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Abstract

As the number of heart transplants performed annually in the United States and worldwide 

continues to increase, there has been little change in graft longevity and patient survival 

over the past two decades. The reference standard for diagnosing acute cellular and antibody 

mediated rejection includes histologic and immunofluorescence evaluation of endomyocardial 

biopsy (EMB) samples, despite its invasiveness and the high interrater variability for grading 

histologic rejection. Circulating biomarkers and molecular diagnostics have shown significant 

predictive value for rejection monitoring, and emerging data support their ability to diagnose other 

post-transplant complications. Genomic (cell-free DNA), transcriptomic (profiling of messenger 

RNA and microRNA), and proteomic (protein expression quantitation) methodologies to diagnose 

these post-transplant outcomes have been evaluated with varying levels of evidence. In parallel, 

growing knowledge about the genetically mediated immune response leading to rejection 

(immunogenetics), has enhanced our understanding of antibody-mediated rejection, associated 

graft dysfunction, and mortality. Antibodies to donor human leukocyte antigens (HLA), and the 

technology available to evaluate these antibodies continues to evolve. This review aims to provide 

an overview of biomarker and immunologic tests used to diagnose post-transplant complications. 

This includes a discussion of pediatric heart transplantation and the disparate rates of rejection 
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and mortality experienced by Black transplant patients. This Frontiers review describes diagnostic 

modalities currently available and utilized after transplant and describes the landscape of future 

investigations needed to enhance patient outcomes after heart transplantation.
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Introduction

The number of heart transplantations (HTs) performed within the United States has nearly 

doubled in the past decade due to advances in donor utilization and the ongoing opioid 

epidemic, and contemporary data indicate that the number of transplants yearly exceeds 

4,000 in the US and 7,000 worldwide. Despite the increased availability of this definitive 

therapy, clinical outcomes after HT have changed minimally in the past two decades, with 

a median post-transplant survival of 13 years1. Within the first year after HT, 13–24% 

of patients experience cardiac allograft rejection (CAR), and, as time from transplant 

increases, chronic rejection, cardiac allograft vasculopathy (CAV), and late graft failure 

become more prevalent1,2. The endomyocardial biopsy (EMB) was developed 50 years ago 

to diagnose CAR and remains the reference standard; however, it is limited by invasiveness, 

complication rate (approximately 4%), requirement of general anesthesia (in children), and 

variability in histopathologic interpretation which can lead to under- and over-treatment3–5.

In the past two decades there has been extensive investigation into molecular (-omic) 

diagnostics and other circulating biomarkers to facilitate the non-invasive diagnosis of CAR. 

Contemporary methodologies, including blood-based cell-free DNA (genomics) and gene 

expression profiling (GEP, transcriptomics) are now used clinically to reduce surveillance 

EMB frequency (Table 1, Figure 1)6–10. Research into the use of immunogenetics in HT 

has paralleled this growth in understanding of molecular biomarkers. Through more precise 

genotyping and enhanced detection of antibodies to human leukocyte antigens (HLAs), there 

has been heightened recognition of the consequences of pre-transplant sensitization that 

informs desensitization strategies, organ selection, and has all but eliminated hyperacute 

rejection at the time of transplant. After transplant, the contribution of donor-specific 

antibodies (DSAs) to antibody-mediated rejection (AMR), which often manifests with 

more significant graft dysfunction and has a predilection for recurrence, is widely 

recognized12–14. With the clinical adoption of these technologies, a better understanding of 

differences in recipient age and race/ethnicity as well as other factors affecting the immune 

response and risk of post-transplant adverse events is needed15–18. This state-of-the-art 

review aims to provide an overview of the current and emerging modalities utilized to 

manage HT patients.

Donor-Derived Cell-Free DNA

Cell-free DNA describes extracellular double-stranded DNA, 20–166 base pairs in length 

that reside in most bodily fluids and originate from nuclear, mitochondrial, or non-human 

(bacterial or viral) sources19. With cell death due to disease processes such as CAR, as well 
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as with natural cell turnover (apoptosis), cell-free DNA is released into the bloodstream. 

The utilization of cell-free DNA in solid organ transplantation stems from knowledge 

gained in its prior applications, in prenatal diagnostics (fetal DNA found in maternal 

circulation) as well as cancer surveillance (tumor DNA found in bloodstream). The initial 

work demonstrating that cell-free DNA can be used for CAR evaluation was performed at 

Stanford University: donor and recipient pre-transplant DNA were evaluated with whole 

genome sequencing to identify ~1.5 million distinguishing single nucleotide polymorphisms 

(SNPs)20. However, only a subset of the donor-recipient SNPs remain informative in 

identifying the donor fraction. Informative SNPs represent those where the recipient is 

homozygous (2 alleles with the same nucleotide) and different from the donor, who is 

either heterozygous or homozygous for a different nucleotide; thus permitting differentiation 

of donor and recipient DNA. The ratio of donor-derived to recipient DNA allows for 

calculation of the percentage of donor-derived cell free DNA (dd-cfDNA). Given the small 

concentration of donor (as compared to recipient) cell-free DNA, dd-cfDNA assays require 

high sensitivity for the detection of donor vs. recipient cell-free DNA. A prospective study 

from Stanford of 21 pediatric and 44 adult recipients showed that a dd-cfDNA threshold of 

0.25% was associated with the composite outcome of biopsy-proven acute cellular rejection 

(ACR ≥ Grade 2R) or AMR, with area under the curve (AUC) of 0.83 (Figure 2)20.

A contemporary publication from the Genomic Research Alliance for Transplantation 

(GRAfT), a multicenter, prospective, longitudinal cohort study, which required donor and 

recipient genotyping in 165 adults, demonstrated that a dd-cfDNA threshold of 0.25% 

was associated with a composite of ACR ≥ 2R or pathologic AMR (pAMR) ≥1, with 

AUC of 0.92, sensitivity of 81%, specificity of 85%, positive predictive value (PPV) of 

19.6%, and negative predictive value (NPV) of 99.2%7. The GRAfT study had adequate 

power to evaluate dd-cfDNA diagnostic performance for both ACR and AMR, with 

individual AUCs of 0.89 and 0.95, respectively. Importantly, the cohort was diverse and 

included a higher proportion (44%) of Black patients than prior dd-cfDNA studies, as these 

patients have historically worse post-transplant outcomes. Given the interrater variability 

in EMB interpretation and the frequent clinical observation of allograft dysfunction by 

echocardiography with a negative EMB, the GRAfT investigators evaluated the ability 

of EMB to detect rises of dd-cfDNA (i.e., utilizing dd-cfDNA rather than EMB as the 

reference standard). The EMB had 19.6% sensitivity and 99.2% specificity in detecting 

elevated cell-free DNA. Of the 135 dd-cfDNA elevations that were missed by the EMB 

(i.e., a ‘false negative’ EMB), 21% had concurrent allograft dysfunction (decline in ejection 

fraction ≥ 5%) and 44% preceded a diagnosis of CAR (more frequently AMR than ACR). 

