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Abstract

Background.—Acute rejection (AR) and recurrent HCV (R-HCV) are significant complications 

in liver allograft recipients. Noninvasive diagnosis of intragraft pathologies may improve their 

management.

Methods.—We performed small RNA sequencing and miRNA microarray profiling of RNA 

from sera matched to liver allograft biopsies from patients with nonimmune, nonviral (NINV) 

native liver disease. Absolute levels of informative miRNAs in 91 sera matched to 91 liver 

allograft biopsies were quantified using customized RT-qPCR assays: 30 biopsy-matched sera 
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from 26 unique NINV patients and 61 biopsy-matched sera from 41 unique R-HCV patients. The 

association between biopsy diagnosis and miRNA abundance was analyzed by logistic regression 

and calculating the area under the receiver operating characteristic curve.

Results.—Nine miRNAs- miR-22, miR-34a, miR-122, miR-148a, miR-192, miR-193b, 

miR-194, miR-210 and miR-885–5p- were identified by both sRNA-seq and TLDA to be 

associated with NINV-AR. Logistic regression analysis of absolute levels of miRNAs and 

goodness-of-fit of predictors identified a linear combination of miR-34a + miR-210 (P<0.0001) 

as the best statistical model and miR-122 + miR-210 (P<0.0001) as the best model that included 

miR-122. A different linear combination of miR-34a + miR-210 (P<0.0001) was the best model 

for discriminating NINV-AR from R-HCV with intragraft inflammation, and miR-34a + miR-122 

(P<0.0001) was the best model for discriminating NINV-AR from R-HCV with intragraft fibrosis.

Conclusions.—Circulating levels of miRNAs, quantified using customized RT-qPCR assays, 

may offer a rapid and noninvasive means of diagnosing AR in human liver allografts and for 

discriminating AR from intragraft inflammation or fibrosis due to recurrent HCV.

ClinicalTrials.gov identifier: NCT01428700

INTRODUCTION

Liver transplantation is the second most common type of solid organ transplantation in 

the United States, with 8250 liver transplants performed in 2018. This reflects an increase 

compared to 2017 and includes deceased donor and living donor allografts and adult, 

pediatric, repeat and multiorgan transplants.1

About 12% of all liver allograft recipients, and about 20% of recipients aged 18–34, 

experience an acute rejection within the first 12 months of transplantation despite the multi-

drug armamentarium available to transplant clinicians.1 Maintenance immunosuppressive 

drug therapy is also associated with multiple complications. A major goal is to minimize 

drug therapy without risking rejection.2–4

The diagnosis of acute liver allograft rejection is confirmed by liver allograft biopsy 

findings.5 The biopsy procedure has become safer and the biopsy readings more 

standardized over the years but this invasive procedure is still associated with 

complications.6–8 Moreover, anti-allograft immune responses are dynamic and repeat 

biopsies to monitor the kinetics pose safety concerns and additional costs. Development 

of noninvasive biomarkers diagnostic of rejection could allay some of these concerns and be 

of value for monitoring immunosuppression minimization.9

MicroRNAs (miRNA) are a class of small noncoding RNAs, 19 to 24 nucleotides in length. 

miRNA regulate gene expression by mRNA cleavage and by translational repression.10 

An individual miRNA’s ability to regulate expression of multiple immune genes have led 

to their recognition as key regulators of immunity including anti-allograft immunity.11,12 

Existing literature also support miRNAs as biomarkers of disease ranging from malignancies 

to rejection in human allografts.13–19
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Small RNA sequencing (sRNA-seq), miRNA microarrays and real-time quantitative 

PCR (RT-qPCR) assays are currently used to detect and quantify miRNAs, and each 

approach has strengths and weaknesses.20–23 The strengths of sRNA-seq include unbiased 

characterization of the miRNA transcriptome at a genome-wide level, resolution at the single 

nucleotide level, low background noise and measurement of transcript abundance over a 

broad dynamic range. It is the preferred approach for the discovery phase but requires 

considerable technical skills and bioinformatics support. sRNA-seq is also less sensitive 

in detecting and quantifying miRNAs compared to RT-qPCR assays. miRNA microarrays 

are customized to detect a prespecified set of miRNAs whose sequences must be known 

a priori and is semi quantitative. miRNA-specific RT-qPCR assays have high sensitivity 

and specificity, but the conventional cycle threshold (Ct) method used to compute transcript 

abundance yields relative rather than absolute miRNA copy number.

In the current study, we used a stepwise approach that leveraged the strengths and minimized 

weaknesses associated with each miRNA profiling platform. We used sRNA-seq to discover 

circulating miRNAs associated with liver allograft biopsy diagnosis. sRNA-seq was refined 

by incorporating synthetic RNAs to monitor RNA recovery from sera and to monitor cDNA 

library-preparation. We used human TaqMan low-density arrays (TLDA) to confirm the 

miRNAs prioritized by sRNA-seq and bioinformatics. The preamplification step, integral to 

the human TaqMan® Array protocol, ensured sufficient cDNA for absolute quantification of 

miRNA copy number using the customized RT-qPCR assays developed in our laboratory.14 

Our use of an in-house developed Bak amplicon eliminated limitations inherent to the 

comparative Ct method for miRNA quantification and enabled measurement of absolute 

copy numbers of miRNAs.

We first profiled sera matched to liver allograft biopsies classified as no rejection (NR) 

biopsies and sera matched to acute rejection (AR) biopsies. To avoid confounding of AR 

biopsy diagnosis by intragraft inflammation due to recurrent hepatitis C virus (R-HCV) or 

other autoimmune hepatitis, we developed AR prediction models using sera from patients 

who needed liver transplantation due to nonimmune, nonviral (NINV) liver disease, and 

excluded sera from patients who needed liver transplantation due to HCV, other viral 

or autoimmune hepatitis. Following identification of miRNAs associated with AR in the 

pristine NINV cohort, we prioritized these miRNAs for analysis of sera from liver allograft 

recipients with R-HCV and examined whether the miRNAs associated with AR in the NINV 

cohort are also diagnostic of intragraft inflammation or fibrosis due to R-HCV. Herein, we 

report miRNAs and candidate prediction models for accurate diagnosis of AR in human 

liver allografts, and the ability of the AR-associated miRNAs to discriminate intragraft 

inflammation due to AR from intragraft inflammation or fibrosis due to R-HCV.

MATERIALS AND METHODS

Biospecimens and Study Cohorts

Sera from adult recipients of deceased donor liver allografts (patients) enrolled in 

the “Immune Tolerance Network Immunosuppression withdrawal study” (ITN030ST, 

ClinicalTrials.gov identifier: NCT00135694) were profiled in the Clinical Trials of 

Transplantation (CTOT)-07 study (NCT01428700) to determine whether circulating levels 
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of extracellular miRNAs are diagnostic of AR or R-HCV in human liver allograft recipients. 

