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Background: Non-invasive monitoring of heart allograft health is important to improve clinical 

outcomes. MicroRNAs (miRs) are promising biomarkers of cardiovascular disease and limited 

studies suggest they can be used to non-invasively diagnose acute heart transplant rejection.

Methods: The Genomic Research Alliance for Transplantation (GRAfT) is a multicenter 

prospective cohort study that phenotyped heart transplant patients from 5 mid-Atlantic centers. 

Patients who had no history of rejection after transplant were compared to patients with acute 

cellular rejection (ACR) or antibody-mediated rejection (AMR). Small RNA sequencing was 

performed on plasma samples collected at the time of an endomyocardial biopsy. Differential miR 

expression was performed with adjustment for clinical covariates. Regression was used to develop 

miR panels with high diagnostic accuracy for ACR and AMR. These panels were then validated 

in independent samples from GRAfT and Stanford University. Receiver operating characteristic 

curves were generated and area under the curve (AUC) statistics calculated. Distinct ACR and 

AMR clinical scores were developed to translate miR expression data for clinical use.

Results: The GRAfT cohort had a median age of 52 years, with 35% females and 45% Black 

patients. Between GRAfT and Stanford, we included 157 heart transplant patients: 108 controls 

and 49 with rejection (50 ACR and 38 AMR episodes). After differential miR expression and 

regression analysis, we identified 12 miRs that accurately discriminate ACR and 17 miRs in AMR. 

Independent validation of the miR panels within GRAfT led to an ACR AUC 0.92 (95%CI: 0.86–

0.98) and AMR AUC 0.82 (95%CI: 0.74–0.90). The externally validated ACR AUC was 0.72 

(95% CI: 0.59–0.82). We developed distinct miR clinical scores for ACR and AMR (range 0–100), 

a score ≥ 65, identified ACR with 86% sensitivity, 76% specificity, and 98% negative predictive 

value, for AMR score performance was 82%, 84% and 97%, respectively.

Conclusions: We identified novel miRs that had excellent performance to non-invasively 

diagnose acute rejection after heart transplantation. Once rigorously validated, the unique clinical 

ACR and AMR scores usher in an era whereby genomic biomarkers can be used to screen and 

diagnose the subtype of rejection. These novel biomarkers may potentially alleviate the need 

for an endomyocardial biopsy while facilitating the initiation of targeted therapy based on the 

non-invasive diagnosis of ACR or AMR.

Introduction

Heart transplantation remains the definitive therapy for patients with advanced heart failure 

and medically refractory symptoms. The median survival after heart transplant is 12.5 

years, with only modest improvement in survival over the past two decades.1 Allograft 

rejection, both acute and chronic, is a leading cause of morbidity after heart transplantation 

and leads to graft dysfunction and death. Rejection has an incidence of 10–20% after 

transplant, but is often initially asymptomatic, thereby prompting routine surveillance with 

an endomyocardial biopsy (EMB). The EMB remains standard of care at many centers to 

screen for allograft rejection, in the first-year post-transplant the average heart transplant 

recipient is subject to ~10–17 biopsies. Recent work by our group, the Genomic Research 

Alliance for Transplantation (GRAfT) showed that only 5% of all EMB show evidence 

of allograft rejection.2 Distinguishing the two major subtypes of rejection (acute cellular 

rejection ACR and antibody-mediated rejection AMR), can be challenging in certain cases, 

and accurate and timely diagnosis of AMR is critical as it has distinct management 
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implications, a higher rate of recurrence, and poorer long-term prognosis when compared to 

ACR.3, 4

MicroRNAs (miRs) are highly-conserved, non-coding, small (~22 nucleotide) sequences 

that negatively regulate gene expression by binding to the 3’ untranslated region of a 

complementary gene transcript.5, 6 Early data suggests that miRs are promising genomic 

biomarkers in cardiovascular medicine, have the potential ability to detect heart transplant 

rejection,7, 8 and may provide mechanistic insights into molecular pathways modulated 

during rejection. Prior studies have suggested that specific miRs are up- or down-regulated 

in the myocardium during rejection,8, 9 and that miRs may also be detected in the systemic 

circulation during rejection.8, 10, 11 Limitations of these prior studies include small sample 

size, absence of AMR patients, single-center analyses, annotation of a limited group of miRs 

by polymerase chain reaction (PCR), and/or absence of external validation.

Using a multicenter prospective cohort study, GRAfT, we performed small RNA sequencing 

of the circulating plasma in heart transplant patients and performed an integrated analysis 

with clinical data. To validate our miR panels, we included independent validation cohorts 

from GRAfT and Stanford University. The aims of this analysis were to: 1) determine the 

miR transcriptome of heart transplant recipients; 2) distinguish miR expression in the setting 

of ACR and AMR; 3) develop distinct miR panels that could be used to non-invasively 

screen for and diagnose ACR and AMR; and 4) create individual ACR and AMR miR scores 

that facilitate clinical decision-making and the non-invasive diagnosis of acute rejection. Our 

work begins an era whereby blood-based genomic biomarker testing is not only used to 

screen for rejection but allows for the non-invasive diagnosis of ACR or AMR and initiation 

of targeted therapy.

Methods

Multicenter Heart Transplant Cohort & Study Design

The GRAfT study (NCT #02423070) is a prospective, multi-center clinical study that 

enrolled heart transplant recipients while on the waitlist before transplant and follows them 

serially after transplant. The study is supported by a collaborative agreement between 

the National Heart, Lung and Blood Institute (NHLBI) and five regional transplant 

centers: Inova Heart and Vascular Institute (IHVI), Johns Hopkins University, University 

of Maryland, Virginia Commonwealth University and Medstar Washington Hospital Center. 

