Circulating long non-coding RNAs detection after heart transplantation and its accuracy in the diagnosis of acute cardiac rejection
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1. Materials and methods
1.1. Study cohort
This study included 40 consecutive serum samples matched to routine endomyocardial biopsy (EMB) from heart transplant patients (>18 years). Of the patients studied, 28 samples had a diagnosis of biopsy-proven allograft rejection (grade 1R acute cellular rejection (ACR), n = 16; and grade ≥2R ACR, n = 12 (grade 2R, n = 11 and grade 3R, n = 1)), these were compared with 12 samples from patients who did not experience allograft rejection (grade 0R ACR). The samples and associated clinical data were collected from follow-up visits of cardiac transplantation recipients from The University and Polytechnic Hospital La Fe (October 2016 to April 2017). At the time of EMB, blood samples were collected for laboratory analysis. The serum was separated by centrifugation at 1500 x g for 10 min at 4°C, aliquoted, and immediately stored at −80°C until analysis. Cardiac rejection episodes were assessed according to the International Society for Heart and Lung Transplantation (ISHLT) consensus report [1]. Experimenters were blind to group allocation and outcome assessment. The study was approved by the Ethics Committee (Biomedical Investigation Ethics Committee of University and Polytechnic Hospital La Fe of Valencia, Spain). It was conducted following the principles outlined in the Declaration of Helsinki [2]. Prior to sample collection, informed consent was obtained from each patient. 
The characteristics of the patients at the time of biopsy and blood sampling were obtained and are presented in Table S1. The ACR and non-ACR groups were homogeneous in variables such as age (42-51 years), sex (75-94 % men), body mass index (24-25 kg/m2), hypertension (31-58 %), diabetes (50-63%), lymphocyte number (1.5-2.0 thousands/mm3), and troponin T levels (15-25 ng/L), among others. Moreover, all patients received immunosuppressive and induction therapy. Only patients with moderate-severe grades displayed significant differences in specific clinical characteristics when we compared them with the non-ACR group. The time between transplantation and study enrolment was lower in grade ≥2R ACR. We found higher values in left ventricle end-systolic diameter, mean right atrial pressure, and systolic right ventricular pressure in grade ≥2R ACR. In addition, this group showed an increase in N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels.
1.2. RNA isolation and RNA sequencing
RNA isolation and RNA sequencing were performed as described by Tarazón et al. [3]. RNA extraction was carried out using NucleoSpin® miRNA Plasma of Macherey Nagel (Dürer, Germany), following the protocol and instructions provided by the manufacturer. RNA quantification was performed using a NanoDrop 1000 spectrophotometer and the Qubit 3.0 fluorometer (Thermo Fisher Scientific, MA, USA). The purity and integrity of RNA samples were determined using the RNA 6000 Nano Kit and Small RNA Kit with 0.8% agarose gel and the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Extracted RNA were only considered valid samples with a 260/280 absorbance ratio greater than 2.0, and an RNA integrity number (RIN software algorithm), equal to or greater than 7. 
cDNA libraries were obtained following Illumina’s recommendations. Briefly, 3´ and 5´ adapters were sequentially ligated to RNA prior to reverse transcription and cDNA synthesis. Size selection was performed using a 6% polyacrylamide gel. The quality and quantity of cDNA libraries were analyzed using the High-Sensitivity D1000 ScreenTape Assay and the 4200 TapeStation System (Agilent Technologies, CA, USA). cDNA libraries were then pooled and sequenced by two lanes of 100 bp paired-end sequencing using an Illumina HiSeq 2500 sequencer.
Quality control of the raw sequence data was performed using FastQC software. The raw paired‐end reads were mapped against the human hg38 genome using the bowtie algorithm [4]. Insufficient quality reads, with a phred score ≤ 20, were eliminated using the SAMtools method [5]. RNA quantification was then estimated using HTSeq software (version 0.6.0) [6].
1.3. lncRNA-miRNA interaction
The correlation between lncRNAs and miRNAs was calculated using Spearman's value with the normalised counts obtained from Deseq2 [7]. The threshold of +/- 0.50 was used for a significant correlation between RNAs interactions. For the energetic interaction, the IntaRNA method was applied [8]. For the statistically favourable interaction, random sampling was used for thresholding and assessment of statistical significance. All values were normalised by the length of the lntaRNAs. The p-value was calculated and 0.10 was selected as the threshold. Possible lcRNAs-miRNAs interactions were considered as possible interactions if the correlation expression and energy interaction were significant.
1.4. Statistical analysis
Clinical characteristics were expressed as mean ± standard deviation for continuous variables and percentages for discrete variables. Results for each variable were assessed for normality using the Kolmogorov–Smirnov test. Continuous variables not following a normal distribution were compared using the Mann-Whitney test, and variables with a normal distribution were compared using the Student’s t-test. Fisher’s exact test was used to compare discrete variables. For RNA sequencing analysis, differential expression analyses between conditions were assessed using the DESeq2 method (version 3.4) [7]. We used the false discovery rate (FDR) method for adjusts the original p value using the number of tests. Differentially expressed RNAs with fold change (FC) values ± 1.5, and with FDR adjusted p ≤ 0.05 were included to avoid the identification of false positives across the differential expression data [7]. The diagnostic capability of serum markers for the presence of transplant rejection was assessed by the construction of receiver operating characteristic (ROC) curves. p < 0.05 was considered statistically significant. To determine whether lncRNAs were an independent predictor for grade ≥2R ACR, binary logistic regression analyses were performed with all relevant variables included in the models. An incremental approach was used for the continuous variables (the calculated odds ratios are related to the increase in the indicated continuous variable by a given amount), and dichotomous risk factors were coded with an indicator variable of 1 for having the condition and 0 for its absence. Discrimination was assessed through the C statistic. All statistical analyses were performed using R statistic and SPSS software (version 20.0; SPSS Inc., IL, USA). 

