis in native hearts is studied. Fur-
thermore, these molecular data were analyzed in
conjunction with histopathological characteriza-
tion of the coronary arteries and myocardium, as
well as serological and historical information, in-
cluding recipient pre-transplantation diagnoses,
donor and recipient HCMV serologies, allograft op-

erative ischemic times, and patient clinical courses
post-transplantation.

Materials and Methods

Subjects and Tissues Studied

The study population consisted of 41 allograft re-
cipients from collaborating transplantation cen-
ters. The patients were treated with contemporary,
multidrug immunosuppression, including combi-
nations of cyclosporine, azathioprine, cyclophos-
phamide, and corticosteroids. Monoclonal anti-
body therapy with OKT-3 was also used in some
patients in induction protocols and in rescue situ-
ations. Controls included hearts of 22 individuals
from the Pathobiological Determinants of Athero-
sclerosis in Youth (PDAY) Study who died of trau-
matic causes.?? The groups were donor age and
gender comparable and coronary site matched.
The mean age of heart donors was 27.7 * 10.4
(SD) years old, with 34 males and 7 females, and
the mean age of control individuals was 24.3 + 6.6
years old, with 19 males and 3 females. The dif-
ference between the mean age of the allograft do-
nors and that of the PDAY controls was not statis-
tically significant (P = 0.12). Study subject and
allograft characteristics are summarized in Tables
1 and 2.

Intact cardiac allografts, obtained at autopsy or ex-
plant, were transported in RPMI medium via overnight
express mail to the Cardiovascular Registry, Univer-
sity of Nebraska Medical Center. The entire coronary
arterial vasculature and sections of myocardium were
triaged by protocol.2® Coronary arteries of allografts
and controls were perfusion-fixed ‘in neutral,
phosphate-buffered formalin, and two sequential
segments of the proximal, left anterior descending
coronary arteries from each heart were studied.
Formalin-fixed, paraffin-embedded, positive control
specimens from HCMV-viremic patients were dem-
onstrated to be HCMV infected by immunohisto-
chemical staining with a monoclonal antibody spe-
cific for the HCMV immediate early (IE) antigen.
Positive control tissues were also observed to contain
HCMYV inclusion bodies based on histopathological
examination of hematoxylin and eosin (H&E)-stained
slides.

For purposes of this study, ACAD is defined patho-
logically. Thus, by subjective and quantitative mor-
phometric features the disease was established as
present in all allografts to various degrees. In other
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Table 1. Patient and Allograft Characteristics
Patient
Patient pre-Tx Donor Donor Ischemic HCMV Duration
Patient age/ Pre- HCMV age/ HCMV time titer post-
No. sex TxDx titer sex titer (minutes) rise Tx(dys) Cause of death or retransplantation
1 15/F CMY 1:10 15/M  1:80 200 + 20  Acute rejection
2  20/F CMY 1:10 15/M 0 85 + 208  Allograft failure
3 58M CMY 1:160 30/M 1:40 200 - 55  Aspergillosis, heart; HCMV pneumonitis
4  50M CMY 1:40 19/M 0 225 - 238  Acute rejection
5 21/F CMY 1:320 21/F 1:160 135 + 311 Acute rejection
6  39/F IHD 1:320 25M 1:20 60 - 153  Allograft failure
7 43 M CMY 0 35M  1:40 95 + 36  Acute rejection
8 35M CMY 1:10 17 1:10 80 + 639  Fungal pneumonitis
9 38M IHD 1:10 17 1:10 135 - 13 Acute rejection
10  53M IHD 1:160 21/M 1:80 140 - 617  Pulmonary embolism
11 55M IHD 1:640 21/M NT 92 - 45  Acute rejection; ACAD
12 41/M IHD 1:40 16/F 1:10 95 - 402  Myocardial toxoplasmosis
13  46/M CMY 1:160 31/M 0 180 - 294  ACAD
14 37/M IHD 1:320 37/M 1:160 110 + 638  Hepatic failure; pneumonia
15 46/M CMY 0 24/M  1:20 65 - 85  Fungal pneumonitis; ACAD
16 27/F CMY 1:20 27 1:10 56 + 1432  Allograft failure
17 28/M IHD 1:10 25/M  1:40 210 + 426  ACAD
18  60/F CMY 1:1281 44/F 1:20 145 - 46  PTLD
19 56M CMY 1:10 29/M  1:320 128 - 55 PTLD
20 53M  CMY 0 27/M NT NA NT 718 PTLD
21 66/M  CMY 1:320 36/M 1:10 150 - 1563  PTLD
22 51M IHD 1:20 13/M  1:20 175 - 635 PTLD
23  16/M  CMY 1:1281 47/M 120 85 611 Allograft failure; ACAD
24 61M IHD 0 17/M 0 180 NT 180  Pneumonia; pulmonary fibrosis
25 54/F CMY 1:40 46/F 0 216 + 33 ACAD
26 44/F CMY 1:10 33/F 1227 105 - 4 Acute rejection; ACAD
27 64M CMY 1:160 32/M 1:10 180 + 323 ACAD
28 65/M IHD NT 35/M NT 316 NT 147  ACAD
29  43M IHD 0 51/M 0 90 NT 1349  Arrhythmia/sudden death
30 28M CMY 1:233 45/F NT 183 NT 411 ACAD
31 60/M IHD 180 31/M 0 154 - 63  Guillain-Barré; ACAD
32 57M IHD 0 33M 0 98 NT 1145  Arrhythmia/sudden death; ACAD
33 57M IHD 1:1281 22/M 1:320 250 - 1190  Chronic rejection; ACAD
34  54M IHD 0 47/M 0 94 NT 1610  Arrhythmia/sudden death; ACAD
35 57M IHD 0 35/M 0 148 NT 1510  Arrhythmia/sudden death
36  54/F CMY 0 18/F 0 180 + 63  Pneumonia, sepsis
37 66/M IHD  1:80 17/M 0 275 + 199  Infection
38 50/M CMY 1:160 18M 0 165 - 300 ACAD
39  45M CMY 1:20 20/M 0 148 - 210  Chronic rejection
40  49/F CMY 0 22/M 0 150 - 450 P carinii pneumonia
41 66/M  CMY 1:40 22/M  1:20 130 + 1712 ACAD

Tx, transplantation; Dx, diagnosis; ACAD, allograft coronary artery disease with microscopic evidence of myocardial ischemic injury; CMY,
cardiomyapathy; IHD, ischemic heart disease; NA, data not available; NT, not tested; PTLD, post-transplantation lymphoproliferative disorder.