Patients 18 years of age or older were enrolled, those with a history of prior heart 

transplantation, and current pregnancy were excluded. GRAfT patients were enrolled from 

2015 to 2020.

Routine post-transplant clinical care included surveillance and clinically indicated 

monitoring. Surveillance monitoring at pre-specified post-transplant time points included 

EMB for histopathology, right heart catheterization (RHC) hemodynamics, laboratory data 

to assess end-organ function, donor specific antibodies (DSA), cytomegalovirus (CMV) 

testing, as well as monitoring of immunosuppressive drug levels. The routine surveillance 

schedule for each of the 5 GRAfT centers is provided (Supplemental Table 1a–e). 

The study longitudinally tracked clinical data and collected blood samples coincident 
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to both surveillance and clinically indicated monitoring. The 5 center(s) induction and 

immunosuppression protocols are provided (Supplemental Table 2).

We identified all GRAfT patients with ACR, AMR or mixed rejection during the study 

period. In patients with a history of both ACR and AMR on distinct EMB, the ACR and 

AMR samples were analyzed separately. Patients with mixed rejection were considered with 

the AMR cohort, per prior publications suggesting the mixed rejection miR signature is most 

similar to AMR.9 Controls were selected based on freedom from clinical- or histopathologic 

rejection during the entirety of their clinical follow-up. In the derivation analysis, no pre- 

and post-rejection samples were included. The center protocols for treatment of ACR and 

AMR are provided (Supplemental Table 3). The institutional review boards of all centers 

and the NHLBI approved the study. This study adheres to the principles of the Declaration 

of Helsinki and the International Society for Heart and Lung Transplantation statement on 

Transplant Ethics.

Histopathologic Definition of Rejection

The GRAfT Heart Steering Committee pre-specified the definitions of rejection that 

would trigger treatment at the GRAfT centers. The committee includes heart transplant 

cardiologists (n=6), immunogeneticists (n=2), pathologists (n=2), a statistician (n=1), and 

genomics experts (n=2). Rejection was defined by international histopathologic standards 

for grading ACR and AMR.12, 13 This includes histopathologic rejection: ACR grade ≥2R, 

AMR grade ≥1 (histologic or immunologic findings) or mixed rejection (with both ACR 

grade ≥2R and AMR grade ≥1). Rejection was defined based on biopsy interpretation by the 

individual center’s pathologists applying standardized criteria.

Independent Cardiac Pathologists

Given the previously reported high discordance between pathologists in grading rejection,14 

we had two blinded cardiac pathologists (GJB and CM) review a subset of all 

histopathologic slides within GRAfT. Their interpretation was compared to the transplant 

center’s interpretation, and the analysis was repeated to assess miR performance against the 

blinded cardiac pathologist EMB interpretation.

Independent Validation Cohorts

Using distinct patient samples from GRAfT we performed an independent validation of our 

ACR and AMR miR panels in samples not included in the derivation analysis. Pre- and post-

rejection samples are included as controls in the validation analysis. In addition, to permit 

external validation, we used plasma samples collected through the Stanford University 

Heart Transplant Biobank (NCT# 01985412) between 2011 and 2018. Stanford University 

samples were collected using different methodology then the GRAfT samples. Patients were 

recruited shortly after heart transplantation under similar exclusion criteria, and the study 

was approved locally. Through a collaboration (KK), we were able to identify patients with 

ACR and others with no history of rejection after transplant. The prevalence of AMR in the 

Stanford cohort was low; thus, validation was performed in ACR alone.
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Details of the Sample Processing, Sequencing and Bioinformatic Analysis are provided in 
the Supplemental Methods

Biostatistical Analysis—Baseline patient characteristics were compared with the 

Wilcoxon Rank Sum test. Small RNA sequencing led to identification of ~1,900 expressed 

miRs in plasma. The average expression across all samples was 475 ± 124 miRs. Lowly 

expressed miRs, with less than 100 average mapped reads across all samples, were filtered 

out. In addition, miR 486–5p and miR-451a which are red blood cell derived miRs were 

removed from the analysis.15 The remaining 286 miRs were included in the analysis. We 

conducted a two-tier analysis to identify miRs with the strongest ability to discriminate 

rejection (ACR grade ≥2R or AMR grade ≥1) from no rejection (ACR grade 0 or 1, AMR 

grade 0). For the first-tier analysis, we screened the 286 miRs to identify differentially 

expressed miRs in ACR and AMR while adjusting for clinical covariates (age, sex, race, 

body-mass index) using DESeq2.16 We adjusted for blood group in a subset of patients with 

minimal change in miR profile.

For the second-tier analysis, we fitted a logistic regression models with a Least Absolute 

Shrinkage and Selection Operator (LASSO) penalty using the top differentially expressed 

miRs from the differential miR expression analysis.17 In the LASSO analysis, the reads per 

million counts were log-transformed to approximate normality and the log counts for each 

miR were standardized to have a mean of zero and variance of one. The tuning parameter of 

the LASSO penalty was chosen by 10-fold cross-validation to minimize model deviance.

Receiver operating characteristic (ROC) curves were generated and the area under the curves 

(AUC) were calculated to assess the performance of the LASSO-selected miRs in the 

independent validation cohort from GRAfT for ACR and AMR, and Stanford University 

for ACR. To assess the predictive ability of the miRs, AUC statistics were generated. 

Test performance characteristics are presented including sensitivity, specificity, negative 

predictive value (NPV) and positive predictive value (PPV).