The Inclusion and Exclusion Criteria for the CTOT-07 study are provided as Supplemental 

Digital Content (SDC).

Table S1A shows the demographics of the 26 unique NINV patients and Table S1B shows 

the demographics of the 41 unique R-HCV patients profiled in this study. All biopsies 

were analyzed by the parent study pathologist and classified using the Banff schema and 

biopsy codes (Table S1C) for grading biopsy features24 and were made prior to miRNA 

profiling of sera matched to biopsies. The biopsies from the NINV cohort were classified 

as acute rejection (AR) or no rejection (NR). The biopsies from the R-HCV cohort were 

classified as biopsies without intragraft inflammation or fibrosis (R-HCV-N), biopsies with 

inflammation (R-HCV-I) or biopsies with fibrosis (R-HCV-F). A total of 91 sera matched to 

91 liver allograft biopsies, 30 sera matched to 30 biopsies from the NINV cohort and n=61 

sera matched to 61 biopsies from the R-HCV cohort were profiled for circulating levels of 

miRNAs. Additional details are provided as SDC.

All patients provided written informed consent for participation in the study. The 

Institutional Review Boards at Weill Cornell Medicine and Rockefeller University approved 

miRNA profiling of sera.

Small RNA Sequencing: NINV cohort

Figure 1 illustrates our study design. We determined global miRNA abundance in circulation 

by sRNA-seq, as developed in the Tuschl laboratory.13,25 The samples were spiked with 2 

cocktails of synthetic RNAs, the first cocktail (Table S2A) to monitor RNA recovery and the 

second cocktail (Table S2B) to monitor cDNA library preparation.13,26 The FASTQ output 

files were analyzed, as described.13,26 Three sera matched to NR biopsies, and 1 serum 

matched to an AR biopsy were excluded from downstream analysis because of the skewed 

distribution of spiked-in synthetic RNAs (Table S3 and Figure S1). Additional details are 

provided as SDC.

Differential Gene Abundance Analysis

Exact test of the R/Bioconductor package edgeR (version 3.8.2)27 was used to assess 

differences in miRNA abundance between AR sera and NR sera and R statistical language 

(version 3.1.2) was used for data analysis. Heatmaps and unsupervised clustering were 

created with the ‘aheatmap’ function of the NMF R package (version 0.20.5)28 using 

Euclidean distance and complete-linkage clustering for rows (miRNAs) and columns 

(samples). Additional details are provided as SDC.

Microarray Profiling: NINV Cohort

We used pristine aliquots of 100μl of serum to isolate RNA for the measurement of 

miRNAs using TLDA Human MicroRNA A Card v2.0 containing primers and probes for 

the amplification of 377 miRNA targets and 4 control assays (Life Technologies catalog 

number 4398965). The serum sample was spiked with 5μl of 1nM synthetic cel-miR-54 

(5’-UACCCGUAAUCUUCAUAAUCCGAG-3’, Integrated DNA Technologies) as a quality 

control measure. We isolated RNA using Qiagen miRNeasy mini kit (cat no. 217004).
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We used the Applied Biosystems’ 7900HT Fast Real-Time PCR System to run the RT-

PCR reactions and used DataAssist™ Software v3.01 (Life Technologies) to calculate the 

relative abundance of miRNAs, fold change, and the Benjamini-Hochberg false discovery 

rate-adjusted P-values. We excluded any Ct value > 35 from data analysis. Additional details 

are provided as SDC.

Customized RT-qPCR assays: NINV cohort and R-HCV cohort

Absolute copy numbers of the serum miRNAs identified by both sRNA-seq and TLDA 

as being significantly associated with AR in the NINV cohort were quantified using 

customized RT-qPCR assays (Figure 1). Absolute levels of miRNAs included in the 2 

best NINV-AR models were quantified in sera from the R-HCV cohort using customized 

RT-qPCR assays. Additional details are provided as SDC.

Statistical Analysis

Mann-Whitney test and Fisher’s exact test were used for group comparisons of 

continuous variables and categorical variables, respectively. Logistic regression analyses 

for discriminating biopsies classified as NINV-NR, NINV-AR, R-HCV-N, R-HCV-I or 

R-HCV-F were performed using the loge–transformed ratios of miRNA copy number to cel-

miR-54 copy number (x10−8) as predictors. Area under the receiver operating characteristic 

(AUROC) curve was calculated as a measure of discrimination. Logistic regression was 

used to generate diagnostic signatures based on combinations of miRNAs for which the 

resulting AUROC was again calculated. The cut point that yielded the highest combined 

sensitivity and specificity (Youden’s index) for predicting biopsy diagnosis was determined. 

The Akaike information criterion (AIC) and Akaike weight (AW) were used to compare 

regression models. Bootstrap resampling was performed to estimate robust 95% confidence 

intervals (95% CI) of the AUROC for the best models.29 All analyses were performed using 

SAS 9.4 (SAS Institute, Cary, NC).

RESULTS

Patients and Liver Allograft Biopsies: NINV cohort

The characteristics of the NINV cohort are summarized in Table 1; additional details, 

including histological features of each biopsy, are provided in Table S1A. The time from 

transplantation to biopsy, the type of biopsy (for-cause vs. protocol), and liver function tests 

differed between the AR group and the NR group.

Serum Transcriptomics

We obtained on average of 4 million miRNA reads per serum sample (range 83,000–38 

million) by sRNA-seq representing 11–68% of all reads in the 13 sera matched to 13 AR 

biopsies (AR sera) from 12 patients and 13 sera matched to 13 no rejection biopsies (NR 

sera) from 12 patients. Unlike previous reports,13,25,30 very few reads in this study were 

annotated as transfer RNA fragments due to 19–24 nt size selection in this study during the 

sRNA-seq library preparation.
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The most abundant miRNAs were those present at high copy numbers in hematopoietic 

cells, endothelial cells and hepatocytes (Figure 2A and B).13,31 Unsupervised hierarchical 

clustering showed that 22 of the 26 sera were successfully grouped by biopsy diagnosis 

(Figure 2A). Composition analysis showed that the relative frequencies of 25 miRNAs 

differed (false discovery rate-adjusted P [FDR-P] ≤0.15) between AR sera and NR sera 

(Table 2). The liver-specific miR-122 was 7.9-fold higher (FDR-P=0.0001). The cistronic 

and therefore co-transcribed miR-192 and −194 are also characteristic for liver tissue, 

although not as specifically or as abundantly expressed as miR-122 (Figure 2B).31 The 

magnitude of the observed differences ranged from 27-fold lower to 14-fold higher. The 

increase of liver-typic miRNAs in AR sera was positively associated with the circulating 

levels of ALT and AST (Figure 2A and C).

