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IV. GLOBAL SUMMARY  

L’hepatitis C crònica és una de les principals causes de malaltia hepàtica en 

fase terminal i principal indicació de transplantament hepàtic (TH). El 

tractament amb antivirals d’acció directa (DAAs) permet l’eliminació viral en 

el 98% dels casos, però no evita l’evolució de la malaltia, principalment en 

pacients amb fases avançades. En aquest sentit, tant els factors virals com 

els de l’hoste juguen un paper clau en l’evolució de la malaltia i per això, 

aquesta tesi pretén abordar alguns d’aquests aspectes.  

L’objectiu del primer estudi va ser analitzar el paper de factors virals, tals 

com la càrrega viral i la complexitat de les quasiespècies com a índexs 

predictius de progressió de dany hepàtic després del TH en pacients no 

tractats, per determinar quin seria el moment òptim per administrar els 

DAAs post-TH. Els resultats van demostrar que la composició de les 

quasiespècies difereix entre pacients i que els índexs de diversitat viral no 

mostren capacitat predictiva de progressió de fibrosis. Ara bé, l’augment de 

càrrega viral als 15 dies del TH respecte a la carga viral abans del TH, si que 

és un factor predictiu de progressió de dany hepàtic a l’any del TH. 

L’objectiu del segon estudi es centra en factors de l’hoste, en estudiar 

l’eficàcia de la resposta immune adaptativa com a factor clau en l’evolució 

de la malaltia. L’exposició constant a antígens virals junt amb altres factors 

immunològics durant la infecció crònica, dóna lloc a un deteriorament 

funcional de les cèl·lules T. La discussió actual, es centra en què ocorre a la 

resposta immune adaptativa un cop s’elimina el virus, si es produeix una 

restauració total, parcial o no es recupera. Per això en el segon estudi es van 

analitzar els canvis fenotípics i funcionals de les cèl·lules T CD4+ i CD8+ 

abans, durant i després del tractament. Abans dels DAAs, es va observar que 

les cèl·lules CD4+ presentaven un fenotip d’esgotament caracteritzat per 
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una forta expressió de PD-1. L’anàlisi de la resposta de les cèl·lules T després 

d’eliminar el virus, va mostrar una reducció de l’expressió de PD-1 de les 

cèl·lules T CD4+ en pacients no cirròtics, sense tractament previ i menors de 

55 anys no tractats prèviament, així com una restauració de la capacitat de 

proliferació de les cèl·lules T específiques del VHC en la majoria dels 

pacients. Contràriament, els perfils de citocines del tipus T-helper 1 (IFN-γ i 

IL-2), continuaven deteriorats després de 12 setmanes de l’eliminació del 

VHC. Així doncs els resultats mostren una restauració parcial de la resposta 

immune adaptativa. En quant al dany hepàtic, l’eliminació del virus en tots 

els casos va suposar una reducció de la inflamació hepàtica i una regressió 

de la fibrosis, indicant-ne l’efecte positiu dels DAAs que porta a la 

regeneració hepàtica generalitzada, malgrat l’evolució d’alguns pacients cap 

a l’hepatocarcinoma. Amb aquesta premissa cal buscar noves eines que 

permetin la detecció precoç de malalties hepàtiques avançades. 

En aquest sentit, els miRNAs encapsulats en vesícules extracel·lulars (EVs) 

són potencials biomarcadors de diagnòstic i pronòstic, ja que proporcionen 

informació rellevant de l’estat del pacient, mitjançant mètodes no invasius. 

No obstant, la manca d’un mètode estandarditzat per descobrir nous 

biomarcadors dificulta l’aplicació d’aquestes eines. Per la qual cosa, 

l’objectiu del tercer estudi ha estat comparar diferents mètodes d’aïllament 

d’EVs i d’anàlisis de miRNAs per l’aplicació clínica. Els resultats han mostrat 

que els gradients de iodixanol per separar EVs i la preparació de llibreries 

amb el kit NEBNext Multiplex Small RNA Library per seqüenciació massiva, 

són els mètodes més reproduïbles i precisos per detectar miRNAs i utilitzar-

los com a biomarcadors per la detecció precoç de malalties derivades de la 

infecció per VHC. 
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Chronic hepatitis C infection is one of the major causes of end-stage liver disease 

and an indication for liver transplantation (LT). Treatment with direct acting 

antivirals (DAAs) achieve viral elimination in 98% of cases, but does not prevent 

disease’s evolution, mainly in patients with advanced stages. In this sense, both 

viral and host factors play a key role in disease’s evolution, therefore this thesis 

aims to address some of these aspects.  

The objective of the first study was to analyse the role of viral factors, such as 

viral load and quasispecies complexity, as predictive indices of liver damage 

progression after LT in untreated patients, to determine which would be the 

optimal timing to administer DAAs after LT. Results demonstrated that HCV 

kinetics differ between patients, and that none of the diversity measures have 

shown predictive capacity of fibrosis progression. However, the increase in viral 

load at 15th day post-LT compared to the viral load pre-LT, is indeed a predictive 

factor of liver damage progression after one year of the LT.  

The objective of the second study focuses on host factors, on study the 

effectiveness of adaptive immune response as a key factor in the evolution of 

the disease. During chronic HCV infection, constant exposure to viral antigens 

along with immunological factors results in functional impairment of T-cell 

functions. The current discussion focuses on what happens to the adaptive 

immune response once the virus is eliminated, whether there is a full, partial 

restoration or no recovery. Therefore, in the second study, the phenotypic and 

functional changes of CD4+ and CD8+ T cells were analysed before, during and 

after treatment. Before DAAs, CD4+T cells were observed to exhibit an 

exhaustion phenotype characterized by a strong PD-1 expression. Analysis of T-

cell response after eliminating the virus showed a reduction in PD-1 expression 

of CD4+ T cells in non-cirrhotic, naïve and patients-naïve younger than 55 years, 

as well as a restoration of the proliferative capacity of HCV-specific T cells in 

most patients. Conversely, T-helper 1-type cytokine profiles (IFN- γ and IL-2) 
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remained impaired upon 12 weeks of HCV elimination. Hence, results point to a 

partial restoration of the adaptive immune response. Regarding liver damage, 

the elimination of the virus in all cases resulted in a reduction of liver 

inflammation and a regression of fibrosis stage, indicating a positive effect of 

DAAs, leading to a generalized liver regeneration despite the evolution of some 

patients towards hepatocarcinoma. With this premise, it is necessary to look for 

new tools that allow the early detection of advanced liver diseases.  