HCMV antibody titers of <1:10 are recorded as zero; postoperative HCMV titer rise of more than fourfold is recorded as positive. The post-
transplantation HCMV titer of patient 23 remained elevated at 1:1281 throughout course of study.

words, the pathological evidence of alloarteritic (en-
dothelialitis) and intimitis processes was present in
grafts from the very shortest period of time post-
transplant to those with the longest. The process of
ACAD then, is a long-term process, appearing early
post-transplant, and reflected in various degrees of
intimal thickening. It may not be detectable in clinical
studies, angiographic or ultrasonic, but still be
present pathologically. This principle of universal
presence is founded on previous studies demonstrat-
ing the ubiquity of the alloimmune phenomena in graft
arteries and the characteristic intimal changes in vir-
tually every human heart allograft implanted.

Serological Diagnosis of Cytomegalovirus
Infection

All organ donors and recipients immediately before
transplantation had serum samples obtained for the
determination of anti-cytomegalovirus antibody titers.
These titers were also obtained weekly for the first 3
weeks post-transplant, quarterly, and when clini-
cally indicated. Immunoglobulin (Ig)G and IgM
cytomegalovirus-specific antibody levels were meas-
ured by the cytomegalovirus IgM test (Gull Labora-
tories, Salt Lake City, UT), an indirect fluorescent an-
tibody method. A serum dilution of 1:10 or greater
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Table 2. Presence of HCMV Genome and Histopathological and Histometric Features of Allografts

Ranges of % luminal

HCMV Evidence of ’ ’
Patient ISH HCMV PCR rejection at narrowing of coronary arteries
No. result result autopsy Mean Maximum
1 - NT 3-4+ 0-25 0-25
2 - - Tr-1+ 0-25 91-100
3 - NT 0 26-50 51-75
4 - - 0-Tr 5-30 26-50
5 + + 1-2+ 10-35 26-50
6 + + 0 0-25 0-25
7 - - 1+ 22-46 51-75
8 - - 0 6-31 26-50
9 - - 1-2+ 6-31 26-50
10 - - 0 51-75 51-75
11 - - 2+ 8-33 26-50
12 - - 0 0-25 26-50
13 - - Tr 51-75 91-100
14 - - Tr-1+ 32-56 51-75
15 - - Tr 32-56 51-75
16 - - 0 0-25 0-25
17 - NT 1-2+ 64-82 76-90
18 - NT 0 0-25 26-50
19 - NT 0 18-42 51-75
20 - NT O-Tr 12-38 26-50
21 + - 0 12-38 26-50
22 + - 1+ 51-72 76-90
23 - + 1-2+ 26-50 76-90
24 NT - 0 0-25 76-90
25 NT + 0 13-38 25-50
26 NT - 3-4+ 26-50 76-90
27 NT - 0 51-75 76-90
28 NT - 1-2+ 6-31 76-90
29 NT + 1-2+ 18-42 51-75
30 NT - 0 12-37 51-75
31 NT - 0 8-33 51-75
32 NT - 0 39-63 91-100
33 NT - 0 46-71 91-100
34 NT - 0 50-70 76-90
35 NT - 0 8-33 26-50
36 NT + 0 5-30 26-50
37 NT - 0 0-25 0-25
38 NT - 1+ 30-54 76-90
39 NT - O-Tr 0-25 26-50
40 NT - 0 0-25 51-75
41 NT - 0 38-59 91-100

ISH, in situ hybridization; NT, not tested; Tr, trace.

Coronary arteries (CA) evaluated were left main, left anterior descending, first diagonal branch of left anterior descending, first marginal
branch of left CA, proximal and distal left CA, and right main, right marginal, and posterior descending CA. Mean ranges are mean upper and
lower limits of cross-sectional luminal narrowing (that is, reciprocally, intimal area) considering all evaluated CA. Maximum ranges reflect

maximal luminal narrowing at any site in the coronary tree.

indicated the presence of cytomegalovirus antibod-
ies. A current cytomegalovirus infection was positive
if IgM antibodies were present at a serum dilution of
1:10 or greater. An antibody titer of fourfold increase
or seroconversion of IgG antibodies was indicative of
active cytomegalovirus disease.

Preparation of Labeled DNA Probes for In
Situ Hybridization

A probe specific for the HCMV (AD169 strain) ma-
jor IE gene was derived from the 10-kb HCMV
EcoRl J fragment of the pCM5018 cosmid clone.24
The 6.6-kb HCMV BamHI R fragment of the pCM3

plasmid was used to generate a probe specific for
the HCMV gene encoding mRNAs for the 65-kd
and 75-kd late phosphoprotein antigens.24:25 Both
HCMV gene regions are devoid of sequence ho-
mologies to human DNA.24 Recombinant coxsack-
ievirus B3 (CVB3) cDNA clone pCB3-M1, contain-
ing the full-length transcript of the viral genome,2¢
was used to generate Kpnl or BamHI fragments
(6.2 kb and 1 kb, respectively), together repre-
senting 95.4% of the viral genome. Agarose
gel-purified probe DNA was radiolabeled by nick-
translation using (a-[3°S]thio)dATP and (a-[3°S]-
thio)dCTP (1200 Ci/mmol, NEN Research Prod-
ucts, Boston, MA) as described.?”



