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ABSTRACT
Neurologically deceased organ donors (NDDs) generally display an immune response involving an 
intense production of pro-inflammatory cytokines referred to as the cytokine storm. The sudden 
surge of inflammatory mediators in circulation promotes tissue and organ damages and ulti
mately leads to poor transplant outcome. As microRNAs (miRNAs) are frequently proposed as key 
regulators of inflammation and are relatively stable in circulation, changes in their profiles could 
play a role in the onset of the cytokine storm in NDDs. In this proof-of-concept study, we sought 
to investigate differentially abundant circulating miRNAs in a temporal manner between neuro
logical death and organ recovery and to assess the association between specific miRNAs and 
levels of inflammatory cytokines in blood. Plasma samples from five NDDs were obtained at 
multiple time points between organ donation consent and organ recovery. Using a time-course 
analysis and miRNA sequencing, we identified 32 plasma miRNAs fluctuating between consent 
and organ recovery (false discovery rate; q-value < 0.1). Eleven miRNAs relatively abundant (>100 
reads) and detected in all samples were selected for further biological pathway analysis (miR-486- 
3p, miR-103a-3p, miR-106b-3p, miR-182-5p, miR-101-3p, miR-10a-5p, miR-125a-5p, miR-146b-5p, 
miR-26a-5p, miR-423-5p, miR-92b-3p). These miRNAs targeted genes such as c-JUN (TNF signalling 
pathway) and eEF2 (AMPK pathway), suggesting a potential role in regulation of inflammation. 
Our results contribute to a better understanding of the miRNAs dynamic after neurological death 
in organ donors and could potentially be used to predict the related early cytokine storm. 
Trial registration: ClinicalTrials.gov ID NCT03786991. Registered December 2018
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Introduction

Kidney and liver transplantations are the preferred 
and frequently the last therapeutic option offered to 
patients with end-stage chronic kidney and liver dis
ease. In 2019, the Global Observatory on Donation 
and Transplantation reported 153,863 organ trans
plantations worldwide, of which 100,097 were kidneys 
[1]. Unfortunately, the current transplantations cover 
less than 10% of the global needs [1]. Despite the 
progress made in surgical techniques, organ preserva
tion and immunosuppression, long-term graft 

survival has not significantly improved in the last 
two decades [2].

Currently, more than 60% of kidneys and 75% 
of livers available for transplantation are obtained 
from neurologically deceased organ donors 
(NDDs) [1]. Compared to living donation, trans
plant function, graft survival and recipient survival 
are consistently inferior after neurological death 
donation [3,4]. Neurological death triggers pro- 
inflammatory reactions that stimulate the immune 
system, increase vascular permeability, recruit and 
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activate leukocytes in solid organs [5]. This rapid 
and intense surge in circulatory cytokines has been 
referred as the ‘cytokine storm.’ This process is 
initiated by acute brain injury and deteriorates at 
the time of neurological death, priming the organs 
for severe ischaemia–reperfusion injury when cir
culation is restored post-transplant [6,7]. This 
physiological state affects all organs, lead to 
organ damage and further decreased graft survival 
in recipients [8–12]. Given the current organs 
shortage and the increased waiting list for trans
plantations, an urgent need to develop early per
sonalized interventions to improve graft survival is 
required [2,13]. Although several biomarkers, e.g., 
pro-inflammatory cytokines such as TNF-α [14– 
16], in the donors and recipients have been asso
ciated with graft dysfunction, the mechanisms 
underlying these events are poorly understood 
and their therapeutic potential remains questioned 
[14,17–20]. Additionally, while 20% of available 
organs are lost due to damage related to inflam
matory markers [21–23]; the cytokine storm 
remains a theoretical ideation rather than 
a clinical application. Furthermore, this entity has 
never been investigated in a way to unravel a yet 
unexplored solution to better treat donors and 
ultimately prevent the organs from being damaged 
when transplanted into a recipient.