Finally, we fitted a logistic regression model for ACR and AMR using the counts per million 

data for the LASSO-selected miRs. The ordinary logistic regression estimates are prone to 

bias due to our low sample size and the large observed difference in expression of some 

miRs (which causes the likelihood function to be flat near the maximum), particularly for 

AMR. We therefore used a bias reduced maximum likelihood estimator for the final logistic 

regression model parameters.18 These distinct ACR and AMR rejection scores are scaled 

from 0–100 based on the miR expression data for each patient sample. ROC curves of the 

individual patient scores were generated within the entire GRAfT cohort. Youden’s index 

was used to identify a threshold to maximize test performance of the score.19 The score 

was developed to facilitate clinical interpretation of blood miR expression data to support 

medical decision making about the likelihood of ACR or AMR.

Results

Patient Characteristics

During the study period, a total 116 heart transplant patients from GRAfT completed one-

year follow-up after transplant and had plasma samples available for inclusion in the study. 
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The median patient age was 52 years (IQR: 42–59), 35% of patients were female, and 45% 

were Black. The most common cause of heart failure was a non-ischemic cardiomyopathy 

(63%) and 67% of patients were bridged to transplant with a durable left ventricular assist 

device (LVAD, Table 1). The median follow-up time after transplantation was 3.73 patient-

years (IQR: 3.23 – 4.15).

Within GRAfT, we previously reported an incidence of AR of 15.8%.2 Only an EMB with 

concomitant plasma miR sequencing that passed our quality thresholds, were included in 

this analysis. There were 85 patients with no history of rejection (controls), 20 patients 

with ACR, and 14 patients with AMR (2 had mixed rejection). Patients were divided into 

derivation and validation cohorts (Figure 1). In the derivation miR analysis we included 20 

episodes of ACR (all grade 2R, no 3R episodes), 14 episodes of AMR (AMR 1, n = 8; AMR 

≥ 2, n = 6). There were 3 patients with separate ACR and AMR events on different EMBs 

and each episode of rejection was analyzed separately. The median time after transplant 

to ACR was 146 days (IQR: 50 – 496) and AMR was 55 days (IQR: 21 – 171). There 

were 5 patients with recurrent ACR by histology and the median time to recurrent rejection 

was 77 days (range: 14 – 531). There were 6 patients with recurrent AMR by histology 

and the median time to recurrence was 8 days (range: 6 – 14). All ACR episodes were 

treated most typically using intravenous or oral pulse-dose steroids, with certain patients 

receiving thymoglobulin based on institutional protocol (Supplemental Table 4a). In AMR 

there was greater heterogeneity in treatment and most patients received treatment for their 

initial episode, but many recurrent AMR episodes were not treated (Supplemental Table 4b).

Median patient age for patients with rejection was 49.5 years, younger than controls without 

rejection 53.0 years (Table 1). Black patients had a higher incidence of AMR (85.7%) 

compared to White patients (14.3%, p=0.05) and bridging to transplant with an LVAD was 

associated with a trend towards higher incidence of AMR compared to patients who went 

direct to transplant (91.7% v. 8.3%, p=0.06).

MicroRNA Sequencing

A total of 362 plasma samples underwent small RNA sequencing between GRAfT and 

Stanford University, 7 samples failed QC metrics and were excluded. On average, a total of 

10.9 ± 3.1 million small RNA reads were generated per sample. This includes miR, piwi 

RNA, small nucleolar RNA, transfer RNA and unmapped RNA species. After filtering non-

miR reads, each sample generated approximately 5.6 ± 2.7 million miR reads (Supplemental 

Table 5). There were on average 475 ± 124 individual miRs expressed per sample, with 286 

± 45 miRs detected at a depth of ≥ 100 reads per sample (Supplemental Figure 1). The top 

20 miRs accounted for 75% of the total miR transcriptome in heart transplant patients, with 

miR-451a and miR-486–5p being the most abundant which were removed from the analysis 

due to their predominant origin from red blood cells (Supplemental Figure 2).

Differentially Expressed miRs in ACR and AMR

Using the GRAfT derivation cohort, differential gene expression analysis was performed 

comparing the miR profile of control patients without rejection to the first episode of ACR 

in patients with rejection. When comparing these patient populations, we identified 12 
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differentially expressed miRs with a p-value < 0.05 (Figure 2, Table 2). Target prediction 

analysis was performed with our ACR miRs using miRTarBase.20 Only previously 

published, experimentally validated miR-mRNA target interactions were included to ensure 

a high level of biologic relevance. A total of 294 genes were targeted by the ACR 

miRs (Supplemental Table 6) and their affected biological pathways are provided (Online 

Supplement ACR Pathway Analysis).

Similarly, we compared the miR profile from the first episode of AMR to control patients 

without rejection and identified 27 differentially expressed miRs with a p-value < 0.05 

(Figure 2, Table 2). A total of 478 genes were targeted by the AMR miRs (Supplemental 

Table 7) and their affected biological pathways are provided (Online Supplement AMR 

Pathway Analysis).

Using LASSO regression with 10-fold internal cross-validation, we identified a panel of 12 

miRs that accurately discriminated ACR from controls. Similarly, we identified 17 miRs that 

accurately discriminated AMR from controls. The internal correlation between these ACR 

and AMR miRs was low (data not presented). Only 2 miRs were common to both the ACR 

and AMR panels (miR-130b-3p and miR-374a-5p). The unsupervised hierarchal clustering 

of patients based on the ACR and AMR miRs is presented (Supplemental Figures 3 and 4).

miR Diagnostic Performance in Validation Cohorts

To discriminate performance of our selected miR panels to non-invasively diagnose ACR 

and AMR, we performed validation in an independent cohort of GRAfT used the remaining 

GRAfT samples which were not used in the derivation analysis (Figure 1). This includes 114 

control samples which includes pre- and post-rejection samples as well as 8 ACR and 24 

AMR episodes. The performance characteristics were excellent with an ACR AUC of 0.92 

(95% CI: 0.85–0.97) and an AMR AUC of 0.82 (95% CI: 0.74–0.90, Figure 3). This leads to 

a sensitivity ranging between 92%–100%, and specificity ranging between 63–79%.