In Situ Hybridization

Paraffin-embedded tissue sections on silanated
glass slides were deparaffinized as described.?7:28
Before hybridization, samples were processed as fol-
lows: 20 minutes at room temperature in 0.2 N HCI; 30
minutes at 70°C in 2X standard-saline citrate (SSC);
15 minutes at 37°C in 20 mmol/L Tris-HCI (pH 7.4), 2
mmol/L CaCls,, and proteinase K (1 ug/ml); 15 minutes
at 65°C in 95% formamide with 0.1% SSC; and finally
washed in 0.1X SSC for 5 minutes at 4°C.28 Hybrid-
ization mixture contained either the 35S-labeled,
EcoRl J fragment probe (1.1 X 107 cpm/ml, 21 ng/ml),
specific for the HCMV IE gene region, the BamHI R
fragment (1.1 X 107 cpm/ml, 23 ng/ml), specific for
the HCMV late antigen gene region, or the negative
control, CVB3 cDNA probe?® (1.1 X 107 cpm/ml, 16
ng/ml) in 50% formamide, 10 mmol/L Tris-HCI (pH
7.4), 1 mmol/L EDTA, 0.02% polyvinylpyrrolidone,
0.02% Ficoll, 0.05% bovine serum albumin, 10% dex-
tran sulfate, 10 mmol/L dithiothreitol, 200 ug/ml de-
natured, sonicated salmon sperm DNA, 0.1% sodium
dodecyl sulfate, 600 mmol/L NaCl, and 100 ug/ml rab-
bit liver tRNA. Hybridization was done at 25°C for 48
hours. Slides were then washed in 50% formamide,
10 mmol/L Tris-HCI (pH 7.4), 1 mmol/L EDTA, and 600
mmol/L NaCl for 18 hours at 35°C, followed by a
1-hour wash in 2X SSC at 55°C, two rinses in 2X SSC
at room temperature, and dehydration in graded
ethanol solutions containing 300 mmol/L ammonium
acetate. After 6 weeks of exposure, slides were au-
toradiographed as described,?” developed with
Kodak D19, and lightly counterstained with H&E.

Preparation of Tissues for PCR

For analysis by PCR, three tissue sections (5 uym
each) in series to those used for in situ hybridization
were placed in a sterile, 0.5-ml microfuge tube. Ex-
treme care was taken to avoid product carryover con-
tamination by soaking microtome blades in 0.1 N HCI
between cutting of each case. Sections were depar-
affinized by a modified published procedure.2® Cut
sections were deparaffinized by incubation in 450 pl
of xylene at 60°C for 15 minutes. Specimens were
then pelleted by centrifugation, and the xylene su-
pernatant was removed. Xylene extraction was then
repeated twice. After the final xylene incubation, tis-
sue fragments were washed three times in absolute
ethanol and dried thoroughly in a 55°C heat block.
Tissues were then resuspended in 200 pl of digestion
buffer containing 200 ug/ml proteinase K (Boehringer
Mannheim, Mannheim, Germany), 50 mmol/L Tris-
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HCI, 1 mmol/L EDTA, and 0.5% Tween 20 (Boehringer
Mannheim). Digestion was carried out for 12 hours at
55°C with continuous shaking, followed by heat in-
activation of proteinase K for 15 minutes at 95°C.
More extensive purification by phenol/chloroform ex-
traction and ethanol precipitation did not improve
PCR amplification yields.

Primers Used in PCR

A positive control, oligonucleotide primer pair, spe-
cific for the constitutive human B-globin gene,3°
served to examine the integrity of sample DNA for
PCR. The B-globin gene primer pair, consisting of
GH20 (5'-GAAGAGCCAAGGACAGGTAC-3') and
PC04 (5'-CAACTTCATCCACGTTCACC-3'), gener-
ated an amplified fragment of 268 bp. PCR detection
of HCMV genome was attempted in only those
samples from which B-globin could be amplified.
HCMV genome was amplified with an oligonucle-
otide primer pair specific for exon 4 of the HCMV IE
gene. The upstream primer sequencewas 5'-GGTCA-
CTAGTGACGCTTGTATGATGACCA-3’, correspond-
ing to sense strand sequence 2113-2141 of the
HCMV [E gene.®' The downstream primer sequence
was 5'-TTCTCAGCCACAATTACTGAGGACAGA-3’,
complementary to sense strand sequence 2488-
2514 of the HCMV IE gene. The HCMV IE gene primer
pair generated an amplified fragment of 402 bp.

PCR

Reaction conditions and cycling profile for the
B-globin primer set were standard®® and included
10 pl of patient sample DNA, 50 pmol of each
primer, 0.2 mmol/L of each dNTP (dATP, dTTP,
dGTP, and dCTP), 1.5 mmol/L MgCl,, 2.5 U of Tag
DNA polymerase (Promega, Madison, WI), and
buffer components (described by the manufac-
turer) in a final volume of 30 pl. Reaction mixtures
were overlaid with 100 pl of mineral oil to prevent
evaporation. The cycling profile for the B-globin
primer set consisted of 5 minutes of denaturing at
94°C, followed by 40 cycles of 94°C, 55°C, and
72°C for 1 minute each in a Perkin-Elmer Cetus
(Norwalk, CT) DNA thermal cycler. Completion of
the 40 cycles was followed by 2 minutes at the
annealing temperature (55°C) and 10 minutes at
the extension temperature (72°C) to ensure full
product synthesis.