In this context, microRNAs (miRNAs) appear as 
a promising and novel class of theranostic biomar
kers (i.e., displaying both diagnostic and therapeutic 
characteristics) in several illnesses and conditions 
[24–26]. miRNAs are small non-coding RNA mole
cules of approximately 19–24 nucleotides long that 
regulates gene expression post-transcriptionally [27]. 
miRNAs are potential regulators of inflammation, 
immune cell communication and response [28,29] 
and accumulating evidence highlighted a role for 
miRNAs in complications following transplantation 
[30]. For instance, miR-9, miR-10a, miR-21, miR- 
29a, miR-221 and miR-429 were increased in urinary 
samples of kidney recipients who suffered from 
a delay in the graft function early in the post- 
operative period (i.e., delayed graft function) [31]. 
Interestingly, a prospective study showed that miR- 
182 triggers acute kidney injury and its inhibition 
improved kidney function in allograft recipients 
[32]. In addition, circulating miR-99a and miR-210 
were suggested for the early diagnosis of acute graft 

rejection among kidney recipients [33,34]. However, 
the role of miRNAs in donors, i.e., prior to organ 
recovery, and their potential involvement early in the 
inflammatory cascade following neurological death 
has not yet been examined.

The main goals of our current work were to iden
tify biomarkers at the earliest time point between 
neurological death diagnosis and organ recovery, 
and to determine the cytokine storm peak during 
this time frame. To address these goals, we first 
performed a proof of concept study investigating 
the inflammatory cascade following neurological 
death up to organ recovery in NDDs. We aimed to 
identify changes in circulatory miRNAs abundance 
following neurological death and assessed their asso
ciations with plasma cytokine levels in five NDDs. 
Our findings provide supportive evidence to assess 
the predictive and therapeutic potentials of miRNAs 
in a larger cohort of patients.

Materials and methods

Study design and setting

This proof of concept translational study, which 
enrolled 5 neurologically deceased donors from 
a single centre, was nested within a multicenter 
larger observational study (EPI-Storm, 
NCT03786991) investigating the immune status 
of NDDs following neurological incident up to 
organs’ recovery. The study was approved by the 
Centre Intégré Universitaire de Santé et de 
Services Sociaux de l’Estrie – Centre hospitalier 
universitaire de Sherbrooke (CIUSSS de l’Estrie- 
CHUS) Research Ethic Board (REB approval 
#MP-31-2019-2960). The patient’s substitute 
decisions makers provided informed consent. 
Organ donations originate from brain-injured 
patients who die in an intensive care unit 
(ICU). From the time of consent for organ 
donation to the time of organ recovery – 
roughly 48 hours – a multidisciplinary care 
team strived for haemodynamic stability (e.g., 
fluid replacement therapy, administration of 
vasopressors) of the donor, assured physiologic 
homoeostasis (e.g., electrolyte supplementation 
and glucose control) and administered steroids 
or induced hypothermia to mitigate ischaemia- 
reperfusion injury [35,36].
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Patient recruitment

Consented neurological deceased donors (NDDs) 
above 18 years of age were recruited in three inten
sive care units of the CIUSSS de l’Estrie-CHUS 
located in the province of Québec in Canada. 
Samples’ collection was performed between 
December 2018 and May 2019. The diagnosis of 
neurological death was confirmed when all the fol
lowing criteria were met: 1) established aetiology 
capable of causing neurological death, 2) absence of 
confounding factors that mimic neurological death 
(e.g., alcohol or drug intoxication); 3) deep and 
unresponsive coma with the absence of motor 
responses 4) absence of brainstem reflexes following 
a clinical examen; and 5) absence of respiratory effort 
based on the apnea test [37]. Patients were excluded 
when at least one of the following criteria was 
observed: active Staphylococcus aureus bacteraemia, 
positive human immunodeficiency virus, active neo
plasia, and if the donor was under immunosuppres
sive therapy for at least three months. Additional 
exclusion criteria specific to the organ to be trans
planted were enforced for liver (hepatitis A, B and 
C positive and liver failure defined as (i) 
International normalized ratio (INR) >1.5, (ii) hepa
tic encephalopathy (iii) aspartate aminotransferase, 
alanine aminotransferase > 2 times normal value) 
[38]. As per eligibility criteria and the proof of 
concept nature of the study, a total of five NDDs 
were enrolled.

Data collection

A case report form was developed and calibrated 
for the herein study. Research staff collected data 
from ICU clinicians, bedside ICU monitors, and 
hospital records, starting (retrospectively) from 
the day of consent for organ donation until (pro
spectively) the time of organ recovery, an event 
preventing donation or decline of all organs by 
transplant programs.