In this sense, miRNAs encapsulated in extracellular vesicles (EVs) are potential 

diagnostic and prognostic biomarkers, as they provide relevant information of 

the current state of the patient by using non-invasive methods. However, the 

lack of a standardized method to discover new biomarkers hinders the 

application of these tools. Therefore, the objective of the third study was to 

compare different methods of EVs isolation and miRNA analysis for clinical 

application. Results showed that iodixanol gradients to isolate EVs and the 

preparation of libraries with NEBNext Multiplex Small RNA Library kit for next 

generation sequencing are the most reproducible and accurate methods to 

detect miRNAs and use it as biomarkers for early detection of diseases resulting 

from HCV infection. 
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1.1 Hepatitis C Virus  

1.1.1 HCV discovery  

In 1975, a transfusion-associated hepatitis unrelated to hepatitis A and B virus 

infections was identified, naming the disease non-A, non-B hepatitis (NANB)1. In 

the mid-1980s, it was demonstrated that the disease was caused by a small and 

enveloped virus related to Flaviviridae or Togaviridae viruses2. Later on, it was 

observed that chronic NANB hepatitis leads to liver cirrhosis in 10% to 20% of 

infected patients3. For decades, extensive research was performed to isolate the 

causal agent of NANB disease. It was not until 1989 that Choo et al., after 8 years 

of screening on the bacteriophage lambda expression library confronted to 

serum samples, that they identified a clone that expressed a protein recognized 

by antibodies of the positive samples. The first clone expressing NS3 protease 

derived from the genome of that agent, was termed as Hepatitis C Virus (HCV)4. 

Since the identification of the complete sequence of HCV genome, noteworthy 

progress had been made in elucidating the genetic organization of the virus, 

facilitating the production of recombinant infectious virus in cell culture and in 

developing drug testing and screening5. HCV has become a model virus defining 

new paradigms in virology, immunology and biology and a unique model to 

study long-term side effects of persistent infection evolved into a chronic 

disease, after removing the causal agent. 

In 2020, Michael Houghton, Harvey J. Alter, and Charles M. Rice, were awarded 

the Nobel Prize in Medicine for their contribution in the discovery and 

characterization of HCV6. 

 

1.1.2 Natural history of HCV disease 

Hepatitis C is an infectious disease caused by HCV. When HCV enters the human 

body, starts an acute infection where the virus mostly replicates in hepatocytes, 
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establishing an intrahepatic infection that generally results in liver 

inflammation. When inflammation and hepatocellular injury persists along the 

years, is commonly associated with significant liver-related morbidity and 

mortality. 

Approximately, 15–45% of infected people spontaneously clear the virus, but 

the vast majority of infections course asymptomatically and become chronic7. 

The outcome of HCV infection depends on viral/host factors, and the 

effectiveness of the host immune response8,9. Of those with chronic HCV 

infection, 10–20% will silently develop advanced liver fibrosis/cirrhosis within 

20–30 years10, 3–6% will develop hepatic decompensation11, and 2–4% will 

develop liver cancer or liver failure12. 

Liver transplant (LT) is the main indication for patients with hepatic 

decompensation. For those patients that did not received direct acting antiviral 

(DAA) – based regimens before LT, the reinfection of the engrafted liver is 

universal within the next hours after surgical intervention and fast progression 

to cirrhosis is observed in 10%-30% of patients within 5 years13,14. Furthermore, 

over 40% of graft recipients show decompensation within 12 months after the 

diagnosis of recurrent cirrhosis, and up to 60% experience a decompensation 

episode 3 years later15. The factors that accelerate the post-LT progression of 

liver damage in HCV patients are uncertain and seem to depend on the 

characteristics of the virus and the patient16.  

Although infection rates have decreased globally over the last decades, HCV 

infection is still a public threat. According to World Health Organization (WHO), 

58 million people worldwide still have chronic HCV infection. Around 399.000 

people died of chronic HCV infection in 2016 and approximately 290.000 in 

2019. Moreover, it is estimated about 1.5 million new infections every year.  
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Additionally, chronic HCV infections are frequently associated with extrahepatic 

manifestations such as B-cell non-Hodgkin’s lymphoma, type II diabetes, 

autoimmune diseases and cardiovascular pathologies17–20. 

 

1.1.3 HCV acquisition routes 

HCV is a blood-borne virus. Before the implementation of a blood screening 

process in 1991, HCV-infected blood components were considered the main 

route of HCV acquisition, leading to persistent infection which commonly 

progresses into chronic liver diseases1,21,22. Nowadays the highest risk group for 

HCV infection are people who inject drugs after sharing infected needles23. 

However, it can also be spread through parenteral transmission, unregulated 

tattoos or body piercings, accidental needle sticks, unsafe health care practices 

as inadequate sterilization of medical equipment, and less often through sexual 

contact, especially among people with HIV coinfection11,24. 