Reaction conditions and cycling parameters for the
HCMV IE gene primer pair were extensively charac-
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terized and optimized for highest sensitivity. The op-
timal reaction conditions and cycling profile for the
HCMV |E gene primer set included 50 pmol of each
primer, 0.2 mmol/L of each dNTP, 2 mmol/L MgCl,,
100 pg/ml bovine serum albumin, 2.5 U of Tag DNA
polymerase, and buffer components (described by
the manufacturer). The cycling profile consisted of 5
minutes of denaturing at 94°C, followed by 40 cycles
of 94°C, 60°C, and 72°C for 1 minute each in the DNA
thermal cycler. Completion of the 40 cycles was fol-
lowed by 2 minutes at the annealing temperature
(60°C) and 10 minutes at the extension temperature
(72°C) to ensure full product synthesis.

Sensitivity of the HCMV IE gene primer set and the
fully optimized reaction conditions were assessed by
serial dilution analysis of purified HCMV genome. Un-
purified HCMV genome was isolated and purified
from an infected fibroblast culture by the methods of
Josephs and colleagues.32 Purified HCMV DNA was
then diluted to various known concentrations (ranging
from 1 pg to 4 ng) and used as template DNA in sen-
sitivity determination PCR assays.

Analysis of PCR-Amplified Products

PCR-amplified products were resolved on 2% agar-
ose gels, stained with ethidium bromide, and photo-
graphed under ultraviolet light. For Southern blotting,
separated DNA fragments were blotted onto Zeta
Probe nylon membrane (Bio-Rad Laboratories,
Manchen, Germany) as described.33 The oligonucle-
otide, PCO3 (5'-ACACAACTGTGTTCACTAGC-3'),2°
served as a probe to identify internal sequences of the
PCR-amplified B-globin gene fragment by Southern
blot. The oligonucleotide probe used to confirm the
identity of the PCR-amplified HCMV IE gene fragment
by Southern blot consisted of the internal sense
strand sequence 2329-2358 (5-TCTGAGAGTCT-
GCTCTCCTAGTGTGGATGA-'3). Ten picomoles of
oligonucleotide probes were end-labeled with 125
pCi of [y-*2P]ATP (6000 Ci/mmol) (NEN Research
Products) and bacteriophage T4 polynucleoctide ki-
nase (Boehringer Mannheim), essentially as de-
scribed.33 Probes were end-labeled to a determined
radiospecific activity and were used in the hybridiza-
tion solution at a final concentration of 1 X 106 cpm/
ml. Prehybridization, hybridization, and wash steps
were carried out as specified by the manufacturer of
the nylon membrane. Blots were autoradiographed
on Hyperfim-MP (Amersham, Solna, Sweden) at
—70°C in the presence of an intensifying screen.

Data Analyses

In situ-hybridized microscopic slides and H&E-
stained serial sections were analyzed in blinded fash-
ion by two investigators. Serial sections of the entire
coronary tree of each allograft were numerically
scored for arteriopathic disease, particularly the ex-
tent of artery luminal narrowing. Sections of allograft
myocardium were analyzed independently by two in-
vestigators for evidence of ischemic injury and re-
jection (manifested by myocardial or perivascular in-
flammatory infiltrate, interstitial edema, or myocyte
damage or necrosis) that was graded numerically
from O to 4+4. Although the principles of the rejection
grading criteria developed for biopsies by the Inter-
national Society for Heart and Lung Transplantation34
could be considered, they were not meant for appli-
cation to transmural sections of myocardium. Thus,
for the present study a score of O reflects no infiltrates
throughout the myocardium; 1+, minimal, focal
perivascular or interstitial cell mononuclear cell infil-
trates; 2+, rare, aggressive foci of mononuclear in-
filtrates; 3+, multifocal, aggressive mononuclear cell
infiltrates with readily visible myocyte damage and
edema; and 4+, diffuse, cellular infiltrates with myo-
cyte damage or necrosis and possible vasculitis. The
molecular and histopathological findings were ana-
lyzed in conjunction with the following clinical and se-
rological data: donor and recipient HCMV serologies,
allograft operative ischemic times, durations of al-
lograft implantation, and causes of death or retrans-
plantation.

Statistical comparison between mean ages of al-
lograft donors and PDAY control subjects was carried
out by the paired and unpaired Student's t-test. Pear-
son’s. product-moment and Spearman’s rank-order
correlation algorithms were employed to evaluate
possible relationships between various sets of al-
lograft donor or recipient data, with correlation coef-
ficients (corr. coef.) indicated where applicable. Sta-
tistical comparison between prevalence of HCMV
DNA in allograft hearts versus that in control hearts
and comparison between results of in situ hybridiza-
tion and PCR were made by the Fisher's exact test.
For all data analyses, the probability of an a error was
set at P < 0.05.

Results
In Situ Hybridization

Of the 23 allograft hearts tested by in situ hybridiza-
tion, 4 (17.4%) were positive for HCMV DNA (Table 2).
HCMV genome was focally present in perivascular



myocardium of two allografts, in the perivascular
myocardium and coronary artery adventitia of one al-
lograft (Figure 1), and in the coronary artery media of
another allograft. Of the 22 control hearts, 1 (4.5%)
contained HCMV genome within histopathologically
normal, perivascular myocardium (not shown). HCMV
DNA was not detected in the arterial intima of any
allograft or control heart. HCMV DNA was, however,
detected in positive control tissues of HCMV-viremic
immunodeficient patients (Figure 2). When HCMV ge-
nome was detected, it was not associated with an
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inflammatory infiltrate in the immunodeficient patient.
By in situhybridization, the difference between preva-
lence of HCMV DNA in allografts versus control hearts
did not reach statistical significance (P = 0.19). The
negative control probe did not label any of the tissues
studied (Figures 1 and 2).