Clinical management of patients with a negative EMB and abnormal dd-cfDNA (or other 

molecular marker) is challenged by a lack of sufficient data to guide clinicians. The long-

term trajectory of these patients is unclear, and the risks of over-immunosuppression need to 

be considered carefully.

To enable broad applicability and quick turnaround of dd-cfDNA results, approaches 

targeting prevalent SNPs in the general population have been developed and are now 

commercially available. These approaches eliminate the need for donor and recipient 

genotyping and utilize multiplex polymerase chain reaction (PCR) coupled with targeted 

next-generation sequencing of informative SNPs that permit dd-cfDNA quantification6,7,21. 
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The most widely studied and clinically employed assay is Allosure® (CareDx, Inc., 

Brisbane, CA), which currently includes a panel of 405 SNPs and was clinically validated 

in the Donor-Derived Cell-Free DNA-Outcomes AlloMap Registry (D-OAR) study6. This 

observational, prospective study enrolled 740 HT recipients ≥ 15 years of age (at multiple 

time points post-transplant) from 26 centers, utilizing a dd-cfDNA threshold of 0.2% to 

predict a composite outcome of ACR ≥ 2R or pAMR ≥1, resulting in a sensitivity of 

53.8%, specificity of 76.1%, PPV of 11.6%, NPV of 96.6%, and AUC of 0.64 (which is 

moderate and highlights the lack of precision of this modality as compared to its previous 

pre-clinical evaluations). Another commercial assay is Prospera™ (Natera, Inc., Austin, TX) 

which interrogates ~13,000 SNPs. In an initial two-center case-control evaluation of this 

assay, there was a sensitivity of 78.5, specificity of 76.9, PPV of 25.1%, NPV of 97.3%, and 

AUC Of 0.86 for the detection of ACR ≥ 2R or pAMR ≥ 122. Currently, dd-cfDNA tests are 

optimally used to avoid biopsies when there is low pre-test probability and clinical suspicion 

for ACR and AMR.

Gene Expression Profiling

Gene expression is an intriguing biomarker as it may not only permit surveillance and 

diagnosis of CAR but may provide insights into molecular mechanisms implicated in the 

alloimmune response. From peripheral blood mononuclear cells, the quantity of messenger 

RNA (mRNA) transcripts for genes involved in inflammation, tissue injury, or other known 

CAR processes can be reverse transcribed (RT) to DNA, then amplified via PCR, allowing 

quantification. The eight-center Cardiac Allograft Rejection Gene Expression Observational 

(CARGO) trial utilized RT-PCR methodology to quantify expression of candidate genes 

(Table 2)8. This study initially performed a microarray analysis of over 7,000 candidate 

genes, and, with training and validation testing, resulted in an 11-gene classifier test that 

became AlloMap® (CareDx, Inc., Brisbane, CA). The CARGO study included a validation 

cohort distinguishing ACR ≥ 3A among samples with a score >20 (maximum score = 40) as 

well as a prevalence analysis, including samples taken at a longer (≥ 1-year) post-transplant 

time and utilizing a higher (>30) rejection score, resulting in a PPV of 6.8% and NPV of 

>99% for this assay. This was followed by one of the only randomized, controlled clinical 

trials in CAR diagnosis: the Invasive Monitoring Attenuation through Gene Expression 

(IMAGE) study, which was designed to test the non-inferiority of surveillance with GEP 

as compared to EMB9. In this study, 602 low-risk HT patients (those with normal cardiac 

function and without history of AMR or CAV) who were ≥ 6 months post-transplant were 

randomized to a traditional EMB or GEP surveillance strategy. There were similar two-year 

event rates (hemodynamically significant ACR or AMR, graft dysfunction, or mortality) 

between EMB (15.3%) and GEP (14.5%) groups, suggesting that this non-invasive approach 

may be reasonable in low-risk patients >6 months post-transplant.

Post-transplant surveillance strategies at many HT centers have incorporated dd-cfDNA and 

GEP with obviation of EMB in patients with normal molecular testing results. Important 

considerations regarding this strategy are the following: 1) GEP has only been validated 

for the detection of ACR, while dd-cfDNA has been validated in ACR and AMR6,7, 2) 

GEP scores vary with time post-transplant, rise as corticosteroids are weaned, and can 

only be implemented after 55 days post-transplant, while dd-cfDNA can be implemented 
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as early as 14 days post-transplant, allowing for resolution of early graft injury associated 

with ischemia-reperfusion injury and surgery6–8,28, 3) the interpretability of GEP scores 

is unreliable in the setting of high-dose prednisone, cytomegalovirus infection, receipt of 

hematopoiesis stimulating agents, and blood transfusions29,30, and 4) the PPV for GEP 

is 7%, while for dd-cfDNA it is nearly 20%6–8. Importantly, systemic infection and 

inflammation can lead to cellular apoptosis and raise total cell-free DNA levels, thus 

reducing the donor fraction. Quantitative PCR is one method to more accurately calculate 

the absolute quantity of cell-free DNA to improve calculation of the donor fraction22,31. 

In clinical practice, GEP and dd-cfDNA scores are often used concordantly to surveil post-

transplant status and decide on the utility of performing EMB. In a single-center analysis 

evaluating this strategy among 153 HT patients, 495 combined GEP/dd-cfDNA tests were 

performed, leading to cancellation of 84% of surveillance biopsies, as opposed to 71% if 

GEP alone was used32. Critically important is that in the subgroup of tests where the GEP 

was positive and dd-cfDNA was negative (23% of combined testing results), none of the 

patients went on to develop CAR. In a similar evaluation from another center, ~20% of 

combined testing results had a positive GEP and negative dd-cfDNA also with none of those 

patients having CAR33. These findings support the higher specificity of dd-cfDNA over 

GEP and question the clinical necessity of using both dd-cfDNA and GEP in contemporary 

practice.

MicroRNAs

Aside from protein-coding genes or mRNA transcripts, the genome encodes for microRNAs 

(miRs), which are small (~22 nucleotide) RNA sequences that regulate protein expression34. 

With the development of next generation sequencing, over 2,000 miRs have been described 

in humans and more than half of all protein-coding genes are known to be regulated by 

miRs34. MicroRNAs are intriguing biomarkers as they are often contained within vesicular 

bodies (such as exosomes) or bound to lipoproteins, which confers both in vivo and in 
vitro stability35. In CAR, Duong Van Huyen and colleagues evaluated the potential of 14 

pre-selected miRs and annotated their expression by PCR in EMB and serum samples36. 