Among the 18 miRNAs identified by sRNA-seq to be more frequent in AR sera vs. NR 

sera at FDR-P≤0.15, the relative abundance of 9 miRNAs – miR-22, miR-34a, miR-122, 

miR-148a, miR-192, miR-193b, miR-194, miR-210 and miR-885–5p – were also higher in 

AR sera vs. NR sera at the same FDR-P≤0.15 when the sera were profiled using TLDA. We 

prioritized these 9 miRNAs for absolute quantification using customized RT-qPCR assays 

developed in our laboratory.

Absolute Quantification of miRNAs

Absolute quantification of miRNA copy numbers using customized RT-qPCR assays 

confirmed the higher abundance of all 9 miRNAs in AR sera vs. NR sera (Table S4). Figure 

3 shows violin plots portraying the distribution of loge transformed ratios of miRNA copy 

number to cel-miR-54 copy number (x10−8) in the 14 AR sera and the 16 NR sera (Figure 

3A–I). The higher abundance in AR sera vs. NR sera was miRNA specific since the level of 

endogenous U6 snRNA was not different between the 2 groups (Figure 3K, P=0.80; Figure 

3L, P=0.43, Mann-Whitney test). Nonspecific factors for the differential levels in AR sera 

and NR sera can also be excluded because the spiked-in control cel-miR-54 level was not 

different between the 2 groups (Figure 3J, P=0.43).

Logistic Regression Analysis

Univariate logistic regression analysis predicting AR vs.NR was performed with loge ratios 

of miRNA copy number to cel-miR-54 copy number (x10−8) as predictors. The likelihood-

ratio chi-square statistic and associated P value, goodness-of-fit using AIC and AW, and 

AUROC along with 95% CI for each of the 9 predictors are shown in Table S5.

Development of Diagnostic Models

From all-2-miRNA logistic regression models, we identified the best statistical model for 

discriminating AR group from NR group. The logistic model of −291.3 + (40.66*miR-210) 

+ (12.88*miR-34a) yielded an AUROC of 1.0, and the cut point of −0.35 (Youden’s index) 

classified all 30 sera with 100% accuracy (Likelihood Ratio χ2= 40.09, P=2.42E-10). A 

comparison of AUROCs of all 36 possible combinations of 2 miRNAs showed that the 

AUROC of miR-210 + miR-34a was not significantly larger than the AUROCs of any of 

the other 35 possible combinations or even the AUROCs of any single miRNA except that 

of miR-148 (Table S5). However, evaluation of goodness-of-fit using AIC showed that the 
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miR-210 + miR-34a combination is superior to all other 2- miRNA prediction models (Table 

S5). Furthermore, the AW for miR-210 + miR-34a model was 84% (Table S5).

Because miR-122 is a liver specific miRNA, we systematically examined the diagnostic 

performance of all combinations of miR-122 with 1 of the other 8 miRNAs. A linear 

combination of miR-122 + miR-210 yielded the largest AUROC (0.99, 95% CI, 0.97 to 1.00, 

P<0.0001) compared to all other combinations (Table 3). Although the AUROCs were not 

different among the 8 combinations, evaluation of the goodness-of-fit using AIC showed that 

the miR-122 + miR-210 combination was superior to all other 2-miRNA prediction models 

with the possible exemption of miR-122 + miR-194 (Table S5).

Bootstrap analysis with 10,000 replications yielded bias-corrected 95% CI for the AUROC 

of 1.0–1.0 for the best-fit statistical model of miR-210 + miR-34a model and 0.929–1.000 

for the best fitting model that included miR-122 (Table 4).

Figure 4 displays the predicted probability of AR based on the best-fit statistical model of 

miR-210 + miR-34a (Panel A) or the linear combination of miR-122 plus each of the 8 

miRNAs (Panels B-I). The miR-210 + miR-34a model classified all 30 sera perfectly and the 

miR-122 + miR-210 model classified 29 of 30 sera correctly.

Time from transplantation to biopsy differed between NINV-AR vs. NINV-NR (Table 1). 

Circulating levels of miRNAs were diagnostic of NINV-AR after controlling for time since 

transplantation to biopsy (Table S6)

R-HCV Cohort

The characteristics of the R-HCV cohort, stratified by liver allograft biopsy diagnosis, 

are summarized in Table 5. Additional information, including histological features of each 

biopsy, is provided in Table S1B. miR-34a, miR-122 and miR-210, the miRNAs diagnostic 

of AR in the NINV cohort and included in our AR diagnostic models, were prioritized for 

quantification using customized RT-qPCR assays and data analyzed to address: (i) Do serum 

miRNA levels discriminate patients with R-HCV-N, R-HCV-I, or R-HCV-F biopsies? (ii) 

Do serum miRNA levels discriminate NINV patients with NR biopsies from those with R-

HCV-N, R-HCV-I or R-HCV-F biopsies? (iii) Do serum miRNAs levels discriminate NINV 

patients with AR biopsies from those with R-HCV-N, R-HCV-I or R- HCV-F biopsies?

Levels of miR-34a, miR-122 and miR-210 were measured in 19 sera matched to 19 R-HCV-

N biopsies, 27 sera matched to 27 R-HCV-I biopsies, and 15 sera matched to 15 R-HCV-F 

biopsies. Table S7 shows the Ct values (Table S7A), absolute copy numbers (Table S7B) 

and loge ratios of serum miRNA copies to cel-miR-54 copies (x10−8) (Table S7C) in sera 

matched to biopsies.

Table 6 shows the log-likelihood P values from logistic regressions assessing the ability of 

serum miRNA levels to discriminate each combination of 2 biopsy groups. Circulating levels 

of miR-34a and miR-122 were higher in R-HCV-I group compared to R-HCV-N group, and 

miR-34a level was higher in R-HCV-F group vs. R-HCV-N group. None of the 3 miRNAs 

differentiated the HCV-I group from the HCV-F group.
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Levels of miR-34a and miR-122 but not miR-210 level were higher in R-HCV-N group vs. 

NINV-NR group and all 3 miRNAs were higher in the R-HCV-I group and the R-HCV-F 

group compared to the NINIV-NR group. A comparison of levels in the NINV-AR group 

with the R-HCV-I or the R-HCV-F group showed miRNA-specific alterations: miR-34a level 

was higher and miR-210 lower in both R-HCV-I and R-HCV-F groups compared to the 

NINV-AR group and miR-122 levels were not different between the NINV-AR group and 

either R-HCV-I group or R-HCV-F group (Table 6). Because of the differential directionality 

of miR-34a and miR-210 levels, we performed additional logistic regression analyses to 

identify the best prediction models to discriminate NINV-AR group from R-HCV-I group 

and NINV-AR group from R-HCV-F group.

