Review

John P. Costello, MD

Thalachallour Mohanakumar,

PhD
Dilip S. Nath, MD

Key words: Arterioscle-
rosis/etiology; alloimmu-
nity; autoimmunity, brain
death; graft rejection, chron-
ic/immunology/prevention
& control; heart transplanta-
tion/immunology/mortality/
trends; immunity, cellu-

lar; vasculopathy/cardiac
allograft/cardiac transplant

From: Division of Cardiovas-
cular Surgery (Drs. Costello
and Nath), Children’s
National Medical Center,
Washington, DC 20010; and
Departments of Surgery and
Pathology & Immunology
(Dr. Mohanakumar), Wash-
ington University School

of Medicine, St. Louis,
Missouri 63110

Address for reprints:

Dilip S. Nath, MDD, Division
of Cardiovascular Surgery,
Children’s National Medical
Center, 111 Michigan Ave.,
NW, Washington, DC 20010

E-mail:
dnath@childrensnational.org

© 2013 by the Texas Heart®
Institute, Houston

Texas Heart Institute Journal

Mechanisms of
Chronic Cardiac
Allograft Rejection

Chronic rejection in the form of cardiac allograft vasculopathy is one of the major factors
that affects long-term graft and patient survival after heart transplantation. Whereas multi-
ple factors contribute to the development of cardiac allograft vasculopathy, immunologic
mechanisms play the predominant role in the chronic rejection process, because both al-
loimmune and autoimmune responses are causal factors. In addition, many nonimmune
donor and recipient factors also affect the development of cardiac allograft vasculopathy,
including hyperlipidemia, cytomegalovirus infection, baseline coronary artery disease, and
the mechanism of brain death in the donor. Modern immunosuppression maintenance
therapies have the potential to limit the development of cardiac allograft vasculopathy in
the long term. Further research initiatives are needed to identify patient-specific immuno-
suppressive drug regimens and to elucidate factors that contribute to the chronic rejection
of cardiac transplant allografts. (Tex Heart Inst J 2013;40(4):395-9)

olid-organ transplantation is often the sole therapeutic alternative for long-

term survival of patients with end-stage organ disease. One of the major

limiting factors of sustained allograft function and, by extension, of patient
survival, is chronic organ rejection. In heart transplantation, this disease process is re-
ferred to as cardiac allograft vasculopathy (CAV). Although widely thought to be the
result of immune-mediated processes, chronic rejection of cardiac allografts can also
be caused, cither in part or in whole, by nonimmune factors. This review summariz-
es the roles that various immune- and nonimmune-mediated factors have on the de-
velopment and progression of CAV in heart-transplant recipients.

Chronic Rejection

Chronic rejection is a multifactorial process that significantly affects long-term graft
and patient survival after solid-organ transplantation. It is identified as an evolving
injury that results from repeated alloimmune attack on the transplanted organ. Al-
though chronic rejection is a diffuse process within transplanted grafts, the alloim-
mune insult most commonly targets the epithelium, arteries, and capillaries.' This
indolent process leads to replacement of the normal parenchyma of the allograft with
fibrous scar tissue.? Ultimately, these fibroproliferative changes result in the occlu-
sion of tubular structures within the allograft, manifesting in different organ tissues
as pathologically similar yet separate clinical entities.”

Chronic Rejection in Cardiac Grafts

Cardiac allograft vasculopathy and malignancy are the most common causes of death
in heart-transplant recipients beyond the 3rd year after transplantation.’ After 5 years
post transplantation, CAV affects over 30% of patients,*” and ensuing allograft fail-
ure from CAV eventually accounts for 30% of recipient deaths after transplantation.®
Cardiac allograft vasculopathy that is diagnosed within one year after transplanta-
tion, termed early CAV, is an independent predictor of death at 5 years after trans-
plantation.’