2. Discussion
In recent years, many lncRNAs have been identified along with their role in different biological functions. In addition, a close relationship between lncRNAs expression and the development of diseases with an inflammatory component, including allograft rejection, have been described [9]. However, the function of lncRNAs in human cardiac rejection has yet to be explored. In this study, we detected, for the first time, circulating lncRNAs in the serum of patients after heart transplantation. We highlight the potential diagnostic capacity of five lncRNAs (AC008105.3, AC006525.1, AC011455.8, AL359220.1, and AC025279.1) capable of identifying the different types of acute cellular rejection ACR with high specificity. In addition, AL359220.1 and AC025279.1 were independent predictors of grade ≥2R ACR, after adjusting the model for age, sex, and NT-proBNP levels.
EMB is the gold standard technique for the diagnosis of acute rejection, which consists of a manual histological examination of tissue stained with hematoxylin and eosin for the identification of infiltration by cells of the immune system. This technique still has limited inter-observer and intra-observer reproducibility [10]. Thus, several alternatives have been proposed, such as the development of artificial intelligence systems [11] or the detection of gene expression profiling in EMB [12]. However, all these techniques are invasive and associated with both procedural and severe long-term sequelae risks when performed repeatedly [13]. In this context, alternatives such as liquid biopsy are an interesting source of non-invasive information for the follow-up of heart transplant patients. The first included in ISHLT guidelines for the non-invasive detection of acute cellular rejection (ACR) is a gene expression profiling AlloMap. Nevertheless, this method lacks excellent positive predictive value and can only be used to rule out the presence of ACR grade 2R or more significant [14]. Detection of grade 1R rejection is essential for an adequate response, since it avoids unnecessary exposure of patients to the adverse effects of immunosuppression for levels of rejection that can resolve spontaneously. Furthermore, it has been shown that approximately 15% progressed to more severe degrees of rejection, especially in those cases detected during early post-transplantation [15]. Other genomic analyses have been emerging, such as percent donor-derived cell-free DNA (%ddcfDNA) [16–18]. However, they still present some limitations such as the inability to discriminate between the different rejection grades, so the replacement of EMB remains a challenge. Nowadays, all commercial alternatives to EMB endomyocardial biopsy are restricted to reference commercial laboratories, requiring specimens to be sent, and delays in result release. Additionally, the costs of these tests are similar to that of EMB and not available in all countries [19]. For these reasons, studies focused and targeted to the design of specific quantitative polymerase chain reaction (qPCR) based on standard and inexpensive reagents and amenable to widespread local implementation are needed. In this sense, our findings have provided substantial evidence and represent a necessary first step.
On the other hand, to reduce the incidence of rejection, patients receive individualised immunosuppressive regimens after transplantation. Despite medication, acute rejection remains one of the most common complications in post-transplant patients [20]. Thus, the identification of new therapeutic targets is also necessary. The cell type-specific expression and dysregulated transcript levels of lncRNAs in diseased conditions make them suitable biomarker candidates [21]. In addition, implications in the immune system, particularly in allotransplant rejection, have been described [22–24]. Therefore, lncRNAs could be considered potential targets for prediction, prognosis, diagnosis, and treatment of cardiac rejection. 
lncRNAs constitute the vast majority of the non-protein coding transcriptome [25]. Only a few transcripts have been described in relation to structure, function, and impact on cellular processes or cardiovascular disease development [21]. Among the five described lncRNAs accurately detectable in the serum of patients after heart transplantation, only the specific function of AC008105.3 has been described. AC008105.3, also known as FMNL1 Divergent Transcript (FMNL1-DT), FMNL1 is a molecule expressed in cells derived from hematopoietic lineage. It is involved in the reorientation of the microtubule organizing center to the immunological synapse and T-cell cytotoxicity [26]. Sun et al.[27] identified AC008105.3 as one of the key molecules in the lncRNA signature related to the immune system with the ability to predict the prognosis for kidney renal clear cell carcinoma. In addition, RNAs can present post-translational modifications, such as specific methylations, related to the development of diseases. Specifically, N6-methyladenosine (m6A)-related lncRNAs play crucial roles in tumor prognosis. Zhao et al.[28] described AL359220.1 (or PRKCH-AS1) as an m6A-related lncRNA, involved in the clinical prognosis of lung adenocarcinoma. However, specifics functions and interactions in the lncRNAs AC006525.1, AC011455.8, and AC025279.1 have not been described so far.