PCR

Sections of paraffin-embedded coronary arteries of
36 allograft hearts and of 11 control hearts were stud-

Figure 1. Sections of cardiac allografis labeled by in situ bybridization. A: Patient 5. Labeling with the HCMV IE gene probe is apparent within a

cardiac cell adjacent to an unlabeled, normal myocardial vessel. B: Serial section showing no labeling with the tive control probe. C: Patient

3

9. Labeling with the HCMV-LA gene probe is apparent within the myocardial interstitium (arrow) and possibly within a cardiac myocyte (arrow-
bead). D: Serial section labeled with the negative control probe. E: Patient 23. Labeling with the HCMV IE gene probe is seen within the edematous
myocardial interstitium. F: Serial section labeled with the negative control probe. All panels were counterstained with HGE. A and B, X 400; C and

D, X330; E and F, X 500.
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Figure 2. In situ-hybridized positive control lung tissue from a HCMV-viremic immunodeficient individual. A: Prominent labeling is seen by in situ
hybridization with the radiolabeled probe specific for the HCMV IE gene. Labeling is localized to intra-alveolar cells (arrows) characterized by viral
cytopathic effect, well seen in B (arrows), which is the serial section showing no labeling when hybridized with the negative control probe. C: Small
pulmonary artery with labeling by in situ hybridization with the HCMV late antigen probe. Labeling is localized to cytomegalic cells along the
endothelial lining (small arrow), the vessel outer media (larger arrow) and adventitia (arrowbead), as well as in the surrounding lung paren-
chyma. D: Serial section bybridized with the negative control probe. Sections were lightly counterstained with HSE. A and B, original magnifica-
tion X400; C and D. X 200.

ied by PCR. The allograft specimens studied by PCR
included 17 of the allograft hearts that were also ex-
amined by in situ hybridization. To confirm the suit-
ability of DNA from prepared specimens, all samples
were tested initially for presence of the constitutive
human B-globin gene, employing an oligonucleotide
primer pair that generated an amplified fragment of
268 bp (Figure 3). The PCR-amplified DNA fragment
was confirmed to represent a portion of the B-globin
gene by Southern blotting with an oligonucleotide
probe specific for an internal region of the human
B-globin gene fragment (not shown). Prepared DNA
samples from 35 of 36 (97.2%) allograft specimens
were positive for the B-globin gene.
B-globin-positive samples were further tested for
HCMV DNA with HCMV |E gene-specific oligonucle-
otide primer pair generating a PCR-amplified DNA
fragment of 402 bp (Figure 3). PCR conditions and
cycling parameters for detection of HCMV IE DNA
were extensively characterized and optimized for
highest sensitivity. Serial dilutions of purified HCMV
DNA were used to determine a PCR sensitivity of 2 pg
of viral DNA (not shown), which corresponds to ap-

proximately 4 X 103 molecules of HCMV DNA.3®
Southern blotting with an oligonucleotide probe spe-
cific for an internal sequence of the HCMV IE gene
confirmed that the amplified fragment was derived
from the HCMV IE gene (not shown). HCMV DNA was
detected by PCR in 6 of 35 (17.1%) allograft hearts
(Table 2) and in 1 of 11 (9.1%) control hearts tested.
This difference, however, was not statistically signifi-
cant (P = 0.46).

Concordance between In Situ
Hybridization and PCR

Seventeen of the allografts were available for study by
both in situ hybridization and PCR. In fourteen of
these samples (82.4%), there was agreement be-
tween the two methods, and there was no statistical
difference between the results of in situ hybridization
and PCR (P = 0.12). In each of the eleven control
hearts that were tested by both in situ hybridization
and PCR, there was agreement between the two
methods. Finally, the overall prevalence of HCMV ge-
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Figure 3. Hlustration of PCR-amplified DNA fragments separated in ethidium bromide-stained agarose gels. A: PCR-amplified B-globin DNA frag-
ment (268 bp). Lane 1, molecular weight standard ( pBR322 DNA digested with HaellD; lanes 2 to 5, patient tissue samples containing DNA suit-
able for PCR; lane 6, patient without amplifiable DNA. B: PCR-amplified HCMV IE gene DNA fragment (402 bp). Lanes 1 to 3, patients positive for
HCMV IE DNA; lanes 4 (o 6, patients negative for HCMV IE DNA; lane 7, positive control tissue from a HCMV-viremic, immunodeficient individual;

lane 8, molecular weight standard.

nome, determined by either method, in the allografts
(8 of 41, 19.5%) did not differ significantly from that in
control hearts (1 of 22, 4.5%; P = 0.10).

Relationship between Presence of HCMV
Genome and Serological and Clinical
Features

Severity of Arteriopathic Disease

H&E-stained sections of the entire coronary artery
tree of each allograft heart were examined micro-
scopically for degree of arteriopathic luminal narrow-
ing (Table 2), based on the following ranges of nar-
rowing: 0 to 25%, 26 to 50%, 51 to 75%, 76 to 90%,
and 91 to 100%. Reported mean ranges are calcu-
lated as mean minimum and mean maximum ranges
based on evaluation of the entire coronary tree. Re-
ported maximum ranges reflect sites of maximal nar-
rowing at any given point in the coronary tree. There
was no association between nature or extent of trans-
plant arteriopathy and presence of HCMV genome.
Two of eight (25%) HCMV-positive allografts (patients
22 and 23) had coronary artery luminal narrowing of
greater than 76% at any site of the coronary tree. One
of those patients (23) died with histological evidence
of previous myocardial infarction, whereas the other
patient (22) died of post-transplantation lymphopro-
liferative disease and without microscopic evidence
of myocardial ischemic injury. Patients 22 and 23 had
survived 635 and 611 days post-transplant, respec-
tively. Of the 33 allograft hearts that were negative for
HCMV genome, 12 (36%) had foci of coronary luminal
narrowing of at least 76%, and 10 (83%) of the latter
HCMV-negative allografts were found to have micro-
scopic evidence of myocardial ischemic injury.