Sample’s collection

Neurologically deceased donors had their blood 
drawn at the time of consent up to organs’ recov
ery, at the time of neurological death and then 
every 4 hours up to the time of incision. The 

research team was instructed to collect samples 
within 1 hour from the planned time points. 
Samples were collected as concomitantly as possi
ble with routine draws (i.e., every 4 hours required 
by Transplant Québec).

Blood specimens were sampled via an arterial 
cannula in K2-EDTA tubes, promptly placed on 
ice, centrifuged at 4°C for 10 minutes at 2,500 g 
and immediately stored at −80°C. All specimens 
were stored at −80°C until biomarkers were ana
lysed together (to avoid batch effects). This strat
egy has proven effective in basic science to 
enhance the quality, reliability, and validity of bio
marker longitudinal studies [39].

Quantification of plasma cytokines

Plasma TNF-α, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL- 
10, IL-11 and IL-12(p70) were measured by 
a custom Milliplex human cytokine panel kit 
(Millipore, catalogue # HSTCMAG-28SK) as per 
manufacturer’s protocol. This panel was selected 
based on their involvement in inflammatory sig
nalling following neurological death and their 
association with impaired graft function following 
transplantation from neurologically deceased 
donors [19,40,41]. Measurements were performed 
in duplicate and the average value was reported.

RNA extraction, library preparation and 
next-generation sequencing

RNA was extracted from 500 µL of plasma using 
mirVana Paris kit (Thermofisher Scientific, catalo
gue # AM1556) following manufacturer standard 
protocol for total RNA isolation. RNA was eluted 
in 75 µL of nuclease-free water, cthen mixed with 
37.5 µL of chilled (4°C) 7 M ammonium acetate 
solution (Fisher Scientific, catalogue # 02002268) 
and subsequently 420 µL of cold (−20°C) absolute 
ethanol was added. RNA was precipitated over
night at −20°C, centrifuged at 16,000 g at 4°C for 
30 minutes and washed twice with cold 80% etha
nol. The RNA pellets were dried at room tempera
ture for 30 minutes and solubilized in 5 µL of 
nuclease-free water. Libraries were prepared from 
5 µL of RNA using the Truseq Small RNA Sample 
Prep kit (Illumina, catalogue # RS-200-0012) based 
on the procedure established by Burgos et al [42]. 
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Briefly, RNA samples were ligated with 3’ and 5’ 
adapters, reversed transcribed into complementary 
DNA (cDNA), barcoded (index 1–24) and PCR 
amplified (15 cycles) using halved volumes of the 
Truseq Small RNA Sample Prep kit’s reagents. 
cDNA products were then purified on a Novex 
6% polyacrylamide TBE gels (ThermoFisher 
Scientific, catalog #EC6265BOX), size-selected 
(145–160bp) and eluted in 300 µL of ultrapure 
water. Libraries were precipitated according to 
manufacturer’s procedure (including an incuba
tion of the precipitation mix at −80°C for 30 min
utes) and the cDNA pellets were collected and 
suspended in 25 µL of 10 mM Tris-HCl (pH 8.5). 
Libraries quantification was assessed using the 
Kapa Illumina GA with Revised Primers-SYBR 
Fast Universal kit (Kapa Biosystems) and determi
nation of the average size fragment was obtained 
using a LabChip GX (PerkinElmer) instrument. 
The libraries were normalized and pooled at 
3 nM and then denatured in 0.05 N NaOH and 
neutralized using HT1 buffer. ExAMP was added 
to the mix following the manufacturer’s instruc
tions. The pool libraries (now at 360pM) were 
loaded on a flowcell and ran on a HiSeq 4000 
platform for 1 × 50 cycles (single-end mode) at 
Génome Québec Innovation Centre (Montréal, 
QC, Canada). A phiX library was used as 
a control and mixed with libraries at 1% level. 
The Illumina control software was HCS HD 
3.4.0.38, the real-time analysis program was RTA 
v. 2.7.7. Program bcl2fastq2 v2.20 was then used to 
demultiplex samples and generate fastq reads.

miRNA sequencing data analysis

RNA sequencing data were processed using the 
Extra-Cellular RNA processing toolkit (exceRpt) 
pipeline version 4.6.3 using defaults parameters 
[43]. Twenty-four plasma samples from the five 
NDDs were included in our full microtranscrip
tomic profiling using next-generation sequencing 
analysis (Supplementary Table 1). After data pro
cessing and quality assessment, samples with less 
than 1 million read and failed quality control were 
removed from the analysis (N = 3). A total of 21 
samples were retained for further analyses. On 
average, 3.3 ± 3.2 million reads per sample were 

used for alignment. Of these, 98.7% mapped to the 
human genome.