To perform additional external validation, we sequenced the miR transcriptome in a 

transplant patient cohort from Stanford University (n = 41; 22 ACR episodes, 70 control 

samples, Figure 1). Stanford University patients tended to be older than GRAfT (57.2 years 

v. 51.5 years, p=0.10), had a lower proportion of female patients (16.2% v. 35.3%, p=0.05), 

Black patients (13.5% v. 44.8%, p<0.001) and more renal dysfunction prior to transplant 

(1.50mg/dl v. 1.20mg/dl, p=0.02, Supplemental Table 8). Other patient characteristics were 

similar between the cohorts. When all sequenced Stanford samples were included, the AUC 

of the ACR miR panel in the Stanford cohort was 0.72 (95% CI: 0.59–0.82, Figure 3), 

corresponding to an NPV of 85% and PPV of 41%. When pre- and post-rejection samples 

were excluded from the Stanford analysis the AUC improved to 0.91 (95% CI: 0.82–0.99), 

the corresponding sensitivity was 74%, specificity 99%, NPV 81% and PPV of 99%.

Independent Cardiac Pathologist Analysis

Two blinded cardiac pathologists (GJB and CM) reviewed a subset of EMB histopathologic 

slides from GRAfT patients enrolled prior to 2018 to verify the presence of ACR and AMR. 

Of the 263 biopsies included in the analysis, 116 (44%) were re-reviewed for ACR and 93 

(35%) for AMR. We compared overall concordance between the core cardiac pathologists 
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and the institutional pathologist histopathologic interpretation of the EMB. For all reviewed 

biopsies, the overall concordance for ACR was 92%, for biopsies without ACR by the 

center read concordance was 95%, and for ACR grade ≥2R concordance was 73%. Overall 

concordance for AMR was 82%, for biopsies without AMR by the center read concordance 

was 95%, and for AMR grade ≥1 concordance was 28% (Table 3).

Using our ACR and AMR miR panels, we assessed performance for detection of acute 

rejection based on the blinded cardiac pathologists EMB interpretation. The selected ACR 

miR panel had an AUC of 0.94 (95% CI: 0.89–1.00), and the AMR miR panel had an AUC 

of 0.92 (95% CI: 0.76–1.00).

Circulating MicroRNA Clinical Rejection Scores for ACR and AMR

To facilitate clinical interpretation of miR expression, we developed distinct ACR and 

AMR clinical rejection scores which were scaled from 0–100 using logistic regression. 

An individual miR ACR and AMR score was calculated for each biopsy time point in 

the entire GRAfT patient cohort. ROC curves were generated, and Youden’s Index was 

used to identify the threshold of the score to maximize the AUC and test performance 

characteristics (Figure 4). The point that maximized sensitivity and specificity was 65. An 

ACR score threshold of 65 led to an AUC of 0.86 (95% CI: 0.79 – 0.93), the associated test 

characteristics were a sensitivity of 86%, specificity of 78%, NPV of 98% and PPV of 32%. 

For AMR, the AUC was 0.84 (95% CI: 0.78 – 0.91). An AMR score threshold of 65 led to 

a sensitivity of 82%, specificity of 84%, NPV of 97% and PPV of 37%. The score threshold 

can be increased or decreased to maximize test sensitivity and specificity as demonstrated in 

the figure.

ACR and AMR Scores Before and After Rejection

To understand whether the ACR and AMR scores could be used to predict patients at risk 

for future rejection or understand the response to therapy, the calculated ACR and AMR 

scores were evaluated in a small subset of patients with a pre- or post-rejection sample. We 

included only the first episode of rejection in this analysis. In ACR, pre-rejection samples 

were collected a median of 35 days before the rejection episode and the scores are mildly 

elevated (53) prior to the rejection diagnosis (74) and 14 days after treatment improve (59) 

but remain elevated compared to controls (50, p < 0.001, Figure 5). In AMR, similarly the 

scores are elevated a median of 13 days before the rejection episode (75), rise at time of 

rejection (82) and then 57 days later improve after treatment for AMR (67, Figure 5).

Discussion

Using GRAfT, a multicenter prospective cohort study of heart transplant recipients, we 

sequenced the circulating plasma miR transcriptome to identify differentially regulated miRs 

during acute allograft rejection. The major findings of this analysis include identification of 

distinct miR panels that can be used to screen for and non-invasively diagnose ACR and 

AMR from a peripheral blood sample with excellent test performance characteristics. These 

miR panels were independently validated within GRAfT using distinct patient samples for 

ACR and AMR and for ACR using an external validation cohort from Stanford University. 

Shah et al. Page 8

J Heart Lung Transplant. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Due to significant variability in EMB interpretation between pathologists, we reassessed 

performance of the miR panels using blinded cardiac pathologists and found improved 

diagnostic performance. Finally, we created clinical ACR and AMR scores that translate 

the miR expression data into a readily interpretable report for clinicians to employ while 

managing heart transplant patients (Figure 6). Since there are distinct ACR and AMR scores, 

it allows for a non-invasive blood test to be used to not only screen for rejection, but also 

diagnose the subtype of rejection present. This type of testing, once rigorously validated, 

distinguishes acute rejection from no rejection, ACR from AMR, and facilitates clinical 

decision making about the subtype of rejection present, enabling the initiation of targeted 

therapy while awaiting additional diagnostic testing.