Overall, CAV is characterized by occlusive narrowing of coronary vessels.>¢ Al-
though it manifests itself as coronary heart disease, CAV is pathologically distinct
from the usual coronary atherosclerosis.” Common atherosclerosis is noncircumfer-
ential, focal, and most often presents proximally within epicardial vessels. Cardiac al-
lograft vasculopathy is present both within the epicardial coronary arteries (causing
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panarterial disease with concentric longitudinal intimal
hyperplasia) and within the intramyocardial microvas-
culature (causing concentric disease of the media).”
Histologic examination of the intramyocardial micro-
vasculature reveals not only concentric intimal thicken-
ing but the presence of plump endothelial cells.” Overall,
the classic histologic feature of CAV is diffuse concen-
tric narrowing with luminal stenosis."

Chronic rejection is a slowly evolving process, yet in-
travascular ultrasound imaging has shown that most
coronary artery intimal thickening occurs, in fact, dur-
ing the first 12 months after cardiac-allograft trans-
plantation." In specific regard to the immune reaction,
CAV results from antigen-dependent and antigen-inde-
pendent immune factors, and from autoimmune factors
as well.*¢ Although numerous nonimmune entities are
also implicated in the development of CAV, immune
factors are the most important causes, given that CAV
occurs within the arteries of the donor but not the re-
cipient.”

Clinical Immunosuppression

after Heart Transplantation

Since the introduction of clinical transplantation and
the recognition of the role that the immune system
plays in rejection, immunosuppression has become the
means to short- and long-term allograft survival. Im-
munosuppression can be classified as induction, main-
tenance, and anti-rejection on the basis of the timing
of therapy during the different clinical stages of organ
transplantation.

Induction immunosuppression therapy in cardiac
transplantation is controversial. Rates of its use vary
significantly between adult and pediatric heart-trans-
plant recipients: approximately 47% of adult patients
receive induction immunosuppression, in comparison
with 70% of pediatric patients.>"* There are still con-
cerns about the elevated risk of opportunistic infection
and malignancy after induction immunosuppression
therapy.

Whereas induction therapy is not universal, mainte-
nance therapy is the mainstay of transplant immuno-
suppression. Substantial improvements in the selectivity
of immunosuppressant drugs have been made since the
early days of clinical transplantation, which enables
more targeted treatment with fewer side effects. Survival
has improved as a result of the lower episodic occurrence
of both rejection and infection. Current maintenance
immunosuppression relies on multiple drugs from dif-
ferent therapeutic classes. In cardiac transplantation,
the 3 classes of drugs typically in use for this purpose
are cell-cycle inhibitors, calcineurin inhibitors, and ste-
roids.” Most regimens in clinical use today are 3-drug
protocols that use one drug from each of these 3 class-
es.* According to the most recent published review of
the International Society for Heart and Lung Trans-
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plantation (ISHLT) database, tacrolimus and mycophe-
nolate mofetil are the most commonly used calcineurin
inhibitor and cell-cycle inhibitor, respectively.’ At one
year after transplantation, steroids are still part of the
maintenance immunosuppression regimen of 89% of
heart-transplant recipients.” However, new data show
that 51% of patients are free of steroid use 5 years after
transplantation.’

Although developed to target immune cells responsi-
ble for rejection, maintenance immunosuppressants can
also affect outcomes of chronic rejection at the vascular
level. Rapamycin, a proliferative signal inhibitor, pre-
vents vascular remodeling and neointimal proliferation,
both of which are components of CAV." It has been
shown that this reduction in intimal hyperplasia by ra-
pamycin can limit or prevent the progression of CAV
in recipients after heart transplantation.”

Alloimmunity in Cardiac

Allograft Vasculopathy

Recognized as the initiators of immune injury in al-
lografts, T cells enable both B cell antibody production
and cytotoxic cellular responses.® Clinically, chronic re-
jection in cardiac transplantation has been associated
with the development of donor-specific human leuko-
cyte antigen (HLA) antibodies.” After an initial period
of direct allorecognition that leads to early acute rejec-
tion, the indirect pathway of allorecognition is the pre-
dominant driver of the immune response.® The indirect
pathway consists of the presentation of processed donor
antigens to recipient T cells by recipient antigen-pre-
senting cells,” whereas the direct pathway involves the
recognition by recipient T cells of intact donor major
histocompatibility complex (MHC) molecules that are
on the surface of donor antigen-presenting cells.* A pro-
posed semi-direct pathway of allorecognition involves
the acquisition of donor MHC through cell-to-cell con-
tact with recipient antigen-presenting cells and the sub-
sequent activation of a host T-cell response.?