Statistical analysis

A non-metric multidimensional scaling analysis 
(NMDS) ordination based on the Bray-Curtis dis
similarity metric was used to visualize the differences 
between cytokine profiles between patients as well as 
the miRNA profiles. These multivariate methods 
(using dissimilarity metric, ordination and permuta
tional analysis of variance/multivariate statistics) 
were selected since it preserves statistical power as 
it greatly facilitates the visualization of multidimen
sional data sets. Significant differences in cytokine 
and miRNA profiles were assessed using 
a permutational multivariate analysis of variance 
(PERMANOVA) on respective Bray-Curtis distance 
matrix, using 100 000 permutations. These analyses 
were performed using the Vegan and the phyloseq 
packages in R [44,45]. The R package DESeq2 was 
used to identify differentially abundant miRNAs 
overtime using all detected miRNAs (N = 1,263) 
raw read counts as input as recommended [46]. 
Default DESeq2 parameters were applied (correction 
for false discovery rate (FDR) set at q-value < 0.1) 
and the likelihood ratio test was applied to identify 
significant changes. The FDR q-value <0.1 was 
defined a priori of the analyses. Additionally, the 
rationale behind the use of q-value < 0.1 was that 
a less stringent FDR cut-off (q-value <0.1 instead of 
0.05 for example) would allow the detection of 
a greater number of microRNAs in this proof of- 
concept study. Normalized read counts were 
obtained from the normalization method implemen
ted in the DESeq2 function and were used to assess 
relative change in miRNAs between baseline (con
sent) and 8 hours following consent. Correlations 
using spearman coefficients were performed using 
miRNAs normalized read counts at consent (for the 
11 selected miRNAs) and the relative change (Δ) 
between the cytokines plasma concentration at 8 
hrs after consent (T1) and at consent (T0): relative 
difference Δ = (T1concentration -T0concentration)/ 
T0concentration). Figures were generated using 
R package ‘ggplot2’ and ‘corrplot’ [47,48], while the 
heatmap was generated using Python data visualiza
tion library Seaborn [49]. Analyses were performed 
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using R software v. 4.0.2 with RStudio 1.3.1056 
[47, 50],

Biological pathway analysis

Biological pathway enrichment analysis was per
formed using DIANA miRpath with DIANA 
Tarbase v7.0 database [51], which contains experi
mentally validated miRNAs’ mRNA targets only. 
The Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) annotations were used to identify relevant 
pathways while applying an FDR q-value < 0.05.

Results

Characteristics of the NDD cohort

Demographics and clinical data are summarized in 
Table 1. Briefly, 4/5 (80%) of the donors were 
female, and were on median 72 (interquartile 
range [IQR] 21) years of age. Organs were 
declined intra-operatively for two NDDs. The 
median time between neurological death diagnosis 
and organ retrieval was 29.4 (IQR 32.3) hours. 
A total of 51 plasma samples were included in 
this study (Supplementary Table 1). Out of these 
51 samples, all were assessed for cytokines mea
surements, and 24 of these were profiled for 
miRNAs by sequencing (Figure 1, Supplementary 

Table 1). The time between hospital admission and 
neurological death diagnosis and consent to organ 
donation was variable between donors (Figure 1) 
as well as corresponding sample collection.

Cytokines secretion following neurological death

To investigate the inflammatory response profiles 
induced following neurological death and the 
secretion of circulatory inflammatory mediators 
in a time-course fashion, 9 cytokines: TNF-α, IL- 
1β, IL-6, IL-4, IL-10, IL-12(p70), IL-13, IL-2 and 
IFN-γ were quantified up to organ recovery in the 
5 NDDs (Figure 2, Supplementary Figure S1). The 
inflammation profiles of each NDD show that 
circulatory cytokines measured have levels that 
fluctuate rapidly after neurological death and 
those levels are divergent between patients 
(Figure 2(a-c), Supplementary Figure S1). Non- 
metric multidimensional scaling (NMDS) ordina
tion analysis using the Bray-Curtis dissimilarities 
showed that the profiles of cytokine levels are 
donor dependent (PERMANOVA: R2 = 0.633, 
p < 0.0001, Figure 2(d)).