Genomic biomarkers in heart transplantation

The transplant community has spent the greater part of the past 3 decades searching for 

reliable, non-invasive biomarkers to detect acute allograft rejection. Current biomarkers 

include gene expression profiling (GEP), soluble protein biomarkers, donor-derived cell-free 

DNA (dd-cfDNA), and T-cell immune function assays.21–24 Widescale implementation 

and reliance on GEP testing has been limited by its poor PPV (~10%) and inability to 

detect AMR.22 More recently, through sequencing of a panel of highly informative single-

nucleotide polymorphisms (SNPs) in circulating, cell-free DNA, SNP mismatches between 

donor and recipient DNA can be used to quantify the donor-derived portion of cell-free 

DNA (dd-cfDNA).24 Prior work by our group and others has validated dd-cfDNA as a 

highly sensitive non-invasive biomarker of both ACR and AMR.2, 25, 26 However, a critical 

limitation of dd-cfDNA in its current application is it cannot distinguish ACR from AMR, 

and a follow-up EMB is still required to diagnose rejection and to establish a treatment 

pathway.

In this work we identified unique circulating miR subsets that discriminate the presence of 

ACR and AMR from patients without rejection with an excellent NPV (~98%). These ACR 

and AMR miR panels can be used as part of a post-transplant non-invasive surveillance 

strategy. Since there are unique ACR and AMR miR scores, clinicians can potentially use 

the test results to start targeted therapy (e.g., pulse corticosteroids for ACR v. plasmapheresis 

and intravenous immunoglobulin for AMR), while awaiting results from other diagnostic 

testing: DSA, echocardiogram, EMB, and/or dd-cfDNA. This strategy, once rigorously 

validated, would permit an entirely non-invasive approach to detect and diagnose acute 

rejection after heart transplant, i.e., the veritable “liquid biopsy.”

MicroRNAs in heart transplant rejection

Initial work by Wei et al. identified myocardium- and CD3+/CD4+ T-lymphocyte specific 

miRs that were up- or down- regulated with acute rejection.27, 28 Duong Van Huyen and 

colleagues reported on 14 pre-selected miRs that were characterized in the serum and EMB 

tissue specimens of heart transplant patients with ACR and AMR using RT-PCR.8 The group 

identified four miRs (miR-10a, -31, -92a, and -155) that were differentially expressed in 

both the myocardium and serum of rejecting patients.8 The University of Padova group 

using sequencing of EMB samples, identified unique miRs in ACR and AMR that could 

potentially enhance the pathologic diagnosis of rejection.9 Finally, using a case-control 
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approach in ACR, Constanso-Conde identified miR-181a-5p as a potential biomarker of 

ACR.10

We did assess the performance of the prior published miRs to diagnose ACR and 

AMR and found limited performance, with individuals AUCs ranging from 0.50 to 0.70 

(Supplemental Table 9). There is significant variability amongst prior miR biomarker studies 

in methodology used to detect miRs implicated in rejection. This includes (but is not limited 

to) variation in blood sample collection and storage (serum vs. plasma vs. whole blood), 

extraction of small RNA, miR detection methodology (PCR vs. microarray vs. sequencing), 

absence of external validation, and finally patient population, as most have focused on 

ACR with limited inclusion of AMR patients. We found 12 differentially expressed miRs 

in ACR and 27 in AMR. Using a rigorous statistical approach while controlling for clinical 

co-variates, we selected a subset of miRs that accurately diagnosed ACR and AMR. Further 

these miRs had minimal correlation with each other (data not presented), suggesting that 

they are individually informative of rejection. Although, prior gene expression assays are 

sensitive to the time post-transplant, our miR scores were developed using rejection episodes 

as early as 1-week and as late as 2.5 years after transplant. Finally, our performance 

characteristics were reported in independent samples of ACR and AMR patients from 

GRAfT and overall performance was excellent (AUC 0.82 to 0.92). In the Stanford cohort 

we saw modest performance for the ACR miRs, which improved significantly once pre- and 

post-rejection samples were excluded. Some of the variation in performance may be due to 

differences in sample handling and processing between GRAfT and Stanford.

Circulating microRNAs as biomarkers

MicroRNAs are found in the circulation contained within exosomes, microvesicles and 

apoptotic bodies; making them extremely stable biomarkers, even when subject to rapid 

freeze-thaw cycles or prolonged room temperature exposure.29 In our analysis we were 

focused on detection of circulating plasma miRs which could include extravesicular miRs, 

protein-bound miRs and/or exosomal miRs. There is a great interest in exosomal specific 

miRs, which are implicated in cell to cell communication, but the process of isolating 

these exosomes prior to small RNA extraction and sequencing is laborious, requires a 

larger plasma volume, and it remains unclear whether use of exosomal miRs will improve 

diagnostic performance for rejection compared to circulating miRs.30 We adjusted our 

analysis for miR-451a and miR-486–5p which are highly expressed in the plasma, originate 

from erythroid cells and are potential hemolysis markers.15 Small RNA sequencing is 

subject to adapter ligation, reverse transcription and amplification biases.31 We used random 

adapters to reduce ligation bias prior to sequencing. The miR panels will need to be 

orthogonally validated using quantitative reverse transcription polymerase chain reaction 

(RT-PCR). We selected a small panel of miRs which permits easier adaptation of miR testing 

to high-throughput, widely available, lower cost technologies such as RT-PCR, and even a 

point of care (POC) assay such as an isothermal nucleic acid amplification test (iNAAT).32

Interpretation of the ACR and AMR Scores

To facilitate clinical decision making, we developed distinct ACR and AMR scores using 

miR expression data. These scores could be used to screen for ACR and AMR, and a 
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positive score could trigger an EMB to confirm the diagnosis or the ACR/AMR scores can 

be combined with existing genomic biomarkers (e.g., dd-cfDNA) to create a multi-marker 

approach that could enhances overall sensitivity and specificity without an EMB. Given 

that the scores were elevated before rejection, especially in AMR, they could be used to 

predict patients at risk for future rejection. The miR scores, once rigorously validated, 

could permit the initiation of ACR or AMR-specific treatment pathways alleviating the need 

for an EMB. Finally, the scores could be used to monitor response to rejection therapy. 