ROC curve analyses portraying the extent to which circulating levels of miRNA distinguish 

NINV-AR group from R-HCV-I group and NINV-AR group from R-HCV-F group are 

shown in Figure 5. miR-34a (P <0.0001, 5A); miR-210 (P=0.02, 5C); miR-34a + miR-210 

(P<0.0001, 5D); and miR-34a + miR-122 (P<0.0001, 5E) discriminated NINV-AR group 

from R-HCV-I group. miR-34a (P <0.0001, 5F); miR-210 (P=0.02, 5H); miR-34a + 

miR-210 (P<0.0001, 5I); and miR-34a + miR-122 (P<0.0001, 5J) discriminated NINV AR 

from R-HCV-F group.

Table 7 shows the AUROCs (95% CI), diagnostic signature cut point, sensitivity, specificity 

and accuracy for miR-34a, miR-122, miR-210 and for the 2 2-miR models along with 

their logistic regression equations for discriminating NINV-AR group from R-HCV-I group 

(Table 7A) and NINV-AR group from R-HCV-F group (Table 7B). We identified that a 

combination of miR-34a + miR-210 and a combination of miR-34a +miR-122 discriminate 

NINV-AR group from R-HCV-I group with AUROCs of 1.00 (1.00–1.00, P<0.0001 for both 

models) (Table 7A) and that these 2 models discriminate NINV-AR group from R-HCV-F 

group with an AUROC of 0.99 (0.97–1.00, P<0.0001) and an AUROC of 1.0 (1.00–1.00, 

P<0.0001), respectively (Table 7B). AIC and Akaike weight related to these analyses are 

provided in Table S8.

Among the liver function tests, alkaline phosphatase (ALP) level discriminated NINV-AR 

from R-HCV-I (P=0.027) and R-HCV-F (P=0.02) (Table S9A). In the analysis restricted 

to for-cause biopsies, ALP did not discriminate NINV-AR from R-HCV-I (P=0.25) but 

miR-34a level (P=0.0016) and the prediction model miR-34a + mIR-210 discriminated 

NINV-AR from R-HCV-I (P<0.0001) (Table S9B). Neither liver function tests nor miRNAs 

discriminated R-HCV-I group from R-HCV-F group (Table S10).

DISCUSSION

Using sRNA-seq and miRNA microarrays to profile biopsy matched sera from the NINV 

cohorts, we identified 9 miRNAs diagnostic of AR in human liver allografts. We measured 

absolute levels of these 9 miRNAs using customized RT-qPCR assays, and using logistic 

regression found that a combination of miR-34a and miR-210 is the best statistical 

predictor of AR in the NINV cohort. Since a prediction model that includes miR-122 may 

authenticate hepatocyte injury, we evaluated models that included miR-122, and identified 

that a combination of miR-122 + miR-210 is the best of 8 models that included miR-122. 
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Following authentication that miR-34a, miR-122 and miR-210 distinguish between liver 

allografts with or without intragraft inflammation under pristine settings not confounded by 

R-HCV, we examined whether these 3 miRNAs also discriminate NINV-AR group from 

R-HCV-I or R-HCV-F group.

Circulating level of miR-34a was substantially higher in R-HCV-I and R-HCV-F 

groups compared to NINV-AR group. HCV stimulates nuclear factor kappa B (NF-κB) 

expression32 and NF-κB is a transcriptional activator of miR-34a.33 The NF-κB pathway 

might be responsible for the high miR-34a levels in the R-HCV group. HCV native liver 

disease has also been associated with high level of miR-34a.34

We confirm and extend earlier reports18,35,36 that circulating levels of miR-122 are higher 

in the NINV-AR group than in the NINV-NR group. Whereas miRNAs are known for 

translational repression, miR-122 uniquely stimulates HCV replication37 and the increased 

HCV replication and associated hepatocyte injury may contribute to the high circulating 

levels of miR-122 level in the R-HCV group. A novel observation from our study is the 

decreased abundance of 3’ end adenylated miR-122 molecules in NINV-AR sera compared 

to NINV- NR sera (Figure S2). 3’ end adenylation is reported to impact miR-122 stability 

and its function38 and whether this is an additional mechanism for the high levels of 

miR-122 in R-HCV cohort is not known.

miR-210 has been associated with hypoxia and hepatic cell injury and inflammation.39,40 

Hypoxia and hepatic inflammation associated with NINV-AR, R-HCV-I or R-HCV-F may 

have contributed to the higher abundance of miR-210 in these groups compared to the 

NINV-NR group.

Serum levels of miR-34a, miR-122 and miR-210 were all higher in NINV-AR vs. NINV-NR 

and linear combinations of miR-34a + miR-210 and miR-122 + miR-210 distinguished 

these 2 groups very accurately. The logistic regression equations for the models developed 

to distinguish NINV-AR from NINV-NR wherein both miR-34a and miR-210 were higher 

in NINV-AR vs. NINV NR were not optimal for discriminating NINV-AR from R-HCV-I 

or R-HCV-F group since miR-34a level was lower and level of miR-210 was higher in 

the NINV-AR group compared to R-HCV-I and R-HCV-F groups. The logistic regression 

equations incorporating the differential abundance of miR-34a and miR-210 discriminated 

NINV-AR from R-HCV-I or R-HCV-F with near perfection.

Although miR-34a, miR-122 or miR-210 discriminated R-HCV-N from R-HCV-I or R-

HCV-F group, none differentiated R-HCV-I from R-HCV-F group. This is not surprising 

since the inflammation grade was similar in R-HCV-I biopsies and R-HCV-F biopsies 

and these miRNAs were selected on the basis of their ability to identify intragraft 

inflammation in NINV-AR biopsies. Like miRNAs profiled here, none of the liver function 

tests discriminated the R-HCV-I from R-HCV-F group. In this regard, it has been reported 

that serum levels of miR-19a and miR-20a discriminate R-HCV classified as slow fibrosis 

progressors from fast fibrosis progressors.41

The signatures we developed to discriminate AR from R-HCV-I or R-HCV-F have not been 

investigated to determine whether these prediction models distinguish additional causes of 
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intragraft inflammation and fibrosis. This critical question should be addressable by deep 

profiling of additional cohorts.

Our study suggests that quantification of miRNAs in serum using RT-qPCR assays is 

sufficient for accurate diagnosis of NINV-AR, R-HCV-I or R-HCV-F in human liver 

allografts. RT-qPCR assays are widely used to manage allograft recipients (eg, to measure 

CMV abundance in blood) and the turnaround time of 4 to 6 hours is useful for clinical 

decision making. RT-qPCR assay is also economical with an estimated $150 cost for 

measuring 3–5 miRNAs compared to sRNA-seq or microarray profiling. RT-qPCR assay-

based measurements represent a practical approach to monitor liver allograft recipients.