Plasma miRNAs profiling and assessment of 
changes over time between consent to organ 
donation and organ recovery

The miRNAs sequencing depth average is 1.65 M 
reads per sample. A total of 1,263 unique miRNAs 
were detected with ≥ 1 normalized read counts in 
at least one sample. Using a detection threshold of 
≥ 5 miRNA reads per million of human genome 
mapped reads (RPM), 396 distinct miRNAs were 
detected in at least one sample. Of these, 372 
(93.9%) were detected in ≥ 50%, 231 (58.3%) in 
≥ 90% and 156 (39.4%) in all of the samples. All 
1,263 miRNAs were tested for changes over time 
using the likelihood ratio test (DESeq2 R package) 
[46]. Of these, 32 were found differently abundant 
between the different time points (False discovery 
rate q < 0.1). The relative abundance of the 32 
differentially expressed miRNAs over time are 
shown in Figure 3.

Among the 32 identified miRNAs, 11 were 
detected in all 21 samples and found more abun
dant based on an arbitrary defined normalized 
read counts of >100. These miRNAs were 

Table 1. Characteristics of the five enrolled neurologically 
deceased donors.

Characteristics N = 5

Age (years), median (interquartile range) 72 (21)
Female, n (%) 4 (80)
Principal diagnosis leading to organ donation, n (%)

Non-traumatic, non-hypertensive intracranial 
haemorrhage

4 (80)

Hypertensive intracranial haemorrhage 1 (20)
Catecholaminergic storm post-admission, n (%) 4 (80)
Period (hours) between neurological death’s confirmation 
and organ’s recovery median (interquartile range)

29.4 
(32.3)

Organ(s) donated
Liver, n (%) 3 (60)
Kidney, n (%) 3 (60)
Lung, n (%) 2 (40)
Heart, n (%) 1 (20)
Pancreas, n (%) 0 (0)

Pre-existing medical conditions, n (%)
Hypertension 3 (60)
Chronic obstructive pulmonary disease 1 (20)
Peripheral vascular disease 1 (20)
Diabetes 1 (20)
Dyslipidemia 1 (20)
Hypothyroidism 1 (20)
Anxiety disorder 1 (20)
Cognitive impairment 1 (20)
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considered the most promising and were thus 
selected for further analyses.

Interestingly, three patterns of variations 
seem to emerge for these miRNAs (Figure 4). 
In brief, miR-486-3p, miR-103a-3p, miR-106b- 
3p, miR-182-5p and miR-101-3p abundance 
peaked 8 h post-consent (Figure 4(a-e)). For 
miR-10a-5p, miR-125a-5p, miR-146b-5p, their 
abundance peaked 16 h following ND and 
declined afterwards (Figure 5(F-h)). miR-26a- 
5p abundance also increased at 16 h post- 
consent, which was maintained until organ 
recovery (Figure 4(i)). Finally, miR-423-5p 
abundance slowly decreased throughout the 
time-course analysis whereas the contrary was 
observed for miR-92b-3p (Figure 4(j-k)).

The NMDS analysis using the Bray-Curtis dis
similarity metric demonstrated that the miRNA 
profiles (11 selected miRNAs) were not donor 
dependent (stress value = 0.017, PERMANOVA: 
R2 = 0.267, p= 0.130, Supplementary Figure 2A). 
Interestingly, these miRNAs profiles showed 

a trend to cluster according to the time point post- 
consent, although it did not reach the significance 
level (stress value = 0.017, PERMANOVA: R2: 
0.365, p = 0.061, Supplementary Figure 2B).

Selected miRNAs regulate biological pathways 
related to inflammation

A total of 36 putative biological pathways poten
tially regulated by the 11 most promising miRNAs 
were identified (Figure 5) [51,52]. Some of these 
pathways were related to cytokines production and 
release, inflammation, immune response such as 
MAPK signalling pathway, TGF-β signalling path
way, Wnt signalling pathways, among few others.