Figure 6 demonstrates the potential clinical application of these scores. To help clinically 

contextualize the ACR and AMR scores, a few patient examples from GRAfT are included 

in the Supplemental materials.

It is critical to note that test performance characteristics were assessed against the EMB 

which has significant heterogeneity in its histopathologic interpretation and should be 

considered a reference standard as opposed to gold standard. We did, however, evaluate 

performance of a subset of EMB samples using blinded cardiac pathologists and found 

slightly better performance of our miR panels for AMR and ACR. The overall concordance 

between the center read and blinded cardiac pathologists was high for non-rejection samples 

92–95%, but low at 28% for episodes of AMR. This observation is like prior publications,14 

and suggests that caution should be taken when interpreting test performance characteristics 

that are linked to an imperfect reference standard.

In addition, in our prior work we saw elevations in dd-cfDNA that precede AMR by 

months--this parallels our current analyses demonstrating dysregulation of certain miRs 

even before EMB confirmed a diagnosis of AMR. This unfortunately leads to poor test 

performance characteristics as the specificity and PPV of the test are lower, because the 

concurrent EMB was initially negative, then positive several months later.

Racial Differences in Antibody-Mediated Rejection

To enhance the robustness and reproducibility of our results, we used a prospective 

multicenter cohort of heart transplant patients with a high proportion of female sex (35%) 

and Black race (45%) transplant patients. Each center had its own clinical management 

protocols after transplant to enhance translation to other worldwide heart transplant centers. 

Although the incidence of ACR was similar between Black and White transplant patients, 

we found a higher incidence of AMR in Black patients. This parallels a study by Cole et al., 

where Black patients were 4 times more likely to develop de novo DSA and 5 times more 

likely to have AMR than non-Black patients.33 We found that the risk of AMR appeared 

to be higher in patients supported with a left ventricular assist device prior to transplant 

(91.7% vs. 67.5%), this is consistent with prior analyses and the intersection between race, 

prior left ventricular assist device support and AMR needs to be explored further.33 Social 

determinants of health are known to contribute to disparate outcomes between racial groups 

after transplant.34–37 Prior work by our group using GEP has found that, despite similar 

calcineurin inhibitor drug levels, immune system activity varies more significantly in Black 

heart transplant patients compared to non-Black patients.38 In this analysis, we found that 

the miR transcriptome was altered before the clinical diagnosis of AMR, supporting the 

concept of an altered alloimmune response and miRs may explain the higher incidence of 
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AMR in Black heart transplant recipients. Additional insights may be gained from exploring 

miRs across diverse transplant patient populations.

Limitations

GRAfT has enrolled over 200 heart transplant patients to date and has over 2,000 serial 

samples available for analysis, but due to resource limitations we selected a subset of 

patients and therefore our diagnostic test performance characteristics (e.g., sensitivity, 

specificity, PPV and NPV) will require additional validation in larger cohorts. Due to the 

low incidence of severe rejection (e.g., ACR Grade 3R or pAMR 3), we were unable to 

quantify whether expression patterns change in patients with moderate vs. severe rejection. 

We relied on the center assessment of ACR and AMR to develop our miR panels, which is 

known to vary from center to center.14 We did, however, assess test characteristics of our 

miR panels on a subset of the endomyocardial biopsy samples using a blinded cardiac 

pathologists and found higher performance as compared to the institutional pathology 

read. Clinical treatment of AMR relies on complementary information from the EMB, 

DSA testing, echocardiography, hemodynamics, and clinical signs/symptoms.39 We found 

significant heterogeneity across GRAfT sites in the decision to treat AMR and how to 

treat it. Since our goal was to identify miR biomarkers of histopathologic AMR, we did 

include episodes of both treated and untreated AMR. Our findings suggest that these AMR 

scores need to be used in conjunction with other complimentary tests to facilitate clinical 

management.

Each center within GRAfT uses different induction, immunosuppression, and post-transplant 

graft surveillance protocols. These are provided in the supplemental materials and reflect 

the heterogeneity seen across transplant centers worldwide. Future studies will need to focus 

on the interplay between miR expression and immunosuppressant drug levels (e.g., steroid 

dose or tacrolimus level). The ACR and AMR clinical scores were only internally validated 

within the GRAfT cohort, and similar scores could be created for the external validation 

cohort. Although the miRs would be the same the coefficients may be different in magnitude 

due to several pre-analytic differences in sample collection and processing that affect miR 

expression.

Our differentially expressed miRs were not adjusted for multiple hypothesis testing, but we 

did use LASSO regression to select our miRs of interest. Variable selection using LASSO 

does not rely on the significance of the p-value; rather it uses a penalized model that 

automatically shrinks the unimportant variables to zero.40 The model is built to incorporate a 

high number of covariates and is not affected by multiple hypothesis testing.