Animal studies show that alloreactive T cells and an-
tibodies that are reactive to donor MHC molecules play
important roles in the pathogenesis of CAV." Regard-
less of the cause, the duration and number of acute re-
jection episodes, as well as donor HLA mismatch, are
independent risk factors of CAV.” Specifically, cardi-
ac transplant recipients who experience antibody-me-
diated rejection (AMR) have both a higher incidence
and shorter time to onset of CAV, and the severity and
number of AMR episodes correlate with increased car-
diovascular death.” The number and duration of acute
cellular rejection (ACR) episodes also increase the risk
of CAV development.

Acute cellular rejection is defined as the histologic
recognition of an inflammatory infiltrate (which com-
prises, mainly, T cells and macrophages), together with
the presence of cardiac myocyte damage in endomyo-
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cardial biopsy samples.” According to the ISHLT grad-
ing system,” ACR is graded as follows: Grade 0 R — no
rejection; Grade 1 R, mild — interstitial and/or perivas-
cular infiltrate with up to one focus of myocyte dam-
age; Grade 2 R, moderate — 2 or more foci of infiltrate
with associated myocyte damage; and Grade 3 R, severe
— diffuse infiltrate with multifocal myocyte damage +
edema, £ hemorrhage, and * vasculitis. Most patients
are asymptomatic in early rejection,” which underscores
the need for follow-up endomyocardial biopsies after
transplantation. However, a significant number of re-
cipients with early ACR can also present with signs and
symptoms of cardiac allograft dysfunction.”

According to ISHLT guidelines, AMR is definitive-
ly recognized as histologic evidence of capillary injury
caused by humoral responses, the presence of positive
immunoperoxidase staining or immunofluorescence for
CD68, C4d in endomyocardial biopsies, and the detec-
tion of circulating donor-specific antibodies, all in the
setting of clinical evidence of cardiac allograft dysfunc-
tion.”** The most common presentation of AMR is ac-
companied by clinical signs and symptoms of cardiac
graft injury,” notably the onset of hemodynamic insta-
bility in the absence of graft atherosclerosis or ACR.”
However, it is important to recognize that ACR and
AMR occur concurrently in up to 25% of acute rejec-
tion episodes.”**

There are differences in the prognosis of patients, de-
pending upon the number of recurrences of ACR and
AMR. After 3 episodes of AMR, there is an incremen-
tal increase in CAV and cardiovascular death with each
subsequent occurrence of AMR.* Heart-transplant re-
cipients who experience AMR have a higher incidence of
death from cardiovascular causes, including CAV, than
do patients who experience pure ACR.” In addition,
AMR patients have a higher rate of cardiac graft loss
related to CAV than do patients with ACR.? Overall,
hearttransplant recipients with AMR (in comparison
with ACR) have a 9-fold increased incidence of CAV.?

A recent single-institution review evaluating ACR,
AMR, and combined ACR/AMR showed that the car-
diovascular mortality rate is higher in both AMR and
combined ACR/AMR than in ACR.” Regardless of
the type of rejection, CAV and heart failure are the
most common modes of death.” In addition, patients
with combined ACR/AMR, including both stable and
asymptomatic patients, have a higher risk of cardiovas-
cular death than do patients with stable ACR.” It has
also been shown that the cardiovascular mortality risk is
increased in asymptomatic and subclinical AMR, when
compared with ACR.»

Antiendothelial antibodies and anti-HLA antibod-
ies increase the risk of CAV, each independently of
AMR.*** Multiple studies have shown that patients
who develop and continue to exhibit anti-HLA anti-
bodies after heart transplantation have both a higher
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incidence of CAV and a lower long-term (4-year) rate
of survival.*? The development of antiendothelial an-
tibodies strongly correlates with an increased rate of
coronary artery disease after cardiac transplantation.?®
Similar mechanisms of alloimmunity and subsequent
chronic rejection are seen in the transplantation of other
solid organs, including kidney and lung allografts.”