The gene intersection approach in DIANA 
miRpath was also applied to assess whether any 
of the identified targeted genes are regulated by 
many of the selected miRNAs. We found that 
miR-103a-3p, miR-106b-3p, miR-182-5p, miR- 
101-3p, miR-10a-5p, miR-125a-5p, miR-26a-5p 
and miR-423-5p target eEF2 (eukaryotic 

Figure 1. Main clinical events and sampling collection schedule for each neurologically deceased donors enrolled. Dotted lines are 
displaying blood specimen collection time points. Abbreviation Adm: Admission; Hosp: hospital; ICU: intensive care unit; ND: 
neurological death; OR: organ recovery.
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elongation factor 2) gene in the AMPK signalling 
pathway. Within this pathway, eEF2 is linked to 
protein synthesis inhibition. Similarly, miR-103a- 
3p, miR-101-3p, miR-10a-5p, miR-125a-5p, miR- 
146b-5p, miR-26a-5p and miR-92b-3p were pre
dicted to target c-JUN (Jun proto-oncogene, AP-1 
transcription factor subunit) gene within the TNF 
signalling pathway.

Selected miRNAs are correlated with change in 
cytokine levels

To assess whether the abundance of the selected 
miRNAs correlated with cytokine levels, spearman 
rank correlations were performed between miRNA 
abundance at time of consent (T0) and relative 
changes in cytokines levels (Δ) (Figure 6 and 
Supplementary Table 2). We first observed 

Figure 2. Inflammatory response in neurological deceased donors. Time course quantification of three cytokines: IL-1β (a), TNF-α (b) 
and IL-6 (c) highlights the frequent variation within NDDs over time (following neurological death diagnosis). Supplementary 
Figure 1 displays the others six cytokines quantified. Non-metric multidimensional scaling (NMDS) analysis ordination using the Bray- 
Curtis dissimilarity metric (quantification of 9 cytokines) between NDDs (d) demonstrates that samples collected from the same 
individuals tend to cluster together, suggesting higher homogeneity within donor (Stress value = 0.061, PERMANOVA: R2 = 0.633, 
p < 0.0001). Each point represents one time point and the dataset is coloured by patient.
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correlations between miR-106b-3p (rs = −0.900, 
p = 0.037; Figure 6(a)) and miR-125a-5p (rs 
= 0.900, p = 0.037; Figure 6(b)) with ΔIFN-γ. 
Positive relationships were also observed between 
miR-92b-3p and ΔIL-10 (rs = 0.900, p = 0.037, 
Figure 6(c)), miR-423-5p and Δ IL-1β (rs = 0.900, 
p = 0.037, Figure 6(d)) and between miR-486-3p and 
Δ IL-4 (rs = 0.900, p = 0.037, Figure 6(e)).

Discussion

Organs recovered from neurologically deceased 
donors represent the most abundant source for 
transplantation but is also associated with reduced 
graft function compared to living donation [3,4]. 
The systemic inflammatory response following 
neurological death is associated with tissue damage 

Figure 3. Heatmap and hierarchical clustering analysis of the 32 differentially abundant miRNAs identified in the time- 
course analysis. The relative abundance was obtained using z-score scaling of the rlog transformed counts. A negative z-score (in 
red) showed miRNA abundance that are lower than the mean. A positive z-score (in blue) showed miRNA abundance that are higher 
than the mean). OR: organ recovery.
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and potentially lead to graft dysfunction in recipi
ents [5–7]. Accordingly, the identification of mole
cular mediators and potential biomarkers 
associated with the inflammatory response in the 
donors could increase transplant success. 
However, this innovative area of research 
remained relatively unexplored so far.

The results of this study supports the proof of 
concept that the cytokine secretion profiles are 
donor-specific and varies greatly following neuro
logical death until organ recovery. This suggests 
that the cytokine secretion after neurological death 

is likely affected by donor-specific factors such as 
age, sex, medication and illnesses among others 
not identified in this study [53]. Although we 
cannot exclude that other cytokines might be asso
ciated with neurological death, the secretion pro
file of the cytokines included in this study rapidly 
fluctuates in a donor-specific manner suggesting 
a lack specificity to use them as reproducible bio
markers and therapeutic targets to improve graft 
functions and success [54,55].