 

1.1.4 HCV structure 

1.1.4.1 Viral particle 

HCV is an enveloped virus with a spherical capsid typically ranging 40-100 

nanometers (nm) in diameter. The HCV lipid membrane contains lipid ratios 

slightly different from those of the host cell membranes, and is mainly 

composed of cholesterol, cholesteryl esters, sphingomyelin and 

phosphatidylcholine. Moreover, HCV particles have been described to be 

associated with apolipoproteins (Apo), especially ApoB and ApoE, as 

lipoproteins are closely related to HCV assembly and release25,26.  
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1.1.4.2 Genome 

HCV genome is composed by a positive single-stranded ribonucleic acid (RNA) 

molecule of 9.6 kilobases (Kb) that contains one open reading frame (ORF) 

flanked by two noncoding regions (NCR), 5′ NCR and 3’ NCR, respectively, which 

are essential for RNA translation and replication27,28. 

The 5’ region includes an internal ribosome entry site (IRES) responsible for ORF 

translation. ORF codifies for one polyprotein of 3011 aa that is co- and post-

translationally processed into structural and non-structural (NS) proteins by 

proteolysis using cellular and viral proteases as shown in Figure 129,30. 

 

Figure 1 Representation of the HCV genome organization31. The single long hepatitis C 

virus (HCV) ORF encoding the polyprotein, and the predicted secondary structures of 

the flanking 5′ and 3′ non-translated regions (NTRs) are depicted. The 5′ NTR contains 

an internal ribosome entry site (IRES). Polyprotein cleavage by cellular signal peptidases 

is indicated by dark purple arrows at the corresponding ORF position. Green and light 

purple arrows refer to cleavage by the viral proteases. Major functions of the HCV 

polyprotein cleavage products are indicated.  

The 5' coding region codes for the structural proteins: C protein, widely used for 

serological diagnosis as it is one of the most conserved regions. Moreover, it is 

essential for nucleocapsid formation and it interacts with proteins involved in 
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cellular signaling, apoptosis, carcinogenesis and lipid metabolism. E1 and E2 

proteins are involved in envelope constitution and are essential for virus entry. 

Envelope glycoprotein is the most hypervariable region32,33. 

P7 polypeptide, located between the structural and non-structural proteins, has 

an ion channel activity and it is involved in viral assembly, secretion and 

infectivity32,33. 

The 3' coding region codes for the NS or enzymatic proteins: Protein NS2 is a 

cysteine-protease involved in NS2-NS3 cleavage, virus assembly and release. 

Protein NS3 is a serine-protease responsible for cleavage between NS3 and 

NS4A and also NS4B/NS5A, and NS5A/NS5B. Protein NS3 also has a helicase 

activity necessary for viral RNA replication and NTPasa activity. NS3-helicase 

domain, together with core protein, accumulate most of the antigenic sites, and 

this protein has been widely used for serological diagnosis. Protein NS4 is 

composed of two subunits: NS4A that binds to the serine-protease domain of 

the NS3 protein to form the NS3/4A protease and NS4B that is involved in the 

modulation of NS5B, carcinogenesis processes, impairment of endoplasmic 

reticulum function and the formation of intracellular membrane structures 

called membranous web, essential for viral replication. Finally, protein NS5 is 

also composed by two subunits; NS5A related with viral pathogenesis, assembly, 

secretion and replication, and NS5B that is an RNA-dependent RNA-polymerase 

(RdRp), which act as the catalytic enzyme of the replication machinery32,33. 

Since, HCV RdRp lack of proof-reading activity, HCV has a very high mutation 

rate. The consequence of this high variability is the continuous production of 

variants that generates a complex mixture of different but closely related 

genomes known as viral quasispecies34,35. Another consequence is the 

classification, at present, of HCV into 8 genotypes with 30-35% or divergence, 

and 93 subtypes of 20-25% of divergence36.  
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1.1.5 Quasispecies 

HCV does not infect patients as a virus with a defined genomic nucleotide 

sequence but as a complex and dynamic viral population made of many viral 

variants that may have some phenotypic differences between them. Those viral 

variants form a viral population, called quasispecies, subjected to constant 

genetic variation, competition and selection37,38. 

As previously mentioned, this great genetic variability is due to the lack of 

proofreading activity of the RdRp that leads to substantial sequence variations 

in the HCV genome, which displays mutation rates in the range of 10-3-10-4 

substitutions per site and per replication cycle and a fixation rate of 1.5x10-3 

base substitutions per site, per year39,40. This high genomic variability added to 

an elevated virion production, with an average rate of 1.3x1012 virions/day and 

a half-life of 2.7 hours/virion, evokes to an extremely dynamic and highly 

adaptable viral population41.  

Therefore, the dynamics of a quasispecies is reflected by changes in the 

frequencies of the haplotypes (defined as all different sequences) that conform 

it, caused by changes in their fitness, conditioned by inter- and intra-mutant 

spectrum interactions and environmental fluctuations42. In a constant 

environment, virions that coexist may exhibit different characteristics, and 

usually have lower fitness than the dominant genome, which is the best adapted 

to replicate under those specific conditions. However, if suddenly an abrupt 

environmental change occurs, some of the mutants generated may be favoured 

by granting a selective advantage making them to gain fitness in the new 

environment thus acquiring dominance, resulting in modification of the 

consensus sequence, as represented in Figure 243. 
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Figure 2 Viral quasispecies population. Each line represents a different genome with 

several mutations represented as coloured symbols. The consensus sequence is 

represented as the bottom line. A beneficial mutation is generated in genome 8 

represented as a black asterisk. Figure adapted from43.  

 

In this way, the so-called bottleneck phenomenon can be defined when some 

genomes from a large quasispecies infect an individual. When such genomes 

increase their fitness, they may become the new dominant genome (master) of 

the quasispecies. It has been described that repeated genetic bottleneck events, 

influenced by parental population fitness, result in a decrease of complexity of 

mutant spectra and a decrease of the fitness, followed by a stationary phase of 

fitness values44,45. 