They were able to identify four miRs that were associated with ACR and AMR in both the 

tissue and blood with AUCs > 0.90, as well as specific expression patterns that differentiated 

ACR from AMR.

In a recent publication from the GRAfT investigators, next generation sequencing was 

utilized to identify differential expression of ACR- and AMR-associated miRs in 157 

patients27. The GRAfT investigators developed a panel of ACR and AMR-specific miRs 

which was used to create a clinical rejection score for ACR and AMR. These scores were 

then internally and externally validated in distinct patient cohorts from GRAfT and Stanford 

University, leading to a GRAfT ACR AUC of 0.94 and AMR AUC of 0.82, and Stanford 

ACR AUC of 0.72. MicroRNA score elevations preceded clinical rejection and improved 

with therapy, suggesting that they could be used as a quantitative marker. The results of this 

study suggest the potential of miRs as a true ‘liquid biopsy’ with the ability to detect ACR 

and AMR; however further clinical validation studies are needed.
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Intragraft Gene Expression Profiling

While molecular methodologies have allowed for the obviation of many surveillance 

biopsies, tissue diagnosis remains necessary when rejection is clinically suspected (i.e., 

for-cause biopsy). When EMB is obtained, GEP (mRNA evaluation) of tissue samples 

can enhance precision in identifying the mechanisms of allograft injury, rejection and 

graft dysfunction. The Molecular Microscope® Diagnostic system (MMDx, Transcriptome 

Sciences, Alberta, Canada) is a GEP analysis wherein RNA transcripts are extracted from 

EMB samples preserved in RNAlater® (Thermo Fisher Scientific, Waltham, MA) and 

hybridized to human genome microarrays. The initial work in this area was published 

by a multi-center group from Canada, Italy, and France, where 331 EMB samples were 

evaluated to define archetypes, or clusters of gene transcripts, based on unsupervised 
machine learning37. In this manner, unique gene expression profiles were first identified 

and then found to correlate with ACR, AMR, or no rejection by histopathology. These initial 

gene expression archetypes displayed AUCs of 0.78 (no rejection), 0.65 (ACR), and 0.81 

(AMR). A more recent intragraft GEP study evaluated 1,320 biopsies from the 13-center 

INTERHEART study, defining a new gene expression archetype for ‘minor rejection’, which 

was specifically associated with class II DSA positivity, as well as ACR 1R (but not ACR 

≥ 2R or AMR)38. These results describe the utility of intragraft transcripts to distinguish 

EMBs with ongoing inflammatory changes not meeting histologic CAR thresholds. As the 

assay requires an additional biopsy sample to be collected, the greatest clinical utility may 

be for those patients with prior normal biopsies who present with clinical graft dysfunction 

and elevated DSA or dd-cfDNA.

A similar GEP microarray methodology to measure intragraft transcripts, nCounter 

(nanoString, Seattle, WA) has been developed, which can be performed on formalin fixed 

tissue, not requiring additional tissue samples to be collected. In an AMR case-control study, 

a signal associated with both AMR and HLA class I and II DSA presence was identified 

via nCounter39. Dysregulated transcripts were implicated in natural killer (NK) cell and 

monocyte activation as well as donor-specific endothelial cell activation/angiogenesis. 

Though intragraft GEP is not widely used as a clinical tool, Alam et al. retrospectively 

evaluated intragraft GEP results in conjunction with dd-cfDNA and traditional EMB 

histopathology, finding a 61% agreement across all three modalities40. There was 84% 

agreement between EMB and intragraft GEP; and of the 32 EMB-negative samples that 

had rejection evidence on intragraft GEP, the majority had an elevation of dd-cfDNA. The 

evidence of ongoing molecular signals of rejection and allograft injury, despite a negative 

EMB, underscores EMB’s imperfection in identifying allograft injury and highlights the 

potential of a multi-marker approach to allograft surveillance. Finally, a study from the 

University of Padova evaluated miR (rather than mRNA) expression in EMB tissue samples 

from 33 patients with ACR, AMR, mixed rejection, or no rejection and showed the ability of 

14 individual miRs to identify specific rejection types, suggesting that miR EMB profiling 

may be used along with GEP to identify CAR when the EMB histopathology is equivocal41.
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Protein Biomarkers and Exosomal Profiling

Given the widescale availability, low-cost, and proven clinical utility of circulating cardiac 

biomarkers in heart failure and coronary artery disease, HT patients often undergo 

measurement of natriuretic peptides and cardiac troponins when there is suspected graft 

dysfunction or CAR. Transplanted hearts release natriuretic peptides, which peak within 

the first one to two months post-transplant and reach steady state within one to two 

years, though often this steady state is higher than that for healthy controls42. While some 

studies have shown associations between natriuretic peptide elevation and CAR, multiple 

evaluations have shown that B-type natriuretic peptide (BNP) and N-terminal pro-B-type 

natriuretic peptide (NT-proBNP) lack sensitivity and specificity for diagnosing CAR43–45. 

Evaluations of standard cardiac troponin (cTn) I and T assays have shown similar early 

post-transplant temporal decay patterns, but mixed results in their ability to diagnose biopsy-

proven rejection46. High-sensitivity cardiac troponin (hs-cTn) has been postulated as a more 

sensitive diagnostic marker of CAR, but recent work showed no association between hs-cTn 

I and ACR ≥ 2R47. Similarly, evaluations of non-specific inflammatory biomarkers, such 

as C-reactive protein and interleukin-6 (IL-6), have not proven to be accurate diagnostic 

markers of CAR45,48. There have also been evaluations of immune and angiogenesis 

biomarkers within the Clinical Trials in Organ Transplantation (CTOT)-5 and CTOT-18 

studies, showing an association between endothelial growth factor-C and endothelin-1 

with cardiac allograft vasculopathy, as well as anti-cardiac myosin antibody and vascular 

endothelial growth factors-C and -A with adverse post-transplant outcomes49,50. Whether 

assays for circulating, targeted biomarkers can augment the accuracy of other -omics 
technologies for CAR remains an area of investigation.

Aside from measuring single soluble protein biomarkers, there has been growing interest 

in high-throughput, targeted-discovery protein expression profiling using technologies such 

as Olink® (Uppsala, Sweden) and Somascan® (SomaLogic, Boulder, CO). These use either 

antibody or nucleic acid probes that can hybridize with proteins in recipient blood samples, 

simultaneously evaluating hundreds to thousands of protein biomarkers with amplification 

of the detection signals via quantitative PCR. A recent study at Columbia University 

utilized protein expression profiling in 36 patients with ACR, AMR, and no rejection, 

identifying multiple immune modulating proteins differentially expressed in ACR and 

AMR51. A unique aspect of this study was the evaluation of exosomes, small intracellular 

vesicular bodies that hold proteins and nucleic acids that can enter the circulation as well as 

neighboring cells and have been implicated in cell-to-cell communication. By focusing on 

exosomes, we can begin to identify the cell type of origin for these deranged protein and 

nucleic acid signatures.