Autoimmunity in Cardiac

Allograft Vasculopathy

Although the alloimmune response to cardiac trans-
plantation is the leading factor in the development of
chronic allograft rejection, autoimmunity also plays an
important role in the process. Studies have shown that
some solid-organ transplant patients develop chronic al-
lograft rejection even in the absence of anti-HLA anti-
bodies. In these patients, it is thought that the presence
of antibodies against non-HLA antigens contributes to
chronic rejection.? For example, the cardiac self-antigen
myosin can be the target of T cell mediated attack. In
the rejection process, tolerance to recipient self-antigen
can be lost, and mouse studies have shown that anti-
cardiac myosin autoimmunity can develop after cardi-
ac transplantation.” Sensitization with cardiac myosin
before transplantation can lead to accelerated rejection
of allogeneic and syngeneic heart grafts.? This anti-self
reactivity can remain for a long period after transplan-
tation, raising concern about its role in the development
of CAV.

A 2nd selfrantigen that is implicated in the autoim-
mune response is the cytoskeletal protein vimentin.* It
has been shown that the presence of anti-vimentin an-
tibodies after cardiac transplantation is an independent
predictor of coronary atherosclerosis.” The development
of anti-major histocompatibility complex class I chain-
related A (MICA) antibodies has also been shown to be
strongly associated with CAV in cardiac allografts.”

Nonimmune Mechanisms of

Cardiac Allograft Vasculopathy

Several additional mechanisms of injury in transplant-
ed allografts—separate from the immune response that
leads to CAV—have been identified. Hyperlipidemia
frequently occurs after heart transplantation and is
probably associated with the immunosuppressive regi-
mens that patients begin at the time of transplantation.’
It has been observed that heart-transplant patients who
undergo therapy with statin medications experience a
reduction in CAV incidence and severity,” which pro-
vides evidence of hyperlipidemia’s detrimental effects in
this patient population.

Cytomegalovirus (CMV) seropositivity and infection
have been implicated in the promotion of chronic rejec-
tion in solid-organ transplants and have been associated
with a higher incidence of CAV in heart-transplant re-
cipients.”**% Ganciclovir anti-CMV prophylaxis after
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heart transplantation has been associated with a signif-
icantly lower likelihood of coronary artery disease de-
velopment in human patients.** Murine data show that
CAV can develop as a result of CMV infection even in
the absence of B cells and T cells, which probably in-
volves a mechanism of tissue damage that is dependent
upon natural killer cells.” In addition, Chlamydia pneu-
monia infection in heart-transplant recipients has been
associated with more severe CAV development.® In pe-
diatric heart-transplant recipients, the presence of ade-
novirus and other viral genomes in myocardial biopsies
is associated with the early development of CAV.*
Additional factors for which evidence exists to sup-
port their role in the development of CAV include hy-
perglycemia, insulin resistance, the presence of baseline
coronary artery disease in the heart donor or recipient,
a donor history of hypertension, and increasing donor
age.>”* Another causal factor thought to be associat-
ed with CAV is donor brain death. Brain death can
lead to the expression of inflammatory mediators,® and
certain causes of brain death, including explosive brain
death and intracranial hemorrhage, increase the devel-
opment of CAV after cardiac transplantation.”* Inves-
tigators have reported an increase in recipient mortality
rates after heart transplantation from a donor who sus-
tained traumatic brain death.”” However, the rate of al-
lograft rejection was found to be the same regardless of
traumatic or nontraumatic cause of brain death.”

Conclusion

Alloimmunity, autoimmunity, and nonimmune factors
all play significant roles in the development of CAV after
cardiac transplantation. Ongoing research efforts will
probably illuminate new subtleties in the mechanisms
that lead to CAV development, thereby enabling more
targeted therapeutic approaches to the reduction or pre-
vention of chronic rejection. In this manner, the major
limiting factor of long-term cardiac allograft and patient
survival can be dealt with in a meaningful fashion that
will ultimately lead to improved patient outcomes.