A close relationship has been described between lncRNAs and miRNAs, acting as modulators of the transcriptome. lncRNAs-miRNAs interactions are quickly emerging as essential mechanisms underlying the functions of non-coding RNAs [29]. These interactions lead to miRNA-triggered RNA decay, competition between miRNA and lncRNA for the same mRNA target, and lncRNAs acting as sponges for miRNAs, preventing interaction with their target [30]. Yet, some of these interactions still need to be discovered, and they come from studies under controlled conditions, ignoring the efficiency of interactions in specific pathological conditions [31]. We described in patients after heart transplant strong interactions between the lncRNAs AC006525.1 and AC011455.8, and several miRNAs. Both lncRNAs were correlated with miR-3178 and miR-3605-3p, requiring future studies to elucidate the mechanisms involved in the development of this pathology. miR-3178 presented multiples validated targets [32–35]. Specifically, miR-3178 was described as a direct target of RHOB in pancreatic cancer [36]. Rhob belongs to the family of small GTPases, and it is involved in the control of endocytic/ vesicular trafficking and has wide-ranging functions in the membrane trafficking pathway [37]. Moreover, Skelton et al. [38] described the relevant role of Rhob in developing cardiac rejection. This molecule is involved in antigen presentation by dendritic cells through Endoplasmic Reticulum/Golgi/vesicular trafficking pathways regulation. In addition, studies in animal models showed a key role of lncRNAs in the induction of antigenic tolerance of dendritic cells after transplantation [39,40]. In addition, lncRNA AC011455.8 showed a strong interaction with miR-6787-5p. Tubita et al. [41] described an upregulation of this miRNA in colorectal cancer associated with the underexpression of molecules related to chromatin organisation, DNA packaging, and cell cycle, which could be an epigenetic response mechanism following rapamycin treatment after kidney transplantation. 

Our study has some limitations and the results must be interpreted within this context. This investigation is focused on acute cellular rejection ACR and has not specifically evaluated antibody-mediated rejection. In addition, our study only involved a single center. However, we believe that our findings have provided substantial evidence and represent a necessary first step to support future research in which these limiting factors could be addressed, such as validation in a large patient cohort. 

In conclusion, we describe, for the first time, circulating lncRNAs after heart transplantation as potential candidates for non-invasive detection of ACR acute cellular rejection. AL359220.1 and AC025279.1 showed excellent diagnostic capability correlating with the severity episode and were strong independent predictors of rejection. 


Table S1. Patient characteristics at the time of biopsy and blood sample extraction.
	
	Non-ACR
(n=12)
	ACR
(n=28)

	
	
	1R ACR
(n=16)
	≥2R ACR
(n=12)

	Age, years
	48 ± 15
	51 ± 10
	42 ± 15

	Male sex (%)
	75
	94
	75

	Indication for cardiac transplantation
	
	
	

	Ischemic cardiomyopathy (%)
	25
	50
	25

	Idiopathic dilated cardiomyopathy (%)
	42
	31
	58

	Other# (%)
	33
	19
	17

	Time between transplantation and study enrolment, months
	8.1 ± 3.8
	6.4 ± 3.2
	3.8 ± 4.2*