Pediatrics

Given the potentially increased risk and patient distress associated with EMB in children, 

the expansion of molecular rejection evaluation into pediatric HT practice will be especially 

important (Table 3)3. The initial dd-cfDNA work at Stanford University (described above) 

included both pediatric and adult HT recipients20. Additionally, investigators from the 

seven-center DNA-Based Transplant Rejection Test (DTRT) study group published on a 
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combined pediatric and adult cohort, utilizing the myTAIHEART dd-cfDNA assay, which is 

no longer clinically available, and described a sensitivity of 65%, specificity of 93%, PPV 

84.6%, NPV 81.8%, and AUC of 0.81 for pediatric patients to detect ACR ≥ 1R (a notable 

weakness of the study as ACR 1R is not clinically treated as rejection) or pAMR ≥121. The 

DTRT investigators later published an evaluation of dd-cfDNA utilizing clinically treated 

(rather than biopsy-proven) rejection, and the diagnostic accuracy reached a sensitivity of 

95%, specificity of 56%, PPV 9%, NPV 99%, and AUC of 0.81 for pediatric patients52. 

Higher %dd-cfDNA at days 0 and 14 of a rejection event were associated with a composite 

of death, cardiac arrest, or MCS during follow-up, suggesting the clinical significance of dd-

cfDNA levels in clinical rejection syndromes, regardless of EMB result. Additionally, there 

was an observable difference in non-rejection dd-cfDNA levels in pediatric, as compared 

to adult samples, suggesting more baseline immune activation post-transplant in children. 

Future pediatric investigations of noninvasive rejection surveillance methodologies should 

consider immune system development and the corresponding immunologic response.

There have been reports of the clinical use of dd-cfDNA and GEP assays from pediatric 

HT centers, but a pediatric-specific controlled analysis to evaluate their predictive value of 

EMB-proven rejection has not been performed53,54. Investigators from Children’s Hospital 

of Pittsburgh published initial results of dd-cfDNA evaluations used as an alternative 

surveillance strategy to EMB in 58 low-risk pediatric recipients53. Of the 11 patients with 

elevated dd-cfDNA, there were four episodes of ACR 1R with one of these patients having 

pAMR 2, and the remainder were ACR 0R/pAMR 0. Of the 47 patients without a dd-cfDNA 

elevation, there was only one episode of clinically significant rejection (ACR 2R, pAMR 0). 

Research in pediatric HT is limited by overall smaller numbers of HT: 10–15% of the over 

6000 worldwide heart transplants per year have pediatric recipients, and most individual 

centers perform <10 transplants per year1,2.

Children also have unique immune considerations that must be weighed when evaluating 

molecular diagnostic tools. First, nearly half of the transplants performed in North America 

are due to congenital heart disease, and many of these patients have immune dysregulation 

due to protein-losing enteropathy, hepatic dysfunction, or congenital comorbidities55. As the 

success of congenital heart disease surgery increases, more children are living and eligible 

for HT, and these children are often sensitized due to the receipt of allograft material and 

transfusions2,56. Sensitization among pediatric recipients has increased over time (estimated 

at 11–57%) and is associated with increased waitlist duration and pre-transplant mortality 

as well as increased post-transplant rejection, CAV, and mortality17,18,56. Additionally, as 

multiple short- and long-term MCS devices are increasingly being used in children, it 

will be important to evaluate their effect on pre-transplant sensitization and post-transplant 

adverse outcomes. In a 2004–2014 UNOS evaluation, 19% of children received VAD prior 

to transplant and 42% of VAD patients became sensitized prior to transplant; however, there 

was no association between pre-transplant sensitization and post-transplant mortality57. 

Another unique immune aspect of the pediatric population which will require further study 

is the use of ABO-incompatible transplants as standard of care for children under two years 

of age.
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Racial Disparities after Heart Transplant

The most striking result in stratified outcomes after HT is that Black recipients have higher 

post-transplant mortality rates, independent of socioeconomic status58. Among Black HT 

recipients, there are higher rates of pre-transplant sensitization, HLA mismatch at time of 

transplant, de novo DSA development, and AMR15,16,58,59. In a single-center evaluation of 

137 patients (48% Black) from Emory University Hospital, Black patients were twice as 

likely to develop graft dysfunction, four times more likely to develop de novo DSA, and five 

times more likely to develop AMR than non-Black patients16. An evaluation of 63 patients 

(46% Black) from the GRAfT cohort showed higher dd-cfDNA levels in the first week 

post-transplant among Black recipients as compared to non-Black recipients, suggesting 

more significant early allograft injury in Black recipients28. The higher dd-cfDNA elevations 

in Black patients was associated with a higher risk of AMR on short-term follow-up, 

suggesting that elevations of dd-cfDNA in the absence of rejection may potentially trigger 

immune activation and lead to downstream CAR.

A post-hoc evaluation of the IMAGE trial results showed similar GEP scores among 

White, Black, and Other race groups (despite higher event rates in the Black and Other 

groups)60. Black recipients, however, had differences in individual gene expression that 

were significant predictors of adverse events; namely, upregulation of MARCH8 (involved 

in regulation of Class II HLA and inhibition of T-cell activation) and downregulation of 

FLT3 (involved in stimulation of NK and B cells). Given these findings, an evaluation of 

the OAR study results was performed, limited to Caucasian and Black recipients enrolled in 

the first-year post-transplant, showing that Black recipients (and not White recipients) with 

higher GEP scores had higher risk of mortality and those with higher tacrolimus levels had 

lower risk of mortality15. In White recipients, MARCH8 upregulation was associated with 

increased mortality, and in Black patients FLT3 upregulation was associated with increased 

mortality. These disparate gene expression and medication response profiles between races 

highlight the need for a better understanding of the genomic differences mediated by race/

ethnicity, which may provide an increased precision medicine approach in HT, as has been 

described in other cardiovascular therapeutic applications.