However, we have identified 11 promising can
didates’ miRNAs based on their high detection 

Figure 4. miRNA showing changes following post-organ donation consent. A-E: miRNAs with changes at 8 h; F-I: miRNAs with 
changes at 16 h; J-K: miRNAs with continuous changes after ND; OR: Organ recovery. Time is represented as hours post-consent to 
organ donation. Each colour represents a specific patient and the p-values represent significant differences between each time point 
read counts.
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rate and abundance in plasma using microtran
scriptomic analyses. Interestingly, we observed 
three different miRNAs variation patterns which 
is also supported by a tendency of these miRNAs 

to cluster by time points. This could better reflect 
the biological adaptation to neurological death or 
the capacity of the miRNAs to regulate multiple 
inflammation-related genes. Moreover, compared 

Figure 5. Biological pathway analysis of the 11 selected miRNAs. Pathways were identified through pathway union a posteriori 
method in DIANA miRpath [51]. The x-axis shows -Log10 of FDR q-value. Pathways were considered significant at FDR q-value < 0.05. 
The numbers in the histogram bars represent the number of selected miRNAs associated with each biological pathway are identified 
in each bar.

Figure 6. Correlation between selected miRNAs abundance at consent (T0) and changes in cytokines. A: hsa-miR-106b-3p and 
IFN-γ; B: hsa-miR-125a-5p and IFN-γ; C: hsa-miR-92b-3p and IL-10; D: hsa-miR-423-5p and IL-1β and E: hsa-miR-486-3p and IL-4.
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to the cytokine profiles, the miRNA profiles did 
not cluster in a donor-specific manner. Altogether, 
these results support the concept that miRNAs 
could be a suitable approach to predict the cyto
kine storm and be used as reproducible therapeu
tic targets in neurologically deceased donors.

Many of our 11 promising miRNAs have been 
previously associated with graft dysfunction and 
related conditions [31,32,56,57]. Interestingly, 
miR-26a-5p displayed a peak concentration 
16 hours after consent in our study and was pre
viously associated with reduced neuronal apopto
sis and reduced severe brain injury in a pre-clinical 
model [58]. Briefly, miR-26a-5p upregulation in 
intracerebral haemorrhage alleviates neurological 
damage following cerebral injury in both in vitro 
and in a rat model, resulting in a decreased neu
ronal apoptosis [58]. A binding site for miR-26a- 
5p was found on DAPK1 (death-associated protein 
kinase 1) a mediator of neuronal death [59]. Our 
findings on miR-26a-5p are in accordance with 
both its expected expression response after cere
bral injury and its potential role in protecting cells 
from death. They also support the rightness of our 
analytical strategy based on miRNA-Seq as well as 
its potential to identify novel miRNAs associated 
with the response to neurological death.

Among the biological pathways identified as 
relevant to transplantation outcomes, eight 
miRNAs are targeting eEF2 (eukaryotic elongation 
factor 2) in the AMPK signalling pathway. eEF2 
deactivation by phosphorylation from eEF2 kinase 
was shown to inhibit protein translation and 
appears to play a protective role against cell 
death [60,61]. Interestingly, AMPK pathway was 
proposed as a protective pathway in ischaemic 
preconditioning to limit tissue damage related to 
ischaemia-reperfusion injury [62]. While activa
tion of AMPK for organ preservation remains 
hypothetical, eEF2 translation regulation by 
miRNAs might lead to improve cell survival in 
donors and subsequently improve the recipients’ 
graft function.

Moreover, seven miRNAs (miR-103a-3p, miR- 
101-3p, miR-10a-5p, miR-125a-5p, miR-146b-5p, 
miR-26a-5p and miR-92b-3p) were predicted to 
target c-JUN, which transcribed a subunit of the 
activator protein-1 (AP-1) transcription factor. 
c-JUN is induced in response to apoptosis, 

inflammation and cytokine production such as 
TNF-α, IL-6 and IL-1β and was observed in the 
context of acute brain injury as well as in kidney 
ischaemia/reperfusion injury following renal trans
plant [63–65]. Interestingly, the activation of 
c-JUN by phosphorylation is mediated by JNK 
(Jun N-terminal kinases) in response to stimuli 
such as pro-inflammatory cytokines and oxidative 
stress [66,67]. Inhibition of JNK signalling pre
vents the phosphorylation of c-JUN, which was 
accompanied by a protective effect from ischae
mia/reperfusion injury in rat kidneys [68]. 
Accordingly, miRNAs could potentially mediate 
c-JUN and thus offer novel targets to better under
stand the cytokine storm after ND which could 
prove beneficial to improve organ transplant 
success.