Our study has limitations. The sample size is relatively small, and our models were not 

validated using external cohorts and may be overfit. sRNA-seq and miRNA microarray 

profiling of biopsy-matched sera informed prioritization of miRNAs for quantification in 

sera matched to NINV-AR and NINV-NR biopsies whereas the abundance of miR-34a, 

miR-122 and miR-210 in sera from R-HCV-N, RCV-I and RCV-F groups were prioritized 

for data analyses based on NINV-AR prediction models. Additional candidate miRNA 

models could emerge by scRNA-Seq of sera from the R-HCV cohorts. We also did not 

investigate whether an increase in miRNA levels precedes an increase in transaminase levels 

or predicts future intragraft pathology. Existing data suggest that miRNAs are more sensitive 

than liver enzymes in detecting liver injury and also help anticipate acute rejection.18,41 

Indeed, circulating levels of miRNAs outperformed liver enzymes in our study, and in 

an analysis restricted to for-cause biopsies, miRNAs discriminated NINV-AR group from 

R-HCV-I group whereas the liver enzymes did not.

Sera from patients enrolled in the parent “Immune Tolerance Network Immunosuppression 

withdrawal study” were profiled in our investigation. The study participants underwent both 

for-cause biopsies and protocol-specified biopsies. Whether the miRNA profiles identified in 

systematized trials are generalizable to routine clinical settings remain to be determined.

In sum, we performed sRNA-seq to discover miRNAs diagnostic of AR, miRNA 

microarrays to verify the discovered biomarkers and customized RT-qPCR assays for 

absolute quantification of miRNAs. Our stepwise approach identified candidate models 

containing miR-34a, miR-122 and miR-210 that discriminated NINV-AR group from NINV-

NR group very accurately. The miRNAs were diagnostic of even borderline/mild AR in 

human liver allografts. These 3 miRNAs discriminated also NINV-AR group from R-HCV-I 

or R-HCV-F group with high precision. Noninvasive detection of intragraft pathology at an 

early stage may be of great value for personalizing immunosuppression and for monitoring 

patients treated with direct acting anti-HCV therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flowchart illustrating the sequential steps used to identify circulating extracellular 
miRNAs diagnostic of human liver allograft biopsies.
A, NINV Cohort: Total RNA was isolated from 30 sera matched to 30 allograft biopsies 

from 26 unique liver allograft recipients with nonimmune nonviral (NINV) etiology for 

their native liver disease. Among the 30 sera, 14 were matched to 14 acute rejection (AR) 

biopsies from 12 recipients (2 patients had 2 AR biopsies) and 16 were matched to 16 

no rejection (NR) biopsies from 14 recipients (1 patient had 2 NR biopsies and 1 patient 

with an initial AR biopsy had a later NR biopsy and is included in both groups). Table 1 

and Table S1A provide additional information regarding the NINV cohort including liver 

allograft biopsy findings for each biopsy. Barcoded complementary DNA libraries were 

prepared from the RNA isolated from the biopsy-matched sera and small RNA sequenced 

for unbiased characterization of the circulating micro RNA (miRNA) transcriptomes. A 

TaqMan low-density array (TLDA) was used to measure relative levels of 377 mature human 

miRNAs in sera matched to biopsies. Differential gene abundance analysis was performed 

to identify miRNAs that discriminate the AR biopsy group from the NR biopsy group. 

Absolute levels of miRNAs discriminating AR group from NR group were quantified using 

customized real time quantitative polymerase chain reaction (RT-qPCR) assays. Area under 

the receiver operating characteristic curve was calculated as a measure of discrimination. 

Logistic regression analyses were performed and goodness-of-fit using Akaike’s information 

criterion and Akaike weight were used to evaluate candidate models for discriminating 
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AR group from NR group. Bootstrap analysis was performed for the best-fit models. 

B, Recurrent Hepatitis C Virus (HCV) Cohort: Total RNA was isolated from 61 sera 

matched to 61 allograft biopsies from 41 unique liver allograft recipients with HCV native 

liver disease. Among the 61 sera, 19 were matched to 19 liver allograft biopsies without 

intragraft inflammation or fibrosis and classified as normal biopsies (recurrent HCV-N); 27 

were matched to liver allograft biopsies with intragraft inflammation (recurrent HCV-I); and 

15 were matched to 15 liver allograft biopsies with intragraft fibrosis (recurrent HCV-F). 

Table 6 and Table S1B provide additional information regarding the recurrent HCV cohort 

including liver allograft biopsy findings for each biopsy. Table 6 also provides information 

regarding recurrent HCV patients who underwent multiple biopsies with different biopsy 

classification (eg, HCV-N on initial biopsy and HCV-I in a later biopsy). Total RNA was 

isolated from each serum sample and absolute levels of miR-34a, miR-122 and miR-210- the 

components of the 2 diagnostic signatures for discriminating AR biopsies from NR biopsies 

in the NINV cohort- were quantified using customized RT-qPCR assays. Logistic regression 

analyses were performed to address the following: (i) Do the best predictors of NINV-AR 

discriminate recurrent HCV-N group from recurrent HCV-I group or recurrent HCV-F 

group? (ii) Do the best predictors of AR discriminate NINV-NR group from recurrent 

HCV-N, recurrent HCV-I, or recurrent HCV-F group? (iii) Do the best predictors of AR 

discriminate NINV-AR group from recurrent HCV-N, recurrent HCV-I or recurrent HCV-F 

group?

Muthukumar et al. Page 15

Transplantation. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Heatmap of circulating extracellular micro RNAs in sera matched to liver allograft 
biopsies, micro RNA expression in selected tissues and cells and differential gene abundance 
analysis: nonimmune nonviral cohort.
A total of 30 sera matched to 30 liver allograft biopsies were processed for small RNA 

sequencing and 4 of 30 sera (3 sera matched no Rejection biopsies, N-27, N-55, N-56 and 1 

serum matched to acute rejection biopsy, AR-44) did not pass quality control thresholds and 

were excluded from downstream analysis. Unsupervised hierarchical clustering (Euclidean 

distance, complete linkage) of circulating extracellular micro RNAs showing individual 

micro RNAs that constitute the top 80% sequencing reads in the remaining 26 of 30 sera 
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matched to liver allograft biopsies (A); compared to human vascular endothelial cells, 

liver tissue, red blood cells, and peripheral blood mononuclear cells (B); and of chosen 

liver-typic micro RNAs (C). Residual micro RNAs are shown as “all-other” at the bottom 

of each heatmap; samples were clustered by rows and columns, but the row dendrogram 

is not shown. The inbox indicates the coloring and codes used in panels A-C. MA-plot 

showing the results of differential gene abundance analysis comparing micro RNAs from 

the 13 serum samples matched to 13 liver allograft biopsies showing acute rejection with 

micro RNAs from the 13 serum samples matched to 13 liver allograft biopsies without any 

rejection changes (no rejection, N) biopsies (D). Micro RNAs in sera from patients with 

acute rejection compared to sera from patients with no rejection histology are colored red 

if higher or blue if lower. Micro RNAs on the right side of the 2 vertical dashed lines are 

composed of 80% or 90% of all sequencing reads across all samples; low abundance micro 