HLA and non-HLA Antibody Biomarkers

HLA Typing and Antibody Determination

Histocompatibility describes the immune compatibility between donor and recipient, which 

is defined by the ‘immunogenetics’ of 12 highly polymorphic genetic loci (having > 

35,000 HLA allele variants) on chromosome 6: three single chain class I antigen groups 

(HLA-A, -B, and -C) and three heterodimer class II antigen groups (HLA-DPA-DPB, 

-DQA-DQB, and -DRA-DRB). These genes code for the surface proteins that comprise 

the antigen presenting complex, which allows the body’s immune system to distinguish 

between self and non-self. The classical methodology to determine anti-HLA antibody 

(HLA-Ab) presence was the complement dependent cytotoxicity cell panel, which requires a 

high threshold of bound HLA antibody to elicit complement-mediated cell death. More 

recent HLA-Ab screening involves the use of solid-phase immunoassays, such as the 

Luminex- (Luminex, Austin, TX) platform, which uses multiplex bead assays that involve 
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incubation of HLA-coated beads with recipient serum, followed by the addition of a 

fluorescently labeled anti-IgG detection antibody, which can then be measured as a semi-

quantitative mean fluorescence intensity (MFI). Adjunct testing to aid in determining pre- 

or post-transplant antibody strength and potential pathogenicity include 1) serial dilutions 

of recipient serum, with more deleterious antibodies present at higher titer (concentration), 

2) modified assays that measure activation of complement products (C3d or C1q) which, if 

present, likely denote more a more significant immune response and 3) confirmatory flow 

cytometry or complement dependent cytotoxicity crossmatch evaluations. The technology 

to detect HLA-Abs via solid phase immunoassays and other methodologies continues to 

evolve, and more consensus is needed regarding the identification and quantification of 

clinically relevant pre- and post-transplant HLA-Abs.

Pre-Transplant Sensitization

Prior to transplantation, recipient serum is tested to evaluate the presence and breadth of 

HLA sensitization. Pre-transplant HLA-Ab presence can develop from sensitizing events 

such as pregnancy, transfusions, or receipt of surgical allograft material (Figure 3) and 

is collectively reported as a calculated percentage of panel-reactive antibodies (%cPRA), 

which captures the HLA allele frequency in the donor population. Higher %cPRA reflects 

a higher proportion of HLA-incompatible donors (i.e. the likelihood of a preformed HLA 

Ab specific for the donor HLA antigen profile) but may not reflect the number or strength 

of the preformed HLA Abs. Sensitized patients wait longer for organs and have higher 

rates of rejection, along with pre- and post-transplant mortality61–63. Sensitization and 

HLA antibody-presence is dynamic, requiring multiple pre-transplant evaluations, as HLA 

antibody levels change with sensitizing events.

Virtual Crossmatch

As travel times for donor hearts has increased, pre-transplant crossmatching has been 

essentially eliminated, and most transplant centers perform a virtual crossmatch at the 

time of donor organ consideration: evaluating the current recipient HLA-Ab profile against 

corresponding donor HLA antigens to determine the presence of mismatched pre-formed 

DSA. While mismatch at both class I and class II loci have been associated with decreased 

graft survival, class II mismatch is a more significant predictor of CAR, specifically 

AMR64,65. Multiple studies, however, have evaluated the effects of transplanting across DSA 

barriers and have yielded divergent results—some showing increased AMR and mortality, 

and others without such effects; these discrepancies may be due to different DSA strengths 

and characteristics, or different immunosuppression and desensitization strategies employed 

among these patients66. With increasing rates of sensitization, determining which DSA 

barriers can be safely crossed and which may require desensitization will be necessary for 

sensitized patients, balancing the risk of death on the waitlist with potential side effects of 

desensitization therapy.

Post-Transplant DSA

Post-transplant DSA detection has been associated with increased AMR, CAV, and 

mortality, either due to pre-formed DSA or development of de novo DSA67–70. It is 

estimated that 25–35% of HT recipients develop de novo DSA, which are primarily Class 
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II, with those specific to the DQ locus being most deleterious64,71,72. These can emerge 

both early and late after transplantation, with their persistence (rather than the timing at 

which they develop) the greatest predictive factor of adverse outcomes67,72. A study of 172 

HT recipients found transient de novo DSA in 15% and persistent (present in samples ≥ 

30 days apart) de novo DSA in 18%. Those with persistent de novo DSA had a four-fold 

increased mortality risk, compared to no increased mortality risk in those with transient de 
novo DSA67. As more is learned about the effects of post-transplant DSA especially among 

high-risk patients, it will be important to evaluate how HLA-Ab detection can be used in 

conjunction with molecular methodologies, such as dd-cfDNA or intragraft GEP, to enhance 

risk stratification of DSA and patient management.

Non-HLA Antibodies

While the development of de novo DSA has been associated with AMR, many biopsy-

proven AMR cases occur in patients without HLA DSA, which may be related to non-HLA 

antibodies73. An evaluation of 77 patients bridged to HT with VADs showed that elevated 

angiotensin II type 1 receptor (AT1R) antibodies (and not HLA-Abs) at time of transplant 

were associated with an increased composite risk of death, treated rejection, or CAV within 

a five-year follow-up period74. There have also been reported associations between CAR and 

antibodies to collagen-V, K-alpha-1 tubulin, and Major Histocompatibility Complex Class I 

Chain-Related Molecule A (MICA)75,76. Given the numerous potential non-HLA antibodies 

related to CAR, future evaluations in this area will benefit from ongoing work describing the 

use of protein expression profiling as well as the development of a Luminex- bead assay for 

non-HLA antigens. It is possible that non-HLA antibodies may synergize with de novo DSA 

to affect the severity of CAR.

Titration of Immunosuppression to Mitigate Risk of Infections

The combination of immunosuppressive agents (calcineurin-inhibitors, mycophenolate 

mofetil, corticosteroids, and various induction agents) as well as increased recipient 

complexity have resulted in increasing infectious complications over-time, which are now 

a leading cause of death after the first post-transplant month and responsible for up to 

30% of overall post-transplant mortality77. Despite infectious complications, there have not 

been significant changes to maintenance immunosuppression over the past two decades, and 

the ability to safely minimize immunosuppression could improve post-transplant outcomes. 

This effort will require an assay quantifying a recipient’s net state of immunosuppression, 

the development of which has remained elusive. The most prominent example is the 

Immuknow® Assay (Viracor-IBT [formerly Cylex], Lenexa, Kansas) which was designed 

to measure T-cell activity—a primary target of calcineurin inhibition (Table 4). In this 

assay, peripheral CD4 T cells are stimulated with phytohemagglutinin, and bioluminescence 

is used to quantify ATP production, which correlates with overall T-cell activity. ATP 

levels ≤225 ng/mL are suggestive of a high net state of immunosuppression and have 

been associated with increased risk of infection78,79. Results of clinical validation studies, 

however, have not reliably shown high T-cell activity to be associated with CAR79,80. 