As an epigenetic mechanism, miRNAs act by 
being fine-tuners of gene expression and are thus 
important to homoeostasis in many physiological 
processes [69,70]. As such, their circulating levels 
must be tightly regulated to fulfill their role. Here, 
we demonstrated that miRNA circulating levels var
ied following ND. These variations could mediate 
the miRNA regulatory functions in their target cells, 
as miRNAs are known to act as hormone-like med
iators of intercellular communication [71,72]. 
Recent evidences have shown that miRNA expres
sion levels could be regulated by other miRNAs, by 
themselves or by other epigenetic mechanisms (i.e., 
DNA methylation, histone modification and RNA 
modification) [73,74]. The mechanisms behind epi
genetic regulation of miRNAs are thus an avenue 
worth exploring to understand the deregulation of 
miRNAs in ND [69]. MiRNAs are also located in 
the nucleus, supporting a potential role in transcrip
tional regulation as both activators and silencers and 
in chromatin remodelling [75–78]. Other nuclear 
functions of miRNAs might also include stability 
of non-coding RNA and involvement in alternative 
splicing, by regulating long non-coding RNAs for 
example [79–82]. An interesting hypothesis is how 
these non-canonical roles of miRNAs could contri
bute to deregulated miRNAs expression in physio
logical state such as ND. However, these 
mechanisms need further investigations and are 
beyond the scope of this study.

To the best of our knowledge, this is the first 
study that assessed the plasma 
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microtranscriptomic changes in neurologically 
deceased donors. The use of next-generation 
sequencing allowed the identification of known 
and novel miRNAs as well as to quantify their 
respective abundance [83]. As such, the assessment 
of miRNAs variation patterns following neurolo
gical death is a novel aspect and the main strength 
of the study. However, we did not had the oppor
tunity to validate the present results with other 
quantitative methods such as qPCR or digital 
PCR. Nevertheless, we believe that our discovery 
approach based on miR-Seq is robust as multiple 
studies have demonstrated close correlations 
between next-generation sequencing data and 
qPCR [84–87]. Nonetheless, next-generation 
sequencing is not easily applicable in clinical con
text and as such technical validation will be 
required to translate the use of miRNAs as bio
markers of the cytokine storm in NDDs.

Although NDDs are cared for in the ICUs, we 
implemented a rigorous sampling collection and 
process to limit any variability during samples 
manipulation. We acknowledge that the limited 
sample size and the impossibility to fully standardize 
the collection time point on the ND (which remains 
a sequential and long procedure) prevent us from 
drawing generalizable conclusions. The intrinsic 
limitations associated with the collection of samples 
from NDDs do not easily allow standardization of 
the collected timepoints. The samples selected for 
this study were chosen based on their clinical rele
vance during the patient management period, such 
as right before the organs were collected from the 
donors. We believe that these samples, even if col
lected at different post-hospital admissions and 
post-neurological death times, are clinically compar
able. This limitation cannot be accounted for or 
corrected in the current study due to the limited 
number of samples. Some of the exploratory asso
ciations we report could have been impacted by the 
different sampling time-point orders, or imbalance 
related to comorbidities unique to donors. Further 
studies in larger cohorts of NDDs will help disen
tangle the impacts of these and other potential 
biases. Despite this limitation, this study remains 
pragmatic as we were able to observe changes in 
specific miRNA profile which support a strong asso
ciation between miRNAs and the physiological 
response following neurological death. Another 

limitation in the associative nature of our results 
which were not experimentally confirmed. It is 
worth mentioning that these analyses were explora
tory and only provide a broad picture of the poten
tial physiological functions that could be regulated 
by the miRNAs after neurological death. The reader 
should consider these results with care and be aware 
of the limitations of this strategy. Future studies 
should include experiments to identify the cellular 
origins and target of the miRNAs associated with 
the inflammatory response to ND as well as the 
study of their functional roles in either organ trans
plant success or failure. Nevertheless, our study 
design and analytical procedures overall proved its 
capacity to identify known (miR-26a-5p) and novel 
promising miRNAs associated with the biological 
response to ND.

Conclusion

In this study, we have identified 11 miRNAs which 
were differentially abundant over time after neuro
logical death. These selected miRNAs target genes 
that are involved in inflammation and immune 
response signalling pathways. Although the ability 
of these miRNAs to predict the inflammatory 
response in NDDs remains to be explored in 
a larger cohort, these first data suggest that 
miRNAs could be proposed to investigate the 
onset of the biological response to neurological 
death. These promising results emphasized the 
potential of using miRNAs as possible biomarkers 
in this population and improve graft function in 
recipients.
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