RNAs further to the left are not shown in this plot. ALP, serum alkaline phosphatase; ALT, 

serum alanine aminotransferase; AST, serum aspartate aminotransferase; HUVEC, human 

vascular endothelial cells; PBMC, human peripheral blood mononuclear cells; RBC, human 

red blood cells.
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Figure 3. Violin plots of circulating levels of miRNAs in sera matched to liver allograft biopsies: 
NINV cohort.
Total RNA was isolated from pristine aliquots of 30 sera for absolute quantification of 

miRNAs using customized real time quantitative polymerase chain reaction assays. The 

miRNA copy numbers were normalized using the spiked-in cel-miR-54 copy number 

(x10−8) in the same serum sample, and the ratio of miRNA copies to cel-miR-54 copies 

(x10−8) was loge transformed prior to data visualization using violin plots and statistical 

analysis. In the violin plots, the distribution of the ratios in the 16 sera matched to 16 liver 

allograft biopsies without histological features of acute rejection (No Rejection, in green) 
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and in the 14 sera matched to 14 acute liver allograft rejection biopsies (Acute Rejection, in 

pink) is represented by the density shape; the thin black lines show the ratio of messenger 

RNA copy numbers to cel-miR-54 copy number (x10−8) for each serum sample, and the 

thick black horizontal line crossing the contour of the violin plot show the mean for that 

group. the mean for each distribution is shown as a thick black horizontal line crossing the 

contour of the individual violin plot. The P-values are based on the Mann-Whitney U test 

comparing the acute rejection group with the no rejection group. miR, microRNA; snRNA, 

small nuclear RNA.
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Figure 4. Predicted probability of acute rejection for circulating level of extracellular based 
statistical models: nonimmune nonviral cohort.
A, Plot shows the predicted probability of acute rejection for given levels of a diagnostic 

signature based on miR-210 and miR-34a. The y-axis represents the probability of acute 

rejection. The x-axis represents the diagnostic signature score, which is a linear combination 

of liver specific miR-210 and miR-34a (normalized by cel-miR-54 (x10−8) and loge 

transformed), determined by logistic regression analysis (Table S4). The vertical dotted 

line represents the cut point of the diagnostic signature score that maximized the combined 

sensitivity and specificity (Youden’s index) to discriminate between sera matched to acute 

rejection biopsies and sera matched to no rejection biopsies. The value of this cut point is 

shown at the top of the vertical line. Each serum sample is represented by a colored dot; 

sera matched to acute rejection biopsies are shown in red and sera matched to no rejection 

biopsies are shown in green. A comparison of models using Akaike information criterion 

showed that this miR-210 + miR-34a model is superior to all other 2-miRNA prediction 

models (Δ Akaike information criterion was ≥ 5.9). The Akaike weight for the combination 

of miR-210 + miR-34a compared to the 35 other 2-miRNA combinations was 84.0% (Table 

S4).

B-I, Graphs depict the logistic regression model-based linear combination of miR-122 with 

each of the 8 informative miRNAs. The y-axis represents the probability of acute rejection. 

The x-axis represents the diagnostic signature score, which is a linear combination of liver 

specific miR-122 and each of the other 8 miRNAs (normalized by cel-miR-54 (x10−8) 

and loge transformed), determined by logistic regression analysis (Table 4). The vertical 
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dotted line represents the cut point of the diagnostic signature score that maximized the 

combined sensitivity and specificity (Youden’s index) to discriminate between sera matched 

to acute rejection biopsies and sera matched to no rejection biopsies. The value of this 

cut point is shown at the top of the vertical line. In Panels B-I, each serum sample is 

represented by a colored dot; sera matched to acute rejection biopsies are shown in red and 

sera matched to no rejection biopsies are shown in green. A comparison of models using 

Akaike information criterion showed that the miR-122 + miR-210 combination is superior to 

all other 2-miRNA prediction models that include miR-122 (Δ Akaike information criterion 

was ≥ 4.5). The Akaike weight for this combination of miR-122 + miR-210 compared to the 

other 7 combinations that included miR-122, was 88.5% (Table S4). AUROC, area under the 

receiver operating characteristic curve; miR, micro RNA.
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Figure 5. Receiver operating characteristic curve analyses: nonimmune nonviral acute rejection 
vs recurrent HCV-inflammation and nonimmune nonviral acute rejection vs recurrent-HCV-
fibrosis.
Receiver operating characteristic curve analyses portraying the extent to which miR-34a, 

miR-122, miR-210 and the 2-miRNA combinations distinguish the nonimmune nonviral 

acute rejection group from the recurrent HCV-inflammation group and from the 

recurrent-HCV-fibrosis group. For nonimmune nonviral acute rejection vs recurrent HCV-

inflammation, the area under the receiver operating characteristic curve (95% CI) for 

miR-34a was 0.92 (0.84–1.000) (P<0.0001, Figure 5 A); 0.52 (0.31–0.73) for miR-122 

(P=0.94, Figure 5B); 0.68 (0.50–85) for miR-210 (P=0.02, Figure 5 C), 1.00 (1.00–1.00) 

for miR-34a + miR-210 (P=<0.0001, Figure 5 D) and 1.00 (1.00–1.00) for miR-34a + 

miR-122 (P=<0.0001, Figure 5 E). For nonimmune nonviral acute rejection vs recurrent-

HCV-fibrosis, the area under the receiver operating characteristic curve (95% CI) for 

miR-34a was 0.95 (0.88–1.000) (P <0.0001, Figure 5 F); 0.54 (0.31–0.76) for miR-122 

(P=0.74, Figure 5G); 0.76 (0.58–0.94) for miR-210 (P=0.02, Figure 5 H); 0.99 (0.97–

1.00) for miR-34a + miR-210 (P<0.0001, Figure 5 I); and 1.00 (1.00–1.00) for miR-34a 

+ miR-122 (P=<0.0001, Figure 5 J). Table 7 shows the Youden’s cutpoint, sensitivity, 

specificity and accuracy for-miR-34a, miR-122, miR-210 and for the 2-miR models, and 

their logistic regression equations. HCV, hepatitis C virus; miR, micro RNA.
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Table 1.

Characteristics of liver allograft recipients: nonimmune nonviral cohort.