Viral quasispecies complexity has been defined as the “intrinsic property that 

quantifies the diversity and frequency of haplotypes, independently of the 

population size that contains them”. The relevance of the viral complexity has 

been evidenced by the lower adaptability of viruses whose polymerase shows a 

higher or lower copying fidelity than the wild type with a comparable population 

size in the same biological context46. 

High variability rates and a continuous natural selection of viral variants are 

partly responsible of viral persistence and the lack of protective immunity 

against reinfection47. Some defective virions that are generated from non-
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neutral mutations can be eliminated by the immune system. Other genomes are 

eliminated when they exceed the maximum mutation rate, named error 

threshold, entering into error catastrophe and losing its genetic information48. 

Those variants that survive can affect the pathogenesis, induce immune 

tolerance, develop resistance to antivirals or to neutralizing antibodies and thus 

contribute to chronic infection49. 

Therefore, when studying an infection, it is important to be aware that some 

members of the quasispecies may be relevant for establishing chronic infection 

in HCV infected patients, and approaches based on studying the diversity and 

complexity of the entire viral population should be considered.  

 

1.1.6 Prevalence and distribution 

HCV is a host-specific and pathogenic virus that belongs to the Flaviviridae family 

within the Hepacivirus genus50.  

According to the latest update of the International Committee of Taxonomy of 

Viruses (ICTV), eight genotypes and ninety-three confirmed subtypes of 

hepatitis C have been described36.  

HCV infection remains spread all over the world, and its prevalence differs 

within regions as shown in Figure 3. According to latest data provided by WHO, 

the highest incidence of HCV is in the East of the Mediterranean Region and in 

Europe, with around 12 million people chronically infected in each region. In the 

South-East Asia and the Western Pacific, it is estimated around 10 million 

people. About nine million people are chronically infected in Africa and 5 million 

in America.  

HCV genotype distribution varies according to the geographic origin and 

transmission risk as represented in Figure 3. Genotype 1 is the most prevalent 

globally and represents 46% of all HCV cases, with the majority of cases located 
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in East Asia, Europe and America. Genotype 2 is responsible of 9% of HCV cases, 

generally distributed around East Asia and Africa. Genotype 3 represents the 

30% and is primarily distributed in South Asia. Genotype 4 represents the 8% 

and is mainly found in Africa and the Middle East. Genotype 5 is responsible of 

<1% of all HCV cases and is spread around Southern Africa. Genotype 6 is 

responsible for approximately 5% of cases and predominate in East Asia. 

Genotypes 7 and 8 are the newest and fewer represented subtypes, originally 

described from Central Africa and East Asia respectively, although are not 

represented on Figure 351,52. 

Moreover, it has been described a correlation between HCV genotypes and 

disease severity. HCV genotypes 1 and 3 have been associated with faster liver 

damage progression and the possibility of hepatocellular carcinoma (HCC) 

development, which may result in poor survival in patients with HCV-related 

HCC53–55. 

 

Figure 3. Global HCV seroprevalence distribution of genotypes. Size of pie charts is 

proportional to the number of seroprevalent52.  
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1.1.7 Treatment timeline 

In 1991, the Food and Drug Administration (FDA) approved interferon-alfa (IFN-

α) for hepatitis C infection treatment. Low sustained virological response (SVR) 

(16-20%), as well as frequent clinically adverse events, were observed with the 

administration of IFN-α alone56,57.  

In the late 1990s, IFN-α combined with Ribavirin (RBV) for the treatment of 

hepatitis C infection was approved. This combined regimen managed to double 

SVR rates in all patients compared to IFN monotherapy, but still frequent 

clinically adverse events were observed among the majority of patients58–60. 

In the early 2000s, pegylated interferon (pegIFN) therapy and later on the 

administration of pegIFN alfa-2a plus RBV were approved for hepatitis C 

treatment. It was demonstrated a higher SVR in those patients receiving 

peginterferon alfa-2a plus RBV (56%) than those receiving interferon alfa-2b 

plus RBV without polietylenglicol (44%) or peginterferon alfa-2a without RBV 

(29%)61.  

In 2011, the first-generation of DAAs was approved by the FDA. Since then, HCV 

treatment-guidelines have changed drastically due to their increased efficacy, 

safety, and tolerability compared with previously HCV treatments. At the first 

beginning, those DAAs needed to be administered with pegIFN alfa-2a plus RBV 

in order to avoid relapses after the end of treatment and to achieve up to 75% 

of SVR. Short after, several IFN-free oral therapies were developed and suitable 

for all patients, including those previously intolerant of or ineligible for IFN 

therapy. With the onset of new generation DAAs and the possibility to combine 

different DAAs in a single pill (Figure 4) treatment regimens and treatment 

adherence have been improved leading to a SVR in more than 98% of patients 

regardless of viral genotype and with minimal side effects62–64.  
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Figure 4. Different DAA combinations currently available for treatment of HCV, and its 

HCV protein targets. Inhibitors target the NS3/4A protease, the non-structural protein 

NS5A, and the viral polymerase NS5B. 

 

1.1.8 Vaccination and future perspectives for HCV elimination 

Global eradication of HCV infection will not be achieved in the absence of an 

effective vaccine. Unfortunately, no vaccine exists for HCV infection and 

although current investigation is underway, further studies based on HCV 

genetic diversity, immune response and other mechanisms of viral persistence 

are needed65,66.  

Although preventive measures notably help to reduce the incidence of HCV 

infection nowadays, a global control is still a public health concern because of 

the low diagnosis and treatment access worldwide. By 2030, the WHO set a 

common global goal of HCV elimination by planning to reach a 90% of diagnosis 

of all HCV cases, an 80% of treatment coverage and a 65% reduction in HCV-

related deaths67. 
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Summary 1.1  

Chronic HCV liver infection is still a global health problem, and liver transplant 

(LT) is the main indication for patients with hepatic decompensation. As pointed 

out before, reinfection of the engrafted liver is universal within the next hours 

after surgical intervention in untreated patients, and host/viral factors causing 

fast or low progression to cirrhosis are uncertain. Therefore, finding a predictive 

index of liver damage progression is a requirement for decision making related 

to which would be the optimal timing to administer DAAs after LT. 