Evidence of Rejection

Inflammatory infiltrates in ventricular allograft myo-
cardium were numerically graded from O to 4+ in in-
creasing severity as noted earlier (Table 2). Four
(50%) of the eight HCMV-positive allograft hearts had
an inflammatory infiltrate of any magnitude. Fifteen
(45%) of the 33 HCMV-negative allografts had an in-
flammatory infiltrate of any degree, and 8 (24%) of the
allografts had an infiltrate of at least 1+ in grade.
There was no correlation between positivity for viral
DNA and evidence of rejection (corr. coef. = 0.22,
P =0.16).

Donor and Recipient HCMV Serology

Before transplantation, allograft recipients and do-
nors were screened for serum antibodies to HCMV
(Table 1). Of the 40 tested allograft recipients 30
(75%) bad preoperative antibody titers of =1:10
(range, 1:10to 1:1280). Of these, 6 (20%) were found
to harbor HCMV DNA in their allografts. Of the 37
tested allograft donors, 22 (59.5%) had HCMV anti-
body titers of =1:10 (range, 1:10to 1:320). The hearts
of 5 (22.7%) of these donors were ultimately found
positive for HCMV DNA. Of the 8 allograft cases found
to harbor HCMV DNA, 5 (62.5%) had both preopera-
tive recipient and donor HCMV antibody titers of =1:
10. Of the 29 HCMV DNA-negative cases with avail-
able serological data, 15 (51.7%) had HCMV
antibody titers of =1:10 in both the preoperative re-
cipient and donor. Of the 20 total cases with known
preoperative recipient and donor antibody titers of
=1:10, 5 (25%) were found to have HCMV DNA-
positive allografts. Of the 8 transplant patients who
were found to have HCMV DNA-positive allografts, 6
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(75%) had preoperative HCMV antibody titers of =1:
10. Of the 33 patients who were found to have HCMV
DNA-negative allografts, 32 were screened preop-
eratively for HCMV antibody titers; of these, 24 (75%)
had preoperative titers of =1:10. Donors of 5 (62%)
of 8 HCMV DNA-positive allografts were found to have
HCMV antibody titers of =1:10. Of the 29 tested do-
nors of HCMV DNA-negative allografts, 17 (59%) had
HCMV antibody titers of =1:10. There was no corre-
lation between the presence of HCMV DNA in al-
lografts and a history of HCMV antibody titers of
=1:10 in allograft recipients preoperatively (corr.
coef. = 0.0, P = 1.0), in donors (corr. coef. = 0.03, P
= 0.85), or in both recipients preoperatively and do-
nors (corr. coef. = 0.02, P = 0.93).

Allograft recipients were monitored serologically for
evidence of active HCMV infection, with new or reacti-
vated infections suspected in the event of appearance
of postoperative HCMV antibodies or fourfold or greater
titer increases. Post-transplantation HCMV antibody ti-
ters were available on seven of eight patients with HCMV
DNA-positive allografts. Four (57%) of these seven pa-
tients were found to have increased HCMV antibody ti-
ters. Three of these four patients generated at least a
fourfold rise in HCMV antibody titers during their clinical
courses, whereas one patient (23) maintained high post-
operative HCMV titers equivalent to his preoperative titer
of 1:1281.

Postoperative HCMV antibody titers were available on
26 of 33 patients with HCMV DNA-negative allografts. Of
these patients, 10 (38%) generated at least a fourfold
rise in HCMV antibody titers during their clinical course
post-transplantation. There was no correlation between
incidence of fourfold HCMV antibodly titer rises and the
presence of HCMV DNA in allograft tissues (corr. coef.
= 0.04, P=0.84). Serological data on the control trauma
victims were not available.

Allograft Operative Ischemic Times

Operative ischemic times were available in all but
1 of the 41 allograft hearts. There was no correlation
between the mean operative ischemic time (148 + 60
minutes; range, 56 to 316 minutes) and the mean du-
ration of allograft implantation (457 * 493 days;
range, 4 to 1712 days, corr. coef. = 0.23, P = 0.17).
There also appeared to be no correlation between
operative ischemic times and coronary luminal nar-
rowing or causes of death or retransplantation.

Duration of Allograft Implantation

The mean durations of allograft implantation in the
HCMV-positive allografts (414 = 444 days; range, 33

to 1349 days) and those of the HCMV-negative al-
lografts (467 = 510 days; range, 4to 1712 days; Table
1) did not differ significantly (P> 0.05). There was also
no correlation between presence of viral genome and
durations of allograft implantation (corr. coef. =
-0.04, P = 0.79).

Causes of Death or Retransplantation

ACAD with evident histological myocardial ische-
mia was present in 25% of HCMV-positive allografts
and in 42% of HCMV-negative allografts. Prevalence
of acute rejection, arrhythmia/sudden death, and
noncardiac deaths were similar in the HCMV group
versus the non-HCMV group. Interestingly, the HCMV
group appeared to have a higher percentage (25%)
of idiopathic allograft failure, relative to the non-HCMV
group (6%).

Discussion

Improvements in postoperative care and immuno-
suppression have markedly enhanced early survival
of heart transplant recipients. In contrast, long-term
survival remains severely limited by rapidly progres-
sive allograft coronary artery disease (ACAD) as well
as other causes. The pathogenesis of the arterio-
pathic lesion is still unresolved, and this uncertainty
underlies the additional examination we have pur-
sued of the hypothesis that cytomegalovirus infection
of arterial walls is directly at play.