Characteristics
Liver allograft biopsy diagnosis

Acute rejection biopsy No rejection biopsy P 
a 

Recipient characteristics

  Number of patients
b 12 15

  Number of serum samples matched to biopsies
c 14 16

  Age, y, median (min–max) 55 (20–66) 56 (27–69) 0.41

  Sex, male / female 7 / 5 11 / 4 0.45

  Race, Black / non-Black 1 /11 0 / 15 0.44

  Body mass index, kg/m2, median (min–max) 27.3 (21.3–37.7) 28.4 (16.6–46.1) 0.66

  Reason for the live allograft biopsy, for-cause / protocol-specified 12 / 2 1 / 15 <0.0001

  Time from transplantation to biopsy, d, median (min–max) 145 (11–905) 378 (20–718) 0.013

  Liver function tests

  Serum total bilirubin, mg/dL, median (min–max) 0.95 (0.3–8.5) 0.65 (0.4–4.9) 0.44

  Serum direct bilirubin, mg/dL,  median (min–max) 0.45 (0.1–4.6) 0.10 (0.1–2.3) 0.04

  Serum aspartate aminotransferase, U/L, median (min–max) 146 (18–983) 24 (8–50) 0.0008

  Serum alanine aminotransferase, U/L, median (min–max) 260 (22–719) 22 (15–137) 0.0001

  Serum alkaline phosphatase, U/L,  median (min–max) 281 (75–1058) 90 (49–330) 0.002

  Kidney function test

  Serum creatinine, mg/dL, median (min–max) 1.0 (0.6–2.1) 1.3 (0.7–1.8) 0.18

Deceased donor characteristics

  Age, y, median (min–max) 44 (15–73) 46 (22–73) 0.30

  Sex, matched / not matched 6 / 6 10 / 5 0.45

  Race, matched / not matched 11 / 1 10 / 5 0.18

a
P values based on Mann-Whitney U test (with 0.5 continuity correction) for numeric variables or Fisher exact test for dichotomous variables.

b
26 unique patients with nonviral nonimmune viral native liver disease (NINV cohort) underwent 30 liver allograft biopsies. Table 1, Row 3 shows 

27 patients, since 1 patient who had an initial biopsy classified as acute rejection biopsy had a subsequent biopsy performed 1 year later that 
was classified as no rejection biopsy and this patient is included in both biopsy groups. Among the 12 patients with 14 acute rejection biopsies, 
2 patients had 2 acute rejection biopsies and among 15 patients with 16 no rejection biopsies, 1 patient had 2 no rejection biopsies. Additional 
patient-specific data, including liver allograft biopsy findings, are provided in Table S1A.

c
Among the 14 sera matched to 14 acute rejection biopsies from the 12 patients, 12 sera were collected on the same day as the biopsy, 1 serum 

was collected 1 day after the biopsy and 1 serum was collected 2 days before the biopsy procedure. Among the 16 sera matched to 16 no rejection 
biopsies from 15 patients, 14 sera were collected on the same day as the biopsy, 1 serum was collected 1 day before the biopsy and 1 serum was 
collected 7 days before the biopsy procedure.
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Table 2.

Relative frequency of circulating miRNAs evaluated by small RNA sequencing of sera matched to acute 

rejection biopsies or no rejection biopsies: nonimmune nonviral cohort.

miRNA

Relative frequency (%) of miRNAs in sera matched to acute 
rejection biopsies or no rejection biopsies miRNA fold change

Nominal P

FDR-adjusted P

Acute rejection No rejection

122 17.703% 2.232% ↑ 7.9 4.993E-07 0.0001238

193b 0.085% 0.006% ↑ 13.6 0.000236617 0.0235894

194(2) 0.244% 0.076% ↑ 3.2 0.000285356 0.0235894

195 0.003% 0.000% ↑ 13.0 0.000642122 0.0297413

192 0.511% 0.138% ↑ 3.7 0.000664913 0.0297413

22 5.581% 2.600% ↑ 2.1 0.000719548 0.0297413

27b 0.374% 0.124% ↑ 3.0 0.001441237 0.0496203

99a 0.705% 0.215% ↑ 3.3 0.001600656 0.0496203

378 0.754% 0.342% ↑ 2.2 0.001890715 0.0510347

191* 0.001% 0.028% ↓ 26.5 0.00205785 0.0510347

29a 0.593% 0.265% ↑ 2.2 0.003572738 0.080549

22* 0.019% 0.002% ↑ 10.2 0.005402863 0.1116592

450b 0.001% 0.018% ↓ 18.6 0.007066881 0.1313309

125a 0.076% 0.190% ↓ 2.5 0.007413842 0.1313309

34a 0.043% 0.010% ↑ 4.3 0.008762737 0.1361998

210 0.156% 0.070% ↑ 2.2 0.008787085 0.1361998

484 0.395% 0.788% ↓ 2.0 0.010224969 0.1411054

125b-2* 0.022% 0.002% ↑ 9.4 0.010241519 0.1411054

885–5p 0.067% 0.009% ↑ 7.6 0.011619594 0.1429741

148a 1.667% 0.690% ↑ 2.4 0.012586277 0.1429741

1468 0.005% 0.001% ↑ 8.7 0.012718989 0.1429741

425* 0.033% 0.095% ↓ 2.8 0.013057447 0.1429741

92a(2) 9.651% 18.880% ↓ 2.0 0.013259697 0.1429741

769 0.027% 0.071% ↓ 2.7 0.01405606 0.145246

125b(2) 0.527% 0.237% ↑ 2.2 0.01490957 0.1479029

The relative frequencies of circulating extracellular miRNAs in sera matched to liver allograft biopsies from the nonimmune nonviral cohort 
are shown. miRNA fold change (ratio of mean frequency in sera matched to nonimmune nonviral acute rejection biopsies to mean frequency 
in sera matched to nonimmune nonviral no rejection biopsies), nominal P value and FDR-adjusted P values are shown for each miRNA. Green 
arrow denotes increased fold change of miRNAs in sera matched to acute rejection biopsies vs sera matched to no rejection biopsies. Red arrow 
denotes reduced fold change of miRNAs in in sera matched to acute rejection biopsies vs sera matched to no rejection biopsies. The miRNAs 
are ordered on the basis of nominal P value (and FDR-adjusted P). miRNAs with FDR-adjusted P<0.15 by both small RNA sequencing and by 
TaqMan® low density arrays microarray profiling were prioritized for absolute quantification of miRNA copy number using customized real-time 
quantitative polymerase chain reaction assays. miR nomenclature: numbering of miRNAs is sequential. Canonical miRNAs are generated from 
hairpin precursors yielding 2 mature sequences. If 1 of the processed molecules is degraded and much less abundant it is called the ‘star’ sequence 
and indicated by an asterisk. Identical mature sequences processed from distinct precursor sequences are indicated by numbered suffixes and can 
be conveniently aggregated with the number of aggregated miRNAs given in parentheses. Closely related but not identical mature sequences have 
letter suffixes.

FDR, false discovery rate; miRNA, micro RNA.
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Table 4.

Bootstrap analysis with 10 000 replication of 2-miRNA models diagnostic of acute rejection in human liver 

allografts: nonimmune nonviral cohort.