 

1.2 Immune response in HCV infection 

The relationship between HCV and the host is dynamic; the virus tries to be 

undetected by the immune system in order to coexist, while the immune system 

tries to clear the virus without harming itself. The balance between these two 

biological forces depends on the viral replication kinetics as well as on the 

quality and quantity of the immune system response. Robust innate and 

adaptive immune responses are necessary for viral clearance.  

The first host defence barrier against HCV is the innate immunity. It is activated 

when specific pathogen recognition receptors (PRRs) of the host cell recognize 

and bind to pathogen-associated molecular patterns (PAMPs) and, 

consequently, antiviral signals to clear the virus are induced. Afterwards, 

adaptive immune response is triggered. Activation of lymphocytes is mediated 

through three signals; the first is signalling through T-cell receptor (TCR), the 

second is induced by antigen receptors when an antigen is recognized through 

costimulatory signals induced by molecules provided by professional antigen 

presenting cells (APC), and the third is via cytokines68. 
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1.2.1 Innate immune responses  

Upon HCV infection, HCV acts as PAMPs and is detected by two PRRs, the 

retinoic acid-inducible gene-I (RIG-I) like RIG-I-like receptors (RLRs) and the Toll-

like receptors (TLRs). RIG-I recognizes HCV RNA as a foreign antigen and 

interacts with mitochondrial antiviral-signalling proteins (MAVS) on 

mitochondria-associated membranes (MAMs). The binding of RIG-I to MAVS 

trigger downstream activation of interferon (IFN) regulatory factor-3 (IRF-3) and 

nuclear factor kappa B (NF-κB) that induce type I and III IFN expression signalling 

in the liver69. Secreted IFNs bind to their cognate IFN receptor and activates the 

Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) 

pathway, which induce the IFN-stimulated genes (ISGs) expression that results 

in the degradation of viral RNA and death of infected hepatocytes70,71. IFN also 

activates the Adenosine deaminase acting on RNA-1 (ADAR1), which has an 

antiviral role by inducing mutations in HCV dsRNA strands that destabilize the 

secondary viral RNA structures, and through suppressing IFN and ISGs 

expression72,73. 

In addition to the hepatocytes, type I IFNs are also secreted by non-parenchymal 

cells, especially by plasmacytoid dendritic cells (pDCs). During HCV infection, it 

is observed a diminished pDCs frequency in the blood and increased pDC 

homing to the liver as well as a diminished IFN-α production74. Moreover, the 

activation of resident hepatic cells, such as stellate cells and liver macrophages 

called Kupffer cells (KCs), enhance the production of inflammatory mediators 

like pro-inflammatory cytokines and chemokines that also helps to sustain an 

inflammatory state69.  
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1.2.1.1 HCV mechanisms to evade the innate immune system 

HCV uses different strategies to evade the innate immune system and persist 

within the host. To do so, HCV proteins interact with relevant host proteins 

inactivating essential pathways for HCV clearance, early during acute infection 

as represented on Figure 5 and briefly explained below. 

 

HCV core induces degradation of STAT1, and consequently suppress the 

expression of IFN75. Furthermore, HCV core suppress Nuclear Factor Kappa B 

(NFKB) activation and related inflammatory responses being involved in anti-

apoptotic processes that protect infected hepatocytes from cell death76,77. 

HCV E2 interacts with PKR, inactivating its kinase activity and blocking its 

inhibitory effect on protein synthesis and cell growth78. 

It was reported that HCV p7 suppresses the antiviral function of exogenous 

IFN79. 

HCV NS3/4A proteins cleaves to MAVS80 and/or TIR-domain-containing adapter-

inducing interferon-β (TRIF) protein disrupting RLR pathway81. It also inactivates 

Riplet and consequently inhibit RIG-I and IRF-3 activation82. Moreover, through 

competitive binding, NS3 blocks the interaction between the adaptor protein 

NF-κB essential modulator (NEMO) and the linear ubiquitin chain assembly 

complex (LUBAC), that consequently inhibit NF-κB activation83. HCV NS3 protein 

binds to TANK-Binding Kinase 1 (TBK1) and therefore inhibit IRF-3 activation84.  

HCV NS4B inhibit RIG-I–mediated IFN-β production signalling and downregulate 

TLR3-mediated interferon signalling85,86. 

Moreover, HCV core and NS3 proteins modulate monocytes activity to secrete 

Interleukin (IL)-10 and Tumor Necrosis Factor (TNF-α) that inhibit IFN-α 

production74.  
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HCV NS5A interacts and represses PKR to avoid the antiviral effects of IFN87, 

downregulates IFNs expression induced by RIG-I- and Melanoma 

Differentiation-Associated 5 (MDA5)88, and interacts with nucleosome assembly 

protein 1-like 1 (NAP1L1) blocking its nuclear translocation and leading to 

inefficient RIG-I and TLR3 responses89.  

HCV inhibits IFN-α production by pDCs through direct interaction, in a way that 

is independent of infection and replication inside the pDCs74.  

Apart from the mechanisms related to viral proteins, HCV had developed other 

strategies to evade the innate immune system such as modulation of host 

miRNAs directly related to HCV infection outcome90 and/or trough extracellular 

vesicles (EVs) containing viral RNA, which reduces the chances to be detected 

by host defenses91.  

 

Figure 5. Evasion of innate immunity by HCV viral proteins92. 
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1.2.2 Adaptive immune responses 

HCV-specific T cell immune responses are required for viral control.  