Further analyses could focus on comparing our miR panels with other markers of allograft 

injury such as dd-cfDNA, EMB mRNA or miR signatures, or using a multi-marker approach 

that combines dd-cfDNA and miRs.9, 41

Conclusion

Using small RNA sequencing, we identified novel miRs that are differentially regulated with 

ACR and AMR and were independently validated. By creating miR panels, we were able to 
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non-invasively identify ACR and AMR with excellent test performance characteristics. Our 

unique ACR and AMR scores, once appropriately validated, usher in an era for the use of 

non-invasive biomarkers to not only screen for acute allograft rejection, but also diagnose 

ACR or AMR, permitting the initiation of targeted therapy based on the veritable “liquid 

biopsy.”

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Study Flow Diagram Including Derivation and Validation Cohorts for ACR and AMR
A total of 116 patients and 263 plasma samples from GRAfT were included in the analysis 

and 41 patients with 92 plasma samples from Stanford for validation. In the derivation 

analysis only samples from control patients with no history of rejection after transplant were 

included. In the validation analysis, control samples included patients without rejection as 

well as pre- and post-rejection samples for patients with a history of ACR or AMR. The first 

episode of ACR or AMR was included in the derivation cohort, repeat episodes of rejection 

were included in the validation analysis. Two episodes of mixed rejection were analyzed 

with the AMR validation cohort. Three patients had ACR or AMR on a distinct biopsy and 

the individual miR profiles are included in the ACR and AMR analysis.

Shah et al. Page 17

J Heart Lung Transplant. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Volcano Plots of Differentially Expressed miRs in ACR and AMR
Differential microRNAs in ACR and AMR: x-axis line represents log fold +/− 0.5. y-axis 

line represents unadjusted p = 0.05. miRs with a log-fold change ≥ ± 0.5, but p-value < 0.05 

are depicted by green circles; miRs with a p-value > 0.05, but log-fold change < ± 0.5 are 

depicted by blue circles; differentially expressed miRs with a log-fold change ≥ ± 0.5 and 

p-value < 0.05 are depicted by red circles for ACR and AMR respectively.
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Figure 3: Receiver Operating Characteristic Curve of LASSO-selected ACR and AMR miRs in 
Validation Cohorts
Receiver-Operating-Characteristic Curve for ACR and AMR miR panels in distinguishing 

the presence of acute rejection. The diagnostic performance was assessed in 2 independent 

validation cohorts: 1) GRAfT validation for ACR and AMR and 2) Stanford for ACR. When 

pre- and post-rejections samples are removed from the Stanford analysis, the AUC improves 

to 0.91 (95% CI: 0.82–0.99).

Shah et al. Page 19

J Heart Lung Transplant. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Receiver Operating Characteristic Curve of ACR and AMR Scores in GRAfT
Receiver-Operating-Characteristic Curve for Various Cutoff Levels of the ACR and AMR 

clinical risk scores in distinguishing the presence of ACR and AMR compared to no 

rejection.
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Figure 5: ACR and AMR Scores in GRAfT Before, During and After Acute Rejection
ACR and AMR miR scores are contrasted before, during and after a rejection episode 

compared to control patients. Pre- and post-rejection samples are within 3 months of the 

rejection episode.
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Figure 6: Clinical Diagnostic Scores for ACR and AMR
Blood samples are collected in transplant patients during routine surveillance or at the time 

of clinically suspected rejection. Plasma is isolated, small RNA is extracted, and microRNAs 

are quantitated. Expression of individual ACR and AMR microRNAs in each sample is 

determined to calculate the individual patient ACR and AMR score. The distinct ACR and 

AMR scores allow for initiation of targeted therapy for the subtype of rejection present.
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Table 1:

GRAfT Patient Characteristics at Time of Transplant with and without Acute Rejection

Characteristic GRAfT (N = 116) Control (N = 85) ACR (N = 20) AMR (N = 14) p-value for ACR vs 
AMR

Age, median (IQR) 51.5 (42.0, 59.0) 53.0 (44.0, 60.0) 49.5 (39.0, 55.3) 49.5 (35.3, 52.8) 0.12

Sex

0.84 Female 41 (35.3%) 31 (36.5%) 7 (35.0%) 4 (28.6%)

 Male 75 (64.7%) 54 (63.5%) 213 (65.0%) 10 (71.4%)

Race

0.05
 Black 52 (44.8%) 40 (47.1%) 9 (45.0%) 12 (85.7%)

 White 58 (50%) 39 (45.9%) 11 (55.0%) 2 (14.3%)

 Other 6 (5.2%) 6 (7.1%) 0 (0.0%) 0 (0%)

Ethnicity

0.67 Hispanic or Latino 8 (6.9%) 5 (5.9%) 2 (10%) 1 (7.1%)

 Not Hispanic or Latino 108 (93.1%) 80 (94.1%) 18 (90%) 12 (92.9%)

Body-mass index, kg/m2 27.9 (24.8, 32.1) 27.6 (24.0, 32.1) 27.4 (25.2, 30.8) 30.6 (28.4, 33.1) 0.16

Cardiomyopathy Type

0.36
 Ischemic 23 (20.2%) 15 (17.7%) 4 (22.2%) 4 (28.6%)

 Non-ischemic 72 (63.2%) 56 (65.9%) 11 (61.1%) 8 (43.2%)

 Other 19 (16.7%) 14 (16.4%) 2 (16.8%) 2 (14.3%)

UNOS Status at Transplant

 1A 75 (72.1%) 51 (68.9%) 17 (85%) 10 (76.9%) 0.42

 1B 26 (25%) 21 (28.4%) 3 (15%) 2 (15.4%)