Our concordant results of in situ DNA hybridization
and PCR analyses of coronary arterial segments of
human heart allografts and hearts of donor age-,
gender-, and coronary site-matched trauma victims
argue against a direct, pathogenetic role of HCMV in
ACAD. The difference between the prevalence of
HCMV genome in allografts and that in control hearts
failed to reach statistical significance. In HCMV
genome-positive allograft or control hearts, viral DNA
was focally present in perivascular myocardium
and/or in coronary artery adventitia or media and
could not be detected in arterial intima. Viral DNA
was, however, detected in the intimal layer of pulmo-
nary vessels in positive control, HCMV pneumonitis
tissues. Examination of the entire coronary arterial
tree, to determine character of arteriopathic injury
and degree of luminal narrowing throughout, failed to
show a relationship between the presence of viral ge-
nome and arteriopathic injury and repair. There was
also no more histopathological evidence of allograft
rejection in the HCMV DNA group than in the group
without allograft HCMV genome. The presence of al-
lograft HCMV DNA could not be predicted based on



HCMV antibody titers suggestive of previous infection
of allograft recipients or donors with HCMV. Moreover,
postoperative appearance of HCMV antibodies or
fourfold antibody titer increases were also not asso-
ciated with detection of HCMV DNA in allografts.
HCMV DNA in allograft hearts also had no bearing on
or relationship to the duration of allograft implantation.

Much effort has been directed toward evaluation of
possible etiological links between herpesviruses and
classical, native atherosclerosis. Early studies dem-
onstrated induction of occlusive atherosclerotic le-
sions in normocholesterolemic, pathogen-free chick-
ens by the avian herpesvirus, Marek's disease
virus.*® Several groups have since reported antigens
or nucleic acids of herpesviruses, including HCMV, in
atherosclerotic vessels, by immunological or molecu-
lar techniques.®-13 Although Benditt and colleagues®
reported the presence of herpes simplex viral mMRNA
(by in situ hybridization) in association with human
atherosclerotic injury, they were unable to detect
HCMV genome in the same tissues. In one study,
Hendrix and colleagues implicated HCMV infection in
the pathogenesis of atherosclerosis.’ Using PCR,
they detected viral DNA in 90% of severely athero-
sclerotic abdominal aortas and femoral arteries and
in 53% of minimally diseased, control abdominal aor-
tas. In a subsequent study, however, the same group
examined several major elastic arteries in nine
HCMV-seropositive subjects for HCMV DNA. '3 In that
report, HCMV DNA was apparently detected by PCR
in 95% of atherosclerotic vessels and in 90% of nor-
mal vessels. These latter data argue against a direct
relationship between HCMV infection and native
atherogenesis but suggest high prevalence of HCMV
genome in these tissues.

HCMYV is a major pathogen in immunosuppressed
hosts, such as organ transplant recipients'4-16.36-38
or AIDS patients.®%-42 Although HCMV-infected cells
are readily found to be widespread in these individu-
als, including lung, liver, salivary and adrenal glands,
gastrointestinal tract, pancreas, kidneys, and blood,
the virusis rarely detectable in hearts. Interest inarole
for herpesviruses in transplant-associated ACAD was
spurred by ubiquity of systemic HCMV colonization
(virus presence without pathological conseguence)
of immunocompromised heart transplant recipients >
and two, independent, retrospective analyses of a
combined total of 403 cardiac transplant recipients in
which a relationship was observed between post-
transplant HCMV infection and ACAD.'7:'® Others
have since suggested a link between serological evi-
dence of HCMV exposure and allograft atheroscle-
rosis.*® Qur data agree with those of Pahl and col-
leagues,** who studied 21 pediatric allograft
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recipients surviving the perioperative period and
found no correlation between the incidence of post-
transplant, serological HCMV infection and develop-
ment of ACAD. Similarly, in multivariate analysis of
323 transplant recipients, Sharples and colleagues*®
failed to find correlation between HCMV infection and
ACAD. Cooper and colleagues®’ reported clinically
significant, noncardiac HCMV infections in 39% of 57
heart allograft recipients studied. There appeared to
be higher incidence of early acute rejection and an-
giographic evidence of graft atherosclerosis in the
first postoperative year in their HCMV group, when
compared with their group in whom HCMV disease
did not develop. The association between noncardiac
HCMV infection and graft atherosclerosis, however,
did not reach statistical significance, and direct viral
infection of allografts was not determined in that
study. It is also unclear whether HCMV infection pro-
motes rejection or actually results from increased im-
munosuppressive treatment thereof. Similar to our
findings of no correlation between the presence of
myocardial cellular infiltrates and serological data
suggestive of HCMV infection, another group re-
ported no evidence of increased cellular infiltration in
allograft endomyocardial biopsies in patients with se-
rological evidence of HCMV infection.4®

More recent molecular studies in search of HCMV
in human heart allograft tissue have been suggestive
but not compelling. Hruban, Wu, and colleagues
compared the prevalence of HCMV nucleic acids in
coronary arteries of 9 allograft hearts with ACAD to
that in coronary arteries of 10 allografts without
ACAD. 120 By in situ hybridization with a DNA probe
and a riboprobe, HCMV nucleic acids were detected
in 3 of 10 (30%) hearts without ACAD and in 6 of 9
(67%) hearts with ACAD. This difference, however,
was not statistically significant. The strongest hybrid-
ization with the DNA probe (from the L-segment re-
peats of the HCMV Towne strain) was in spindle cells,
presumed to be intimal smooth muscle cells, whereas
the most abundant hybridization with the riboprobe
(specific for the HCMV Towne strain IE gene) was in
cells thought to represent lymphocytes. No cytome-
galic inclusion bodies were seen. Neither of these
studies included native, atherosclerotic coronary ar-
tery controls. Arbustini and colleagues?' examined
45 endomyocardial biopsy specimens from 44 heart
transplant recipients with primary or recurrent HCMV
infections for the presence of a viral cytopathic effect
(histologically), viral antigens (immunohistochemi-
cally), or viral genome by in situ hybridization and
PCR. They concluded that 6 of 45 (13%) specimens
were positive (myocardial, endothelial or PCR posi-
tive) for HCMV. Jakel and colleagues®? evaluated 164
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endomyocardial biopsy specimens from 29 allograft
recipients for HCMV DNA using in situ hybridization.
HCMV DNA was detected in 31% of 29 patients or in
8.5% of 164 total specimens. Both of these studies,
however, did not include seronegative transplant re-
cipient controls or non-allograft, native biopsy speci-
mens. Also, allograft coronary arteries were not ex-
amined for evidence of HCMV infection.