References

1. Kushner YB, Colvin RB. Major complications -- patholo-
gy of chronic rejection. In: Klein AA, Lewis CJ, Madsen JC,
editors. Organ transplantation: a clinical guide. Cambridge
(UK): Cambridge University Press; 2011. p. 38-45.

2. Nath DS, Basha HI, Mohanakumar T. Antihuman leukocyte
antigen antibody-induced autoimmunity: role in chronic re-
jection. Curr Opin Organ Transplant 2010;15(1):16-20.

3. Stehlik J, Edwards LB, Kucheryavaya AY, Benden C, Chris-
tie JD, Dipchand Al et al. The Registry of the Internation-
al Society for Heart and Lung Transplantation: 29th official
adult heart transplant report--2012. ] Heart Lung Transplant
2012;31(10):1052-64.

4. Taylor DO, Edwards LB, Boucek MM, Trulock EP, Aurora P,
Christie ], et al. Registry of the International Society for Heart
and Lung Transplantation: twenty-fourth official adult heart

398 Chronic Cardiac Allograft Rejection

10.

11.

12.

13.

14.

15.

16.

17.

18.

transplant report--2007. J Heart Lung Transplant 2007;26
(8):769-81.

Colvin-Adams M, Agnihotri A. Cardiac allograft vasculopa-
thy: current knowledge and future direction. Clin Transplant
2011;25(2):175-84.

Weiss MJ, Madsen JC, Rosengard BR, Allan JS. Mechanisms
of chronic rejection in cardiothoracic transplantation. Front
Biosci 2008;13:2980-8.

Rahmani M, Cruz RP, Granville D], McManus BM. Al-
lograft vasculopathy versus atherosclerosis. Circ Res 2006;99
(8):801-15.

Hiemann NE, Wellnhofer E, Knosalla C, Lehmkuhl HB,
Stein J, Hetzer R, Meyer R. Prognostic impact of microvascu-
lopathy on survival after heart transplantation: evidence from
9713 endomyocardial biopsies. Circulation 2007;116(11):
1274-82.

Clausell N, Butany J, Molossi S, Lonn E, Gladstone P, Rabi-
novitch M, Daly PA. Abnormalities in intramyocardial arter-
fes detected in cardiac transplant biopsy specimens and lack of
correlation with abnormal intracoronary ultrasound or endo-
thelial dysfunction in large epicardial coronary arteries. ] Am
Coll Cardiol 1995;26(1):110-9.

Tan CD, Baldwin WM ], Rodriguez ER. Update on cardi-
ac transplantation pathology. Arch Pathol Lab Med 2007;131
(8):1169-91.

Tsutsui H, Ziada KM, Schoenhagen P, Iyisoy A, Magyar WA,
Crowe TD, etal. Lumen loss in transplant coronary artery dis-
ease is a biphasic process involving early intimal thickening
and late constrictive remodeling: results from a 5-year serial in-
travascular ultrasound study. Circulation 2001;104(6):653-7.
Clarke B, Khush K. Cardiac allograft vasculopathy: an on-
going challenge in the care of heart transplant recipients.
In: Moftate-Bruce SD, editor. Cardiac transplantation. New
York: InTech; 2012. p. 79-98. Available from: hetp://www.
intechopen.com/books/cardiac-transplantation/cardiac-
allograft-vasculopathy-an-ongoing-challenge-in-the-care-
of-heart-transplant-recipients [cited 2013 Jul 16].

Kirk R, Edwards LB, Kucheryavaya AY, Benden C, Christie
JD, Dobbels F, et al. The Registry of the International Soci-
ety for Heart and Lung Transplantation: fourteenth pediatric
heart transplantation report--2011. ] Heart Lung Transplant
2011;30(10):1095-103.

Baran DA, Zucker MJ, Arroyo LH, Camacho M, Gold-
schmidt ME, Nicholls SJ, et al. A prospective, randomized
trial of single-drug versus dual-drug immunosuppression in
heart transplantation: the tacrolimus in combination, tacro-
limus alone compared (TICTAC) trial. Circ Heart Fail 2011;
4(2):129-37.