Model Estimated AUROC (95% CI) Bootstrap standard error Bias Bias-corrected 95% CI

miR-210 + miR-34a 1.000 (1.000–1.000) 0.000 0.000 1.000–1.000

miR-122 + miR-210 0.991 (0.970–1.000) 0.014 -0.355 0.929–1.000

Logistic regression analyses identified that the 2-miRNA model of miR-210 + miR-34a with the following parameters −291.3+ (40.66*miR-210) 
+ (12.88*mIR-34A) was the best model among 36 2-miRNA combinations and discriminated the nonimmune nonviral acute rejection group from 
the nonimmune nonviral no rejection group with an AUROC of 1.0. Internal validation by bootstrap resampling necessarily yielded a bias-corrected 
95% CI of 1.00–1.00. A linear combination of liver specific miR-122 + miR-210 with the following parameters −63.59 + (1.58*miR-122) + 
(8.28*miR-210) was the best model among the 8 models that included miR-122 with an AUROC of 0.991. Internal validation by bootstrap 
resampling yielded a bias-corrected 95% CI of 0.929–1.000. In both analyses, loge ratios of miRNA copy numbers to cel-miR-54 copy number 

(x10−8) in sera were used as predictors.

AUROC, area under the receiver operating characteristic curve; miR, micro RNA.
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Table 5.

Characteristics of liver allograft recipients: recurrent HCV cohort.

Characteristics

Liver allograft biopsy diagnosis

Recurrent 
HCV-normal 

(HCV-N)

Recurrent HCV-
inflammation 

(HCV-I)

Recurrent 
HCV-fibrosis 

(HCV-F)
P 

a 

P
b
 (Pairwise comparison)

HCV-N 
vs HCV-

I

HCV-N 
vs HCV-

F

HCV-I 
vs HCV-

F

Recipient characteristics

  Number of patients
c 13 23 12

  Number of serum samples 

matched to biopsies
d 19 27 15

  Age, y, median (min–max) 55 (42–67) 55 (35–62) 54 (42–60) 0.74 0.74 0.66 0.47

  Sex, male / female 12 / 1 21 / 2 10 / 2 0.71 0.99 0.59 0.59

  Race, Black / non-Black 4 / 9 9 / 14 3 / 9 0.68 0.73 0.99 0.48

  Body mass index, kg/m2, 
median (min–max)

29.8 (20.1–
38.7) 29.7 (22.2–37.2) 28.1 (19.2–

36.1) 0.42 0.98 0.37 0.19

  Reason for the live 
allograft biopsy, for-cause / 
protocol

9 / 10 9 / 18 3 / 12 0.25 0.37 0.15 0.48

  Time from transplantation 
to biopsy, d, median (min–max) 199 (11–747) 232 (42–1392) 401 (179–

1299) 0.0015 0.31 0.0003 0.0046

  Liver function tests

  Serum total bilirubin, 
mg/dL, median (min–max) 0.8 (0.3–14.7) 1.0 (0.5–5.5) 1.0 (0.5–3.5) 0.29 0.12 0.29 0.87

  Serum direct bilirubin, 
mg/dL,  median (min–max) 0.3 (0.0–14.2) 0.3 (0.2–4.7) 0.5 (0.1–2.2) 0.23 0.15 0.17 0.61

  Serum aspartate 
aminotransferase, U/L, median 
(min–max)

36 (18–524) 154 (35–844) 125 (22–419) 0.0032 0.001 0.0109 0.76

  Serum alanine 
aminotransferase, U/L, median 
(min–max)

53 (21–328) 129 (30–1404) 119 (41–386) 0.02 0.0058 0.09 0.48

  Serum alkaline 
phosphatase, U/L, median 
(min–max)

114 (65–1743) 135 (45–918) 144 (45–268) 0.80 0.49 0.99 0.74

  Kidney function test

  Serum creatinine, mg/dL, 
median (min–max) 1.4 (0.7–4.2) 1.2 (0.8–2.1) 1.1 (0.8–2.9) 0.24 0.45 0.08 0.30

Deceased donor 
characteristics

  Age, y, median (min–max) 37 (18–67) 44 (16–73) 33 (9–73) 0.83 0.61 0.97 0.64

  Sex, matched / not 
matched 10 / 3 15 / 8 8 / 4 0.76 0.71 0.67 0.99

  Race, matched / not 
matched 6 / 7 11 / 12 8 / 4 0.50 0.99 0.43 0.48

a
P values based on Mann-Whitney U test (with 0.5 continuity correction) for numeric variables or Fisher exact test for dichotomous variables.

b
P values based on Mann-Whitney U test (with 0.5 continuity correction) for numeric variables or Fisher exact test for dichotomous variables.
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c
Forty-one unique patients with recurrent HCV underwent 61 liver allograft biopsies. Table 6, Row 3 shows 48 patients since 3 patients with an 

initial HCV normal biopsy had subsequent biopsies 5, 6, and 39 months later that were classified as HCV inflammation and these 3 patients are 
included under the recurrent HCV inflammation group as well, and 1 patient with an initial recurrent HCV normal biopsy had a subsequent biopsy 
7 months later that was classified as recurrent HCV fibrosis and this patient is included under the HCV fibrosis group as well. Among the recurrent 
HCV inflammation biopsy group, 3 patients had an initial biopsy classified as recurrent HCV inflammation and subsequent biopsies 3, 5, or 6 
months later that was classified as recurrent HCV fibrosis and these 3 patients are included under recurrent HCV-F group as well. Among the 12 
patients with recurrent HCV fibrosis biopsies, 6 patients had 1 recurrent HCV fibrosis biopsy each and 3 patients had 2 R-HCV fibrosis biopsies 
each. Additional patient-specific data, including liver allograft biopsy findings, are provided in Table S1B.

d
miR-34a, miR-122 and miR-210 were quantified in 61 sera matched to 61 liver allograft biopsies using customized real-time quantitative 

polymerase chain reaction assays. These 3 micro RNAs, diagnostic of nonimmune nonviral acute rejection and included in the acute rejection 
diagnostic models, were prioritized for analysis in sera matched to liver allograft biopsies from the patients with recurrent HCV. Among the 19 sera 
matched to 19 recurrent HCV normal biopsies from 13 patients, 12 sera were collected on the same day as the biopsy, 1 serum was collected 2 days 
after the biopsy, 5 sera were collected 1 day before the biopsy and 1 serum was collected 2 days before the biopsy procedure. Among the 27 sera 
matched to 27 recurrent HCV inflammation biopsies from 23 patients, 23 sera were collected on the same day as the biopsy, 1 serum was collected 
1 day after the biopsy, 2 sera were collected 2 days before the biopsy and 1 serum was collected 3 days before the biopsy procedure. Among the 
15 sera matched to 15 recurrent HCV fibrosis biopsies from 12 patients, 12 sera were collected on the same day as the biopsy, and 3 sera were 
collected 1 day before the biopsy procedure.

HCV, hepatitis C virus; HCV-F, HCV-fibrosis; HCV-I, HCV-inflammation; HCV-N, HCV-normal.
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