CD8+ T cells play an essential role in HCV control since they recognize viral 

peptides in Human Leukocyte Antigen (HLA) class I molecules present in infected 

cells. Once specific antigen recognition occurs, several mechanisms get 

activated and HCV-specific CD8 T cells may be involved not only in the 

elimination of infected hepatocytes by cytolytic mechanisms but also by non-

cytolytic effector mechanisms93,94.  

On the other hand, CD4+ T cells recognize viral peptides in HLA class II molecules 

present in antigen-presenting cells (APCs). Once recognition, HCV-specific CD4+ 

T cells start a process of expansion and clonal differentiation towards CD4+ T 

helper cells (Th). Two types of Th cells can be generated; Th1 which produce 

cytokines, like IL-2, IFN-γ and TNF-α, essentials for CD8+ T cell cytotoxic 

responses, and Th2 which produce cytokines, like IL-4, IL-5, IL-6 and IL-10, that 

stimulate antibody production by B cells95,96.  

HCV-specific antibodies are detected 8–20 weeks after infection, and decline to 

undetectable levels within 10-20 years of recovery from infection97,98.  

- During acute HCV infection, viral replication is detected from the first week of 

infection and have the highest peak at week 4. CD8 cytotoxic response coincides 

with the peak of transaminase levels at week 7-8 of infection, but it is not 

enough to control and clear the virus .Thus, CD4+ T cells have important helper 

functions, contributing to maintain CD8+ T cell response and preventing viral 

escape from T cell response. Specifically, CD4+ T cell response help to reduce 

the viral load, normalize transaminases levels and induce a phenotypic and 

functional change of CD8+ T cells99.  

Accordingly, self-limiting HCV infections are associated with expansion of virus-
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specific CD8+ T cells, a broad CD4+ T cell responses, and a strong cytotoxic T 

lymphocyte response as represented on Figure 6A100–103.  

- During chronic HCV infection, constant exposure to viral antigens along with 

immunological factors results in varying degrees of functional impairment of 

HCV-specific T-cell effector functions, contributing to viral persistence104–106. 

Thereby, persistent infection is characterized by intrahepatic 

compartmentalization of anergic and exhausted CD8+ T cells, characterized by 

their inability to produce IFN-γ and IL-2, and HCV-specific CD8+ T cells with 

regulatory and inhibitory functions. In peripheral blood and liver, also coexist 

CD4+ T cells with an exhausted or anergic phenotype while regulatory T cells 

(Tregs) are overrepresented107–110. Lack or loss of helper functions by CD4+ T 

cells can result in a dysfunctional CD8+ T cell response and an immune response 

failure against the virus111,112. Furthermore, a dysregulation of cytokine milieu 

occur during chronic infection, promoting activation-induced apoptosis of CD4+ 

and CD8+ T-cells in the liver113.  

 

1.2.2.1 HCV mechanisms to evade the adaptive immune system 

HCV uses several mechanisms to evade the adaptive immune system and persist 

within the host as it is represented in Figure 6B. Among them, highlight 

mutational escape mechanisms and the induction of phenotypic and functional 

changes in the immune cells.  
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Figure 6 Success and failure of adaptive immune response. (A) Effective CD8+ and CD4+ 

T cell responses as in self-limiting HCV infections. (B) Mechanisms that contribute to HCV 

persistence and consequently adaptive immune response failure, such as viral escape, T 

cell exhaustion, lack of CD4+ T cell help or the action of regulatory T cells114. 

Firstly, viral escape mutations on epitope recognized by B and T cells cause 

reduced recognition from T cells and antibodies, and consequently the virus 

cannot be neutralized115,116. Moreover, HCV can impair T cell activation through 

inhibition of cytokine production, antigen presentation by dendritic cells (DCs) 

and macrophages117–119. 
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Secondly, HCV proteins can directly interact with the complement system by 

binding to C1 receptor on T cells, and decrease its proliferative capacity and 

cytokine production120. 

Thirdly, T cell anergy is a tolerance mechanism, that contribute to viral 

persistence, in which T cells fail to suppress viral replication because they are in 

a hypo responsive state. After antigenic stimulation, CD8+ T cells present 

reversible alterations in the proliferative, cytotoxic, and antiviral cytokines 

secretion capacity. This dysfunction is already observed from the first stages of 

acute infection regardless the outcome of the disease. However, in patients with 

a self-limited course of the infection, the recovery of CD8+ T cell functions is 

associated with a decrease of viremia and disease resolution. In contrast, 

patients who evolve towards chronicity does not ameliorate CD8+ T cell 

functions and those remain persistently suppressed121,122. Additionally to 

antigenic stimulation, it has been described that CD4+ and CD8+ Tregs may also 

contribute to disrupt T cell effector functions and consequently maintain a 

persistent infection108,110.  

In addition, a prolonged antigen stimulation can induce exhaustion in previously 

activated and functional T cells. T cell exhaustion is defined by a lack of effector 

functions and overexpression of inhibitory receptors like Programmed cell 

Death protein 1 (PD-1), T cell Immunoglobulin and Mucin domain-containing 

protein 3 (TIM-3) and Lymphocyte-Activation Gene 3 (LAG-3), resulting in 

ineffective T cell responses123. In this line, PD-1 upregulated expression together 

with low costimulatory signals and/or limited cytokine milieu triggers inhibitory 

PD-1 signals that impair T-cell responses. At the same time, high expression of 

PD-1 marker have been correlated with high levels of HCV-specific CD8+ 

apoptosis in blood during acute infection and in liver during chronic infection124.  
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Lastly, as it was previously mentioned, a vigorous CD8+ T cell response require 

an effective CD4+ T cell help response. CD4+ T cell response failure can occur 

due to an excess of antigenic stimulation, antigen presentation by non-

professional cells or immature APCs in suboptimal costimulatory conditions125–

127. 