Despite modest data, many transplant programs continue to use this assay to guide reduction 

of immunosuppression, especially in the setting of infection or malignancy. Another 
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T-cell based assay is ImmunoSpot®, which quantifies interferon response within antigen-

stimulated immune cells; this assay remains limited to the research setting81. van Besouw 

and colleagues assayed the number of cytokine-secreting lymphocytes via ImmunoSpot® 

before, during, and after an episode of CAR and noted a corresponding lymphocyte rise 

and fall at the time of diagnosis and after treatment of rejection82. GEP has also been 

evaluated as a marker of immunosuppressive state and infection risk, where low GEP scores 

were often found at the time of significant infection (particularly with cytomegalovirus and 

fungal infections)83. Another biomarker that holds great promise for immunosuppression 

quantitation is Torque Teno Virus viral load, which has been shown to correlate with both 

risk of infection and allograft rejection among recipients of heart and other solid organ 

transplants84.

Biomarkers of Primary Graft Dysfunction and Cardiac Allograft 

Vasculopathy

It has been hypothesized that primary graft dysfunction (PGD)—defined as acute failure 

of the new allograft to support the recipient’s circulation—may be a function of donor 

and/or recipient inflammation as well as innate immune activation85. Recently, aptamer-

based protein expression profiling was performed on pre-transplant serum from 219 heart 

transplant recipients, analyzing a total of 354 distinct circulating protein biomarkers86. The 

authors found that circulating levels of C-type lectin receptor 4C were elevated in PGD as 

compared to controls in both a derivation and validation set, and this association remained 

even after adjustment for key clinical variables. C-type lectin receptor 4C is a surface marker 

of plasmacytoid dendritic cells, which bridge the gap between the innate and adaptive 

immune system and play a key role in identifying cell-free viral DNA to generate a rapid 

and robust interferon response. Whether patients with enrichment of plasmacytoid dendritic 

cells can generate a robust pro-inflammatory response to donor-derived cell free DNA is 

the subject of ongoing investigation. Another study which suggested a potential role for 

innate immunity in the development of PGD performed mass spectrometry-based proteomic 

profiling on microvesicles isolated from the pre-transplant serum of 88 heart transplant 

recipients87. The authors reported that lower levels of pre-transplant kallikrein (a serine 

protease involved in the inflammatory and coagulation cascades) were associated with PGD 

development. Lower levels of circulating kallikrein have been previously reported in other 

pro-inflammatory states, suggesting that these recipients may have increased innate immune 

activation and inflammation even prior to HT.

Unlike PGD which represents an early event in the post-transplant period, CAV is a longer-

term complication of HT that is associated with significant morbidity and mortality88. 

Current diagnostic strategies for CAV are centered around coronary angiography, which 

may lack sensitivity and specificity for the diagnosis, particularly in its subclinical form. 

Multiple studies have demonstrated an association between DSA, specifically class II, 

and development of CAV69,89. There is less evidence, however, regarding other molecular 

biomarkers’ association with CAV. A single center study from Madrid, Spain, evaluated 

dd-cfDNA of 94 recipients at time of angiography and showed no association between dd-

cfDNA and presence of CAV90. In another study utilizing proteomics, aptamer-based protein 
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expression profiling identified a signature that discriminated patients with mild-moderate 

CAV, including proteins related to cellular injury, inflammation, and platelet activation91. As 

investigations continue to evaluate molecular methodologies as markers of CAR, it will be 

important to assess their ability to predict these other post-transplant outcomes.

Molecular Testing Implementation Barriers and Limitations

To date, the AlloMap® GEP assay is the only -omics evaluation described in this review with 

FDA clearance. This is due in part to the lack of standardized processes for development 

and approval of biomarkers, as compared to those for drug (investigational new drug [IND]) 

and device (investigational device exemption [IDE]) development. Within the past few 

years, however, genetic tests for oncologic applications have received IDE approval, and 

there is growing FDA interest in overseeing regulatory approval of biomarkers in solid 

organ transplantation92,93. While there is continued recent evidence showing the utility of 

dd-cfDNA and miRNAs in evaluating ACR and AMR, the PPV of these methodologies 

remains low when compared to EMB, leading to use primarily in the setting of a low pre-test 

probability for rejection (i.e., surveillance testing). For these evaluations to gain further 

regulatory approval and high-level evidence within professional society guidelines, they will 

need to be studied in appropriately powered clinical utility trials. As an example, many of 

these genomic assays are validated as part of the drug development process in oncology, 

leading to FDA approval as a companion diagnostic. Finally, although methods are being 

developed to reduce the costs of these assays, they are quite technically complex and cost 

~$2,800 US dollars, limiting application outside of the US11.

Many of these molecular technologies have only been studied in the early post-transplant 

period. Future investigations need to expand beyond the first year and elucidate the 

implications and management of patients with persistently elevated dd-cfDNA, defining its 

role in assessing pathogenicity of de novo DSA and predicting long-term graft dysfunction 

(both systolic and diastolic) and CAV.

Comparison to other Solid Organ Transplants

Importantly, in HT as compared to other solid organ transplants, these technologies have 

more robust application and clinical data for their use, given that 1) the incidence of 

rejection in other transplanted organs is significantly lower (approximately 5–9% for 

renal transplantation compared to 13–24% for heart transplantation at one-year)1,2,94, 2) 

biomarkers of end-organ function (creatinine and AST/ALT) are reasonable markers of 

rejection and 3) biopsies are primarily performed for-cause rather than for surveillance as in 

HT. As molecular evaluation methodologies continue to develop, the lessons learned from 

HT will have implications for other solid organ transplant populations.

Future Directions

Current generation molecular biomarkers are used as part of a monitoring strategy post-

transplant, but with further development of dd-cfDNA and miR assays, the field will likely 

move towards a definitive diagnosis of CAR with specific rejection subtype, allowing 
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appropriate ACR or AMR therapy without the need for EMB (Figure 4). The GRAfT 

investigators demonstrated disparate guanosine:cytosine (G:C) ratio and fragment length of 

dd-cfDNA as a potential mechanism to distinguish between ACR or AMR, and as miR 

evaluation moves from bench to bedside, this methodology will likely be able to diagnose 

ACR or AMR7,27. Absolute quantification of dd-cfDNA, additionally, rather than thresholds 

of %dd-cfDNA, may enhance CAR prediction22. It is likely that the future of genomic 

testing will include a multi-marker approach that enhances overall specificity and PPV, 

while maintaining sensitivity and NPV. There remain questions regarding the frequency at 

which to obtain these molecular evaluations, to improve clinical utility beyond the first year 

after transplant.

In the current era, with rejection rates below 20%, there is a growing need to 

provide a comprehensive evaluation of allograft health to assess overall immune state. 

Molecular methodologies may help improve post-transplant survival by permitting tailored 

immunosuppression with the goal of reducing the complications of over-immunosuppression 

including infection, malignancy, and chronic kidney disease. Proteomic information 

post-transplant can yield information regarding immune system activation and allograft 

injury. This can occur in concert with a more advanced evaluation of the net state of 

immunosuppression, potentially via quantification of Torque Teno Virus. In addition, based 

on work in oncology using circulating tumor DNA, there is a potential to use cell-free DNA 

to diagnose certain forms of cancer (e.g., post-transplant lymphoproliferative disorder) in 

transplant recipients prior to clinical onset.