	Body mass index (kg/m2)
	25 ± 5
	25 ± 3
	24 ± 3

	Hypertension (%)
	58
	31
	42

	Diabetes mellitus (%)
	58
	63
	50

	Dyslipemia (%)
	42
	56
	25

	Echo-Doppler study
	
	
	

	Ejection fraction (%)
	72 ± 8
	64 ± 9
	70 ± 10

	LV end systolic diameter (mm)
	25 ± 3
	28 ± 4
	31 ± 3*

	LV end diastolic diameter (mm)
	41 ± 3
	44 ± 5
	45 ± 4

	Hemodynamic parameters
	
	
	

	Mean right atrial pressure (mm Hg)
	3.6 ± 1.8
	5.9 ± 3.2
	7.7 ± 1.5*

	Systolic right ventricular pressure (mm Hg)
	33 ± 5
	36 ± 7
	42 ± 4*

	Diastolic right ventricular pressure (mm Hg)
	4.2 ± 1.6
	5.9 ± 3.3
	8.7 ± 3.8

	Immunosuppressive therapy
	
	
	

	Tacrolimus (%)
	100
	100
	100

	Mycophenolic acid (%)
	100
	95
	100

	Steroids (%)
	100
	95
	100

	Induction therapy
Basiliximab (%)
	
100
	
100
	
100

	Neutrophils (thousands/mm3)
	4.8 ± 4.1
	3.7 ± 1.7
	8.2 ± 6.3

	Leukocytes (thousands/mm3)
	7.1 ± 3.8
	6.2 ± 2.1
	11.0 ± 6.3

	Lymphocytes (thousands/mm3)
	1.5 ± 0.53
	1.8 ± 0.6
	2.0 ± 0.8

	Hemoglobin (mg/dL)
	11.6 ± 2.4
	12.6 ± 1.4
	11.9 ± 1.7

	Hematocrit (%)
	37 ± 8
	40 ± 4
	37 ± 4

	NT-proBNP (pg/mL)
	152 (113-467)
	280 (122-572)
	1209 (736-2382)*

	Troponin T (ng/L)
	19 (11-66)
	15 (10-21)
	25 (13-40)


LV, left ventricular; NT-proBNP, N-terminal fragment of B-type natriuretic peptide. # myocarditis and arrhythmogenic cardiomyopathy. *p<0.05 between non-ACR and ≥2R ACR. 


Table S2. Receiver-operating characteristic curve of circulating lncRNAs for detecting acute cellular rejection. 
	lncRNA
	 
	AUC
	P value
	95% CI
	SS
	SP
	PPV
	NPV

	AC008105.3
	1R
	0.797
	p < 0.01
	0.628-0.966
	63
	83
	83
	63

	
	≥2R
	1.000
	p < 0.0001
	1.000-1.000
	100
	83
	86
	100

	AC006525.1
	1R
	0.813
	p < 0.01
	0.652-0.973
	31
	100
	100
	52

	
	≥2R
	0.958
	p < 0.0001
	0.887-1.000
	58
	100
	100
	71

	AC011455.8
	1R
	0.750
	p < 0.05
	0.563-0.973
	13
	100
	100
	43

	
	≥2R
	0.931
	p < 0.0001
	0.830-1.000
	67
	100
	100
	75

	AL359220.1
	1R
	0.854
	p < 0.01
	0.682-1.000
	31
	92
	83
	50

	
	≥2R
	0.910
	p < 0.01
	0.782-1.000
	75
	92
	90
	79

	AC025279.1
	1R
	0.792
	p < 0.01 
	0.622-0.961
	31
	92
	86
	52

	
	≥2R
	0.854
	p < 0.01
	0.691-1.000
	58
	92
	88
	69


Sensitivities, specificities, and predictive values (%) for the diagnostic of acute cellular rejection (cut-off point fold change ≥ ± 1.5). AUC, area under the curve; CI, confidence interval; NPV, negative predictive value; PPV, predictive positive value; SP, specificity; SS, sensitivity. 


Table S3. Experimentally validated miR3178 target genes.
	miRNA
	Target
	Function
	References

	miR-3178
	RHOB
	Angiogenesis, apoptosis, cell adhesion, differentiation, protein transport
	[36]
	
	HTRIA

	Regulation of behavior
	[32]
	
	MYOD1
	Differentiation, myogenesis, transcription regulation
	[33]
	
	TRIOBP

	Cell cycle, cell division, mitosis
	[34]
	
	NOTCH1
	Angiogenesis, differentiation, Notch signaling pathway, transcription regulation
	[35]
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