Stehlik J, Edwards LB, Kucheryavaya AY, Aurora P, Christie
JD, Kirk R, et al. The Registry of the International Society
for Heart and Lung Transplantation: twenty-seventh official
adult heart transplant report--2010. ] Heart Lung Transplant
2010;29(10):1089-103.

Raichlin E, Bae JH, Khalpey Z, Edwards BS, Kremers WK,
Clavell AL, et al. Conversion to sirolimus as primary immu-
nosuppression attenuates the progression of allograft vasculop-
athy after cardiac transplantation. Circulation 2007;116(23):
2726-33.

Kaczmarek I, Deutsch MA, Kauke T, Beiras-Fernandez A,
Schmoeckel M, Vicol C, et al. Donor-specific HLA alloan-
tibodies: long-term impact on cardiac allograft vasculopa-
thy and mortality after heart transplant. Exp Clin Transplant
2008;6(3):229-35.

Kalache S, Dinavahi R, Pinney S, Mehrotra A, Cunningham
MW, Heeger PS. Anticardiac myosin immunity and chronic
allograft vasculopathy in heart transplant recipients. ] Immu-
nol 2011;187(2):1023-30.

Volume 40, Number 4, 2013



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Taylor DO, Edwards LB, Boucek MM, Trulock EP, Waltz
DA, Keck BM, et al. Registry of the International Society for
Heart and Lung Transplantation: twenty-third official adult
heart transplantation report--2006. ] Heart Lung Transplant
2006;25(8):869-79.

Kfoury AG, Stehlik J, Renlund DG, Snow G, Seaman JT,
Gilbert EM, et al. Impact of repetitive episodes of antibody-
mediated or cellular rejection on cardiovascular mortality in
cardiac transplant recipients: defining rejection patterns. J
Heart Lung Transplant 2006;25(11):1277-82.

Stewart S, Winters GL, Fishbein MC, Tazelaar HD, Kobashi-
gawa J, Abrams J, et al. Revision of the 1990 working formu-
lation for the standardization of nomenclature in the diagnosis
of heart rejection. ] Heart Lung Transplant 2005;24(11):
1710-20.

Costanzo MR, Dipchand A, Starling R, Anderson A, Chan
M, Desai S, et al. The International Society of Heart and
Lung Transplantation Guidelines for the care of heart trans-
plant recipients. ] Heart Lung Transplant 2010;29(8):914-56.
Nath DS, Ilias Basha H, Tiriveedhi V, Alur C, Phelan D,
Ewald GA, et al. Characterization of immune responses to
cardiac self-antigens myosin and vimentin in human cardiac
allograft recipients with antibody-mediated rejection and car-
diac allograft vasculopathy. ] Heart Lung Transplant 2010;29
(11):1277-85.

Taylor DO, Yowell RL, Kfoury AG, Hammond EH, Renlund
DG. Allograft coronary artery disease: clinical correlations
with circulating anti-HLA antibodies and the immunohisto-
pathologic pattern of vascular rejection. ] Heart Lung Trans-
plant 2000;19(6):518-21.

Kfoury AG, Hammond ME, Snow GL, Drakos SG, Steh-
lik J, Fisher PW, et al. Cardiovascular mortality among heart
transplant recipients with asymptomatic antibody-mediat-
ed or stable mixed cellular and antibody-mediated rejection. J
Heart Lung Transplant 2009;28(8):781-4.

Petrossian GA, Nichols AB, Marboe CC, Sciacca R, Rose EA,
Smith CR, et al. Relation between survival and development
of coronary artery disease and anti-HLA antibodies after car-
diac transplantation. Circulation 1989;80(5 Pt 2):111122-5.
Suciu-Foca N, Reed E, Marboe C, Harris P, Yu PX, Sun YK,
et al. The role of anti-HLA antibodies in heart transplanta-
ton. Transplantation 1991;51(3):716-24.