Aside from their role as biomarkers, these genomic molecules are linked to the 

pathophysiology of CAR and other post-transplant complications. Much has been learned 

about cell-free DNA, specifically, from the COVID-19 pandemic, wherein elevated plasma 

cell-free DNA has been shown to be immunogenic, signaling mitochondrial production of 

reactive oxygen species via toll-like receptor 9; and epigenetic cell-free DNA signatures 

(including histone packaging and methylation) have been used to evaluate the tissue-specific 

immune response31,95. This knowledge will undoubtedly aid in the development of new 

therapeutic strategies, such as recombinant human DNase, Dornase alpha, which is used in 

cystic fibrosis patients to degrade cell-free DNA and improve outcomes96. Multiple specific 

components of the immune response can be evaluated and treated, such as the potential 

evaluation of IL-6 levels and complementary treatment with tocilizumab or clazakizumab97. 

Next-generation molecular biomarkers may also include cell-free RNA and IFNγ-induced 

chemokine evaluation. To reduce the disparate outcomes experienced by Black patients 

after transplant, there is evidence of incomplete immune suppression in these patients with 

current immunosuppression strategies, which may manifest with higher levels of circulating 

mitochondrial DNA, a potent immune system stimulant98,99.

Conclusion

Multi-omic profiling via genomics, transcriptomics, and proteomics is being increasingly 

used to monitor patients after HT. These technologies provide personalized risk assessments 

and facilitate more precise approaches to post-transplant care. While this paradigm has 

mostly been applied to CAR, biomarkers for additional post-transplant events, including 
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PGD and CAV, have also been studied. Advances in dd-cfDNA have reduced patient 

morbidity after transplant by eliminating many surveillance EMBs. In conjunction with dd-

cfDNA, miR and protein expression profiling may provide more comprehensive information 

about CAR, further allowing accurate blood-based diagnosis of ACR or AMR without the 

need for EMB. Rapidly expanding knowledge of HLA and DSA in HT will help uncover 

the immunologic underpinnings of AMR and allow more prompt rejection identification 

and treatment. The next frontier in genomic biomarkers will focus on quantifying overall 

immune state and mitigating consequences of immunosuppressive therapy. As molecular 

technologies transition from the research to clinical environment, HT clinicians are 

increasingly enabled to detect adverse post-transplant outcomes while simultaneously 

reducing post-transplant procedures and complications.
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Figure 1. Non-Invasive Diagnostics and Respective Evidentiary Support to Identify Rejection 
Phenotypes.
Differing levels of evidence exist for non-invasive diagnostic modalities to detect post-

transplant rejection, per recommendations of a recent consensus guideline. Associations 

are denoted as clinical discovery, clinical validity and clinical utility. Only the association 

between GEP and ACR meets clinical utility criteria, given the IMAGE randomized, 

controlled trial. The GRAfT, multicenter prospective study resulted in clinical validity 

for dd-cfDNA’s ability to detect ACR and AMR. The presence of HLA donor-specific 

antibodies have been associated with AMR, CAV, and allograft dysfunction. Recent 

microRNA work has provided evidence of its role in diagnosis of ACR and AMR. Finally, 

proteomic evaluation has identified circulating biomarkers of allograft dysfunction and CAV.

ACR, acute cellular rejection; AMR, antibody-mediated rejection; CAV, coronary allograft 

vasculopathy; dd-cfDNA, donor-derived cell-free DNA; HLA, human leukocyte antigen; 

mRNA, messenger RNA; miR, microRNA.
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Figure 2. Featured Donor-Derived Cell-Free DNA Publications and their Contributions to the 
Evaluation of Cardiac Allograft Rejection.
This represents the time course of major studies which contributed to our understanding 

of the potential clinical applications of dd-cfDNA in the diagnosis of cardiac allograft 

rejection. The contributions include the initial research assay or clinical discovery work 

performed at Stanford University in 2014. Clinical validation studies by the GRAfT 

consortium showed high diagnostic performance of dd-cfDNA when considering ACR and 

AMR separately. Expansion of research into a large cohort of pediatric patients by the 

DTRT group. And finally, use of commercial assays that do not require donor or recipient 

genotyping.

ACR, acute cellular rejection; AMR, antibody-mediated rejection; AUC, area under the 

curve; cfDNA, cell-free DNA; DTRT, DNA-Based Transplant Rejection

Test; GRAfT, Genomic Research Alliance for Transplantation; SNP, single nucleotide 

polymorphisms.
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Figure 3. Determination of Human Leukocyte Antibodies Before and After Transplantation.
Pre-transplant sensitizing events include pregnancy, blood transfusions, ventricular assist 

devices, other mechanical circulatory support, as well as prosthetic materials used during 

cardiac surgery. As the number of pre-formed human leukocyte antigen (HLA) antibodies 

increases, the calculated percentage of panel-reactive antibodies (cPRA) increases, 

decreasing the number of potential donors. After transplantation, preformed antibodies can 

result in DSA (blue) or the transplant recipient can develop new antibodies, termed de novo 
DSA (red), both of which are associated with antibody-mediated rejection, cardiac allograft 

vasculopathy, allograft dysfunction and death.

cPRA, calculated percentage of panel-reactive antibodies; DSA, donor-specific antibody; 

dnDSA, de novo DSA; LVAD, left ventricular assist device.
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Figure 4. Future Directions in Utilizing -Omics Technologies in Heart Transplantation.
As increasing data are published regarding non-invasive modalities to detect post-transplant 

outcomes, they may be able to diagnose ACR, AMR, or CAV without the need for cardiac 

catheterization and EMB. There is growing research in novel technologies to determine the 

net immune state to facilitate the selection and titration of immunosuppression. Novel -omic 

based targets will permit the development of DNA- RNA- or monoclonal antibody-based 

therapeutics. Finally, an enhanced understanding of genetic polymorphisms, mitochondrial 

DNA patterns, and epigenetic data can shed light into mechanisms behind disparate 

outcomes in Black transplant patients.

ACR, acute cellular rejection; AMR, antibody-mediated rejection; CAV, cardiac allograft 

vasculopathy; EMB, endomyocardial biopsy
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Table 1.