In recent work of relevance to our observations,
Nadas and colleagues*® sought HCMV genome and
proteins in renal allograft blood vessels. None of 24
patients’ biopsy samples revealed the presence of
HCMV despite the fact that nephrectomies (13) and
biopsies (11) revealed transplant arteriopathy.4®

Several lines of evidence argue against an infec-
tive process and in favor of immune mechanisms in
the pathogenesis of heart allograft arteriopathy. The
disease process is diffuse in nature but confined to
the graft, including the donor aorta and endocardium;
recipients’ native arteries are unaltered post-
transplantation.5© Several authors report an associa-
tion between human leukocyte antigen (HLA) incom-
patibility, the frequency and severity of rejection
episodes, and development of allograft arter-
iopathy.#451-54 Much effort is directed toward iden-
tification and characterization of various endothelial
cell surface molecules that are involved in adhesion
of leukocytes to the coronary endovascular sur-
face. Two promising candidates are intercellular ad-
hesion molecule-1 (ICAM-1, CD54) and vascular cell
adhesion molecule-1 (VCAM-1).55-57 Whether up-
regulation of adhesion molecules precedes, or results
from, rejection remains unknown. HCMV infection and
subsequent interleukin-1 induction may lead to en-
hanced expression of an endothelial cell adhesion
molecule (possibly ELAM-1) and neutrophil recruit-
ment.5® Up-regulation of endothelial cell VCAM-1 ex-
pression has also been noted to occur in temporal
association with HCMV infection, which preceded an
episode of rejection in a heart transplant patient.>®
Collins recently reviewed the possible link between
atherosclerosis and an inducible, nuclear transcrip-
tion factor complex, NF-«B, which is essential for ex-
pression of a large number of genes during an im-
mune response.®® NF-xB elements are also found in
the important cell surface molecules, ICAM-1,
VCAM-1, and MHC class 1. NF-«B is also activated
after HCMV infection®2 and may play a role in the cas-
cade of immunological events that occurs in initiation
and propagation of allograft arteriopathic injury.

Animal models of cardiac transplantation have
been developed without introduction of infectious
agents. We are unaware of any reports of natural cy-
tomegalovirus infection in dogs or rabbits. One group

studied HCMV chorioretinitis induced by intraocular
virus inoculation,®® but, to our knowledge, hearts of
cytomegalovirus-infected rabbits have not been stud-
ied. Rat cytomegalovirus (RCMV) has been found to
exist in a latent state in immunocompetent rats after
asymptomatic primary infection.®4¢% Span and col-
leagues®® studied aortas of rats from 1 to 16 weeks
after infection with RCMV. Although no damage to the
endothelium was observed, RCMV infection appar-
ently led to increased adherence of leukocytes to and
lipid accumulation in endothelial cells. Lemstrém and
colleagues®” studied the influence of early (day 1
post-transplantation) or late (day 60) RCMV infection
on aortic allograft arteriosclerosis in the rat. The au-
thors concluded that RCMV infection at the time of
transplantation led to enhanced allograft adventitial
inflammatory infiltrate and increased proliferation rate
of intimal smooth muscle cells when compared with
allografts in uninfected rats. Infection of the rats 2
months after transplantation did not affect the devel-
opment of arteriosclerotic injury. Moreover, RCMV in-
fection had no effect on recipients of syngeneic aor-
tas. Together, these data suggest that RCMV infection
alone is insufficient to promote intimal changes in this
model but that RCMV, if present in high enough titers,
may somehow enhance the acute allogeneic immune
response and subsequent allograft intimal injury.

In our study, allograft recipients and donors were
serologically screened for elevated HCMV antibody
titers, suggestive of previous infection, and recipients
were routinely monitored postoperatively for changes
in antibody titers. The frequent observation of lack of
viral DNA in hearts of seropositive patients may be
explained by antibodies induced by previous HCMV
infection with latent viral DNA present in noncardiac
tissues, such as salivary glands. As reviewed by Lon-
ing and colleagues,®® there are disadvantages of
clinical monitoring for HCMV infection by determina-
tion of serological immunoglobulin (IgM and IgG) re-
sponses. The primary humoral response (IgM) to
HCMV takes place 3 to 4 days after symptoms. Di-
agnosis of HCMV infection, however, is usually made
several weeks after the immunoglobulin isotype
switch to 1gG, so that close monitoring of serum an-
tibody titer changes may be of limited value. Also,
antigenic heterogeneity among different strains of
HCMV®®.7% and marked individual variation in the
host's immune response’! may cause misleading re-
sults. Serological screening for antibodies to HCMV is
routine, although determination of HCMV antigen-
emia may have more diagnostic utility, particularly in
active infection (primary or recurrent).”2.73

Although our results do not support a direct role of
HCMV infection in this disease, they do not rule out the



possibility that HCMV may be involved indirectly or
that virus-related factors may play an adjunctive role
in lesion development. One such example may be
virus-mediated dysregulation of cellular lipid metabo-
lism and accumulation’# in concert with aggressive
alloimmune attack and associated release of potent
inflammatory cytokines. We have recently discussed
other potential mechanisms by which HCMV infection
may propagate ACAD.”® Additional epidemiological,
pathological, and molecular work is needed in trans-
plantation to determine whether or how HCMV infec-
tion may be involved pathogenetically in accelerated
vascular disease.
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