Dunn MJ, Crisp SJ, Rose ML, Taylor PM, Yacoub MH. Anti-
endothelial antibodies and coronary artery disease after cardi-
ac transplantation. Lancet 1992;339(8809):1566-70.
Fedoseyeva EV, Zhang F, Orr PL, Levin D, Buncke HJ, Beni-
chou G. De novo autoimmunity to cardiac myosin after heart
transplantation and its contribution to the rejection process. J
Immunol 1999;162(11):6836-42.

Leong HS, Mahesh BM, Day JR, Smith JD, McCormack
AD, Ghimire G, et al. Vimentin autoantibodies induce plate-
let activation and formation of platelet-leukocyte conjugates
via platelet-activating factor. ] Leukoc Biol 2008;83(2):263-
71.

Nath DS, Angaswamy N, Basha HI, Phelan D, Moazami
N, Ewald GA, Mohanakumar T. Donor-specific antibodies
to human leukocyte antigens are associated with and precede
antibodies to major histocompatibility complex class I-related
chain A in antibody-mediated rejection and cardiac allograft
vasculopathy after human cardiac transplantation. Hum Im-
munol 2010;71(12):1191-6.

Kobashigawa JA, Katznelson S, Laks H, Johnson JA, Yeatman
L, Wang XM, et al. Effect of pravastatin on outcomes after
cardiac transplantation. N Engl ] Med 1995;333(10):621-7.
Bonaros NE, Kocher A, Dunkler D, Grimm M, Zuckermann
A, Ankersmit ], et al. Comparison of combined prophylaxis of
cytomegalovirus hyperimmune globulin plus ganciclovir ver-

Texas Heart Institute Journal

34.

35.

30.

37.

38.

39.

40.

41.

sus cytomegalovirus hyperimmune globulin alone in high-
risk heart transplant recipients. Transplantation 2004;77(6):
890-7.

Fateh-Moghadam S, Bocksch W, Wessely R, Jager G, Het-
zer R, Gawaz M. Cytomegalovirus infection status predicts
progression of heart-transplant vasculopathy. Transplantation
2003;76(10):1470-4.

Graham JA, Wilkinson RA, Hirohashi T, Chase CM, Colvin
RB, Madsen JC, et al. Viral infection induces de novo lesions
of coronary allograft vasculopathy through a natural killer cell-
dependent pathway. Am J Transplant 2009;9(11):2479-84.
Schumacher KR, Gajarski R], Urschel S. Pediatric coronary
allograft vasculopathy--a review of pathogenesis and risk fac-
tors. Congenit Heart Dis 2012;7(4):312-23.

Gao HZ, Hunt SA, Alderman EL, Liang D, Yeung AC,
Schroeder JS. Relation of donor age and preexisting coronary
artery disease on angiography and intracoronary ultrasound
to later development of accelerated allograft coronary artery
disease. ] Am Coll Cardiol 1997;29(3):623-9.

Kato T, Chan MC, Gao SZ, Schroeder JS, Yokota M, Mu-
rohara T, et al. Glucose intolerance, as reflected by he-
moglobin Alc level, is associated with the incidence and
severity of transplant coronary artery disease. ] Am Coll Car-
diol 2004;43(6):1034-41.

Mehra MR, Uber PA, Ventura HO, Scott RL, Park MH. The
impact of mode of donor brain death on cardiac allograft vas-
culopathy: an intravascular ultrasound study. ] Am Coll Car-
diol 2004:43(5):806-10.

Yamani MH, Starling RC, Cook DJ, Tuzcu EM, Abdo A,
Paul P, et al. Donor spontaneous intracerebral hemorrhage
is associated with systemic activation of matrix metallopro-
teinase-2 and matrix metalloproteinase-9 and subsequent de-
velopment of coronary vasculopathy in the heart transplant
recipient. Circulation 2003;108(14):1724-8.

Cohen O, De La Zerda DJ, Beygui R, Hekmat D, Laks H.
Donor brain death mechanisms and outcomes after heart
transplantation. Transplant Proc 2007;39(10):2964-9.

Chronic Cardiac Allograft Rejection 399