Description of Molecular Diagnostics, Circulating Biomarkers, and Immunogenetic Modalities

Technology Description Commercially Available Assay 
(Cost in USD*)

Donor-Derived Cell-free 
DNA (dd-cfDNA)

Circulating ~150 base pair nucleotide fragments measured as ratio of donor 
to recipient DNA or %dd-cfDNA

Allosure ($2,790)
Prospera ($2,790)

Gene Expression 
Profiling (GEP)

11-gene panel scored from 0 to 40, with 9 genes for normalization AlloMap ($3,240)

Intragraft mRNA 
Transcripts

Gene expression profiling of endomyocardial biopsy tissue samples 
(includes nCounter research assay)

MMDx, Molecular Microscope 
($3,159)

MicroRNA (miRs) Circulating ~22 base pair non-coding RNA molecules

Soluble Protein 
Biomarkers

Natriuretic peptides (BNP, NT-proBNP); markers of myocyte injury 
(troponin, high-sensitivity troponin); inflammatory markers (CRP, IL-6, 
others)

BNP and NT-proBNP ($39)
cTnI, cTnT, hs-cTnI, hs-
cTnT($12)
CRP($13)
IL-6 ($17)

Protein Expression 
Profiling

Multi-protein assay that can be evaluated for clinically relevant expression 
profiles (includes Olink® and Somascan® research assays)

Exosomes Extracellular vesicles that can be isolated and their encapsulated proteins 
and nucleic acids can be quantitated.

Human Leukocyte 
Antigen (HLA) 
Antibodies

Pre- or post-transplant (donor-specific) antibodies to HLA antigens HLA Typing ($780)
HLA Antibody Screen ($64)
Luminex HLA DSA 
Quantification ($680)

Non-HLA Antibodies Angiotensin II type-I-receptor (AT1R), endothelin type A receptor, and 
major histocompatibility-complex class I-related chain A (MICA)

AT1R ($450)

BNP, brain type natriuretic peptide; CRP, C-reactive protein, cTn, cardiac Troponin; PRA, panel reactive antibody; DSA, donor-specific antibody

*
cost data from 2023 Centers for Medicare & Medicaid Services Clinical Laboratory Fee Schedule11.
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Table 2.

Blood-Based GEP of Messenger RNA and MicroRNA Transcripts

Publication Study 
Name

Patient Population & 
Study Design

Description Outcome

Messenger RNA

Deng 8 , 2006 CARGO 8 U.S. centers, 629 
patients, Prospective 
cohort study

Derivation and validation of 
GEP

AUC of 0.72 to detect ACR ≥ 3A with GEP 
score >20, prevalence analysis resulting in 
99% NPV using score >30

Pham 9 , 2010 IMAGE 13 U.S. centers, 602 
patients, Randomized 
clinical trial

Noninferiority analysis of 
EMB vs. GEP starting at 6-
months

With GEP score <34 to rule out rejection, 
similar event rates in EMB and GEP groups

Moayedi 23 , 
2019

OAR 35 U.S. centers, 1504 
patients, Cross-sectional

Clinical validation with 
long-term follow-up of 
patients who underwent 
GEP surveillance

2% prevalence of ACR both before and 
after six months post-transplant, 94% 5-year 
survival

MicroRNA

Duong Van 
Huyen 24 , 2014

4 French centers, 113 
patients, Case-control 
study

Pre-selected evaluation of 14 
miR transcripts by RT-PCR, 
from both EMB and serum 
samples

Four miRs were differentially expressed in 
tissue and serum and validated in ACR and 
AMR as compared to controls

Dewi 25 , 2017 6 Canadian centers, 63 
patients, Case-control 
study

Pre-selected miRs evaluated 
by RT-PCR evaluation in 
serum

Two miRs were associated with ACR, 
after controlling for immunosuppressive drug 
levels, kidney function, and C-reactive protein

Constanso-
Conde 26 , 2020

1 Spanish center, 66 
patients, Prospective 
Cohort study

Pre-selected evaluation of 
differential miR expression 
in ACR by RT-PCR

miR-181a-5p was differentially expressed in 
ACR ≥ 2R with rise and fall pattern associated 
with development/treatment of rejection

Shah 27 , 2022 GRAfT 5 U.S. centers, 157 
patients, Case-control 
study

NGS evaluating miR 
expression

Distinct miR scores between 0–100 were able 
to distinguish ACR and AMR. Developed and 
validated for ACR ≥ 2R and pAMR ≥ 1

AUC, area under the curve; ACR, acute cellular rejection; AMR, antibody-mediated rejection; EMB; endomyocardial biopsy; GEP, gene expression 
profiling; mRNA, messenger RNA; miR, microRNA; NGS, next generation sequencing; NPV, negative predictive value; RT-PCR, reverse 
transcriptase polymerase chain reaction;
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Table 3.

Differences Between Pediatric and Adult Heart Transplantation

Characteristic Description Comment

EMB Procedure Most pediatric EMBs require general anesthesia; EMB 
in small children has potential increased risk of cardiac 
perforation

Minimizing EMBs by using molecular 
methodologies may lead to significant risk 
reduction

Fewer Transplants Pediatric recipients comprise 10–15% of the > 6000 yearly 
heart transplants

Less research validating GEP, cfDNA, HLA; no 
studies of miR, exosomes, protein expression 
profiling

Transplant Indication 43% of pediatric transplants worldwide are due to congenital 
heart disease

Previous surgeries and transfusions lead to high 
rates of pre- and post-transplant allosensitization

Immune System 
Considerations

Congenital heart disease patients often have congenital 
or acquired immunodeficiency. The immune system is 
underdeveloped in small children

Interpretation of GEP, dd-cfDNA, HLA 
profiling must be weighed with these immune 
considerations

ABO incompatible 
heart transplantation

Given the underdeveloped immune response, consideration of 
ABO incompatible transplant is standard of care in children < 
2 years of age

Molecular methodologies to surveil rejection have 
little evidence in ABO-incompatible transplants

VAD-related 
sensitization

In the U.S., a higher proportion of children than adults with 
VAD go on to transplantation

Pre-transplant sensitization can result in DSA and 
rejection

cfDNA, cell-free DNA; DSA, donor-specific antibody; EMB, Endomyocardial Biopsy; GEP, gene expression profiling; HLA, human leukocyte 
antigen; VAD, ventricular assist device.
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Table 4.

Description of Assays Utilized to Evaluate Immunosuppression

Technology Description Commercially 
Available Assay

Research Assay

T Cell Assay Bioluminescent quantification of intracellular ATP from 
activated CD4 T lymphocytes

Immuknow®

Interferon Quantification Solid-phase, enzyme-linked immunosorbent assay for 
spectrophotometric estimation of secreted antibody

ImmunoSpot®

GEP of mRNA Gene expression profiling of peripheral blood mononuclear 
cells

AlloMap®

Torque teno virus PCR assay for detection and quantitation of circulating torque 
teno virus

Biomerieux TTV R-
GENE®

ATP, adenosine triphosphate; GEP, gene expression profiling; mRNA, messengerRNA; TTV, Torque Teno Virus
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