 

1.2.3 Immune response after DAAs-mediated infection resolution 

Several groups have investigated whether DAAs treatment, and the subsequent 

elimination of HCV, can restore the HCV-specific immune responses, although 

controversial results have been reported. For instance, it has been 

demonstrated that HCV-specific T cell functions does not completely ameliorate 

after SVR128. In contrast, other studies have documented an increase in T-cell 

functionality after DAA treatment129. It is known that an early impairment of 

proliferation may contribute to loss of T cell response and chronic HCV 

persistence130. Although there is not yet a solid evidence that T cell proliferation 

is fully recovered after HCV cure, several studies have seen an increase in the 

proliferative profile of CD8+ T cells in chronic HCV-infected patients after DAA 

treatment129,131,132. In contrast, in other studies a partial or inexistent 

proliferative capacity recovery has been documented133,134. Likewise, few and 

contradictory information have been reported about CD4+ T cell proliferative 

capacity after DAAs134,135.  

 

Summary 1.2  

HCV-specific immune response is essential in HCV infection outcome. As 

mentioned before, during chronic infections the immune response remains 

impaired but there is still an open question on whether the elimination of HCV 

by DAAs results in a full, partial or inexistent restoration of the immune 

response. Characterizing the immunological status of patients after resolving 
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HCV infection would help to understand disease’s evolution and the associated 

sequelae of the infection.  

 

1.3 Extracellular vesicles 

 

1.3.1 Extracellular vesicles discovery 

In 1946, EVs were first observed as pro-coagulant platelet-derived particles in 

plasma samples136. After that, several groups pointed the presence of vesicles in 

multiple and diverse samples, but their function and uses were still unknown. In 

the late 1980s, EVs were first described as small vesicles released by exocytosis 

when multivesicular bodies (MVBs) fused with the plasma membrane in 

reticulocytes137,138. For so long, EVs were considered garbage that cells get rid of 

it. A decade later, the discovery of the function of EVs as activators of the 

immune system made them gain prominence in the scientific community136. 

With the discovery that EVs contain RNA, acquired substantially renewed 

interest as mediators of cell-to-cell communication, and since then EVs have 

been extensively studied as potential biomarkers and therapeutic tools. 

 

1.3.2 Brief overview 

EVs are lipid membrane vesicles secreted by hematopoietic and non-

hematopoietic cells into the extracellular space. From the extracellular space, 

EVs can travel through body fluids, including blood, urine, saliva, amniotic fluid, 

bile, ascites, breast milk, etc. and reach distant cells139. EVs serve as functional 

vehicles of intercellular communication as they carry a complex cargo of lipids, 

proteins, sugars, and nucleic acids, that when delivered to the target cells are 

capable to modulate and reprogram recipient cells140. Furthermore, the 

contents, size and membrane composition of EVs are highly variable as directly 

depend on the cell of origin, the state of the donor cell (differentiated, stressed, 
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stimulated, etc.), and environmental conditions141. For that reason, EVs give 

relevant information of the current state of the patient and may offer prognostic 

information in a huge range of diseases. Moreover, EVs play a significant role 

not only in pathological but also in physiological processes as well as maintaining 

the homeostasis, both in eukaryote and prokaryote organisms142.  

 

1.3.3 EVs types 

It has been described three main subtypes of EVs, apoptotic bodies (AB), 

microvesicles (MVs) and exosomes, which differ between them by its origin, 

size, content and function.  

- AB range in size from 50 nm up to 5 micrometers (µm) in diameter and are 

generated as a result of plasma membrane blebbing during apoptotic 

processes143. AB content is similar to cell lysates, composed by intact organelles, 

chromatin, glycosylated proteins and proteins related to the nucleus, 

mitochondria, golgi apparatus and endoplasmic reticulum144,145.  

- MVs range in size from 100 nm up to 1 µm in diameter and are shed from the 

plasma membrane. Within its content, it is found cytosolic and plasma 

membrane associated proteins, heat shock proteins, cytoskeletal proteins, 

integrins, and proteins containing post-translational modifications (PTMs) such 

as glycosylated and phosphorylated proteins, nucleic acids, etc144,146.  

- Exosomes range in size from 30 up to 150 nm and are originated by inward 

budding of intraluminal vesicles (ILVs) into MVBs, which fuse with the plasma 

membrane releasing ILVs to the extracellular milieu. When ILVs are in the 

extracellular milieu are called exosomes139. Due to their biogenesis, exosomes 

contain proteins from endosomes, plasma membrane and the cytosol as well as 

nucleic acids, lipids and metabolites147 (detailed information is summarized 

below). Exosomes ‘float’ to a density range of 1.08-1.19 g/cm3, since density 
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may vary from cell to cell depending on the exosome protein content148. Thus, 

exosomes are likely to protect their cargo thanks to their lipid bilayer membrane 

and their small size that helps to prolong their circulation half-life and enhance 

their biological activity149.  

Amongst EVs, exosomes have generated greater interest due to their biogenesis 

and specific cargo that makes these vesicles as the main target for therapeutic, 

diagnostic and prognostic biomarkers in many different clinical situations, as 

described below.  

 

1.3.4 EVs isolation methods 

Since many years, ultracentrifugation has been used as the gold standard 

method for EVs isolation, as it allows the sedimentation of a wide range of 

vesicles; however, this is a time consuming procedure that requires expensive 

equipment and yields low-purity EVs; this is why an increasing number of 

laboratories are currently using other methodologies150. Precipitation-based 

methods also result in high EVs recovery, without specific infrastructures 

requirements, but the low purity of isolated EVs is a major problem151. Isopycnic 

ultracentrifugation using iodixanol gradients has the same requirements than 

ultracentrifugation in terms of time and equipment, but it provides higher EV 

purity because it discriminates vesicles subtypes according to their density152. 

Finally, size exclusion chromatography (SEC) is widely used for size-based 

particle isolation, and leads to large EV batches that are well separated from 

smaller particles and proteins153.  
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1.3.5 Exosome biogenesis 

Figure 7 Exosome biogenesis154. 