 2 3 (2.9%) 2 (2.7%) 0 (3%) 1 (7.7%)

Bridged to Transplant with LVAD 70 (67.3%) 52 (67.5%) 9 (50%) 11 (91.7%) 0.06

Medical Co-morbidities

 HTN 79 (70.5%) 62 (75.6%) 10 (52.6%) 9 (64.3%) 0.12

 HLP 42 (37.8%) 30 (36.6%) 6 (33.3%) 8 (57.1%) 0.30

 DM 34 (30.6%) 21 (25.9%) 7 (36.8%) 7 (50%) 0.16

 Prior Smoking 45 (38.8%) 35 (41.2%) 4 (20%) 8 (57.1%) 0.07

Creatinine, mg/dl 1.20 (1.00, 1.46) 1.20 (1.00, 1.47) 1.00 (0.86, 1.40) 1.40 (1.20, 2.14) 0.03

IQR: interquartile range, UNOS: United Network for Organ Sharing, LVAD: left ventricular assist device, HTN: hypertension; HLP: 
hyperlipidemia, DM: diabetes mellitus.3 patients had isolated episodes of ACR and AMR on distinct biopsies and are represented in each column. 
2 patients had mixed ACR and AMR and are represented in the AMR column.
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Table 2:

Differentially Expressed MicroRNAs in ACR and AMR

ACR MicroRNAs Mean Expression log2 Fold Change Fold Change Standard Error Statistic P value

miR-223-3p 45940 −0.93 0.52 0.25 −3.70 0.000

miR-361-3p 1049 0.42 1.34 0.14 2.93 0.003

miR-3615 1364 −0.43 0.74 0.16 −2.75 0.006

miR-24-3p 37695 −0.39 0.76 0.16 −2.46 0.014

miR-182-5p 790 0.72 1.65 0.30 2.41 0.016

miR-374a-5p 883 0.42 1.34 0.18 2.28 0.023

miR-23a-3p 57985 −0.39 0.76 0.17 −2.27 0.023

miR-30e-5p 78017 −0.18 0.88 0.09 −2.09 0.037

miR-582-3p 340 −0.95 0.52 0.46 −2.04 0.041

miR-130b-3p 442 −0.41 0.75 0.20 −2.03 0.042

miR-326 92 −1.05 0.48 0.52 −2.03 0.043

miR-1299 100 −2.25 0.21 1.14 −1.98 0.048

AMR MicroRNAs Mean Expression log2 Fold Change Fold Change Standard Error Statistic P value

miR-23a-3p 58794 −0.80 0.57 0.20 −3.94 0.000

miR-145-5p 605 −1.30 0.41 0.36 −3.62 0.000

miR-1249-3p 411 −1.31 0.40 0.39 −3.32 0.001

miR-27a-3p 28287 −0.74 0.60 0.22 −3.32 0.001

miR-215-5p 815 −1.76 0.30 0.54 −3.23 0.001

miR-145-3p 1324 −0.90 0.54 0.30 −3.04 0.002

miR-10b-5p 24845 −0.82 0.57 0.27 −2.98 0.003

miR-582-3p 338 −1.57 0.34 0.55 −2.86 0.004

let-7b-3p 1349 −0.55 0.68 0.20 −2.80 0.005

miR-142-3p 1193 0.78 1.72 0.28 2.78 0.005

miR-450b-5p 1643 −0.85 0.55 0.31 −2.76 0.006

miR-140-5p 506 0.84 1.79 0.31 2.71 0.007

miR-374a-5p 906 0.57 1.48 0.22 2.57 0.010

miR-17-5p 1609 0.61 1.53 0.24 2.56 0.010

miR-143-3p 51349 −0.90 0.54 0.35 −2.55 0.011

miR-130b-3p 463 −0.55 0.68 0.23 −2.37 0.018

miR-1-3p 3288 −0.93 0.52 0.40 −2.34 0.019

miR-542-3p 738 −0.80 0.57 0.35 −2.28 0.022

miR-484 9962 0.51 1.42 0.23 2.22 0.027

miR-345-5p 1217 −0.67 0.63 0.31 −2.16 0.031

miR-125a-5p 9648 −0.57 0.67 0.27 −2.14 0.032

miR-338-5p 879 −0.92 0.53 0.43 −2.11 0.035

miR-769-5p 351 −0.97 0.51 0.46 −2.10 0.036
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miR-193a-5p 3018 −0.67 0.63 0.32 −2.08 0.038

miR-454-3p 858 0.63 1.55 0.31 2.06 0.040

miR-223-5p 2258 −0.84 0.56 0.43 −1.97 0.049

let-7d-3p 24761 −0.26 0.84 0.13 −1.97 0.049

*
We screened plasma miRs to identify differentially expressed miRs in ACR and AMR while adjusting for clinical covariates (age, sex, race, 

body-mass index). We adjusted for blood group in a subset of patients with minimal change in the miR profile. The table represents all 
differentially expressed miRs in ACR and AMR with an unadjusted p-value < 0.05.

J Heart Lung Transplant. Author manuscript; available in PMC 2023 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shah et al. Page 27

Table 3:

Comparison of Center and Blinded Cardiac Pathologists Histopathologic Interpretation of Heart Biopsy Slides 

for ACR and AMR

ACR GRADE CENTER READ

2R 1R or 0

BLINDED CARDIAC PATHOLOGISTS 2R 11 5

1R or 0 4 96

AMR GRADE CENTER READ

pAMR 1, 2 or 3 pAMR0

BLINDED CARDIAC PATHOLOGISTS pAMR 1, 2 or 3 5 4

pAMR0 13 71
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