 

Exosomes are formed by 

inward budding of early 

endosome membranes, 

which then mature into late 

endosomes or also called 

MVBs. During this process, 

MVBs accumulate ILVs in 

their lumen that carry 

specific sorted proteins, 

lipids, and cytosol. Then, those MVBs fuse with the plasma membrane releasing 

their content into the extracellular environment or fuse with lysosomes to be 

degraded as represented in Figure 7139. The fate of that vesicles depends on ILV’s 

and thus of the MVB’s content, on the presence or absence of cholesterol in 

MVB’s membranes, as well as on the presence of endogenous and exogenous 

stimuli155,156. MVBs, ILVs formation and consequently exosomes biogenesis can 

be due to Endosomal Sorting Complex Required for Transport (ESCRT)-

dependent and -independent mechanisms, depending of the cargo that is 

sorted within a given cell.  
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1.3.6 Cargo composition  

 

Figure 8 EVs composition139. 

Databases like vesiclepedia and evpedia include data of EVs content as well as 

on the purification procedures that helps scientists to be updated, and to better 

understand the complexity and functionality of these vesicles.  

 

1.3.6.1 Lipids 

Exosomes carry certain type of lipids, which are essentials for maintaining their 

biological activity, and that together with membrane-bound proteins determine 

the structure and function of the exosomes membrane. Due to their biogenesis, 

a similar distribution of lipids in the inner and outer membrane of the exosomes 

and the plasma membrane is expected. Although, differences in lipid 
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composition between exosomes and their secreting cells, point to specific 

mechanisms of cargo sorting. Exosomes are mainly enriched in sphingomyelin, 

phosphatidylserine (PS), cholesterol and ceramide as represented in Figure 8157. 

 

1.3.6.2 Proteins 

It has been described a heterogeneous protein composition within exosomes as 

shown in Figure 8. Some of the cellular proteins present in exosomes depend on 

the cell of origin, whereas others are constitutively present in exosomes 

regardless of cell type139. The presence of coat-proteins like clathrin, adhesion 

molecules such as integrins, cell adhesion molecules (CAMs), and tetraspanins 

like CD63, CD9, and CD81 has been described. Moreover, heat-shock proteins 

like Heat shock cognate (Hsc) 70 and Heat shock proteins (Hsp) 90, cytoskeletal 

proteins like actin, tubulin, cofilin, and moesin and antigen presentation 

molecules like Major Histocompatibility Complex (MHC) class II and class I have 

been observed in exosomes. In addition, there are also proteins related to cell 

signalling, such as subunits of trimeric G proteins, proteins involved in 

membrane transport and fusion such as Ras-associated binding (Rabs) and 

Annexins, Raft-associated proteins, enzymes and elongation factors, as well as, 

ESCRT proteins like Tumor susceptibility gene (Tsg) 101 and ALG-2-interacting 

protein X/PDCD6IP (Alix)158.  

 

1.3.6.3 Nucleic acids 

Deoxyribonucleic Acid (DNA) 

Although the biological functions of DNA inside exosomes are still largely 

unknown, it may have relevant functions in the maintenance of cellular 

homeostasis, intracellular communication, and immune response modulation. 

Furthermore, DNA inside EVs either entirely or in fragments, recently gained 
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interest as it reflects the mutational status of parental cancer cells, which 

suggests that its role in pathological processes is also relevant159.  

Exosomes content includes cell-free DNA (cfDNA), single-stranded DNA (ssDNA), 

double-stranded DNA (dsDNA), mitochondrial DNA (mtDNA), transposons, and 

even viral DNA160.  

RNA 

Relevant differences in a transcriptomic level have been observed from 

exosomes versus donor cells, as a selective incorporation of certain RNAs into 

exosomes is carried out161. Moreover, the RNA cargo of exosomes varies 

between cell types and can be affected by exogenous stimuli162,163. 

Various types of RNA molecules are found in exosomes, with a selective 

enrichment towards smaller RNAs as compared to the cell transcriptome164. 

Beyond protein-coding transcripts like messenger RNA (mRNA), exosomes 

contain various non-coding RNAs (ncRNA). These include microRNA (miRNAs), 

transfer RNA (tRNAs), long ncRNAs (lncRNAs), circular RNAs (circRNAs), 

mitochondrial RNAs (mtRNA), ribosomal RNAs (rRNAs), as well as, Y RNAs, PIWI-

interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs 

(snRNAs), and vault-RNAs(vtRNAs)165,166. 

miRNAs are small and highly conserved ncRNAs, of about 20-30 nt length, that 

play a critical role as posttranscriptional regulators of gene expression167. They 

can modulate gene transcription by influencing chromatin structure, 

chromosome segregation, RNA processing, and by eliciting gene silencing 

through repressing mRNAs translation and/or through reducing mRNAs stability 

and consequently enhancing mRNAs degradation168.  
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Thereby, they are involved in biological processes like development, cell 

proliferation and differentiation, apoptosis, immune regulation and 

metabolism169.  

In addition, they are also involved in pathological processes, having a significant 

function in regulating cancer progression. Exosomes derived from tumor cells 

deliver miRNAs to neighbouring or distant cells altering its phenotype. 

Subsequently, those miRNAs interfere with tumor immunity and the 

microenvironment, facilitating primary tumor growth, angiogenesis, metastatic 

cell migration, pre-metastatic niche formation and drug resistance170. 

Furthermore, in a pathological process, injured cells secrete much more 

exosomes than healthy cells, and those exosomes are enriched with miRNAs 

linked to the pathogenesis171.  

To avoid nucleolytic degradation, miRNAs are present in many body fluids 

associated with RNA binding proteins (RBPs), with high and low density 

lipoproteins or encapsulated in EVs, mostly exosomes (EVs-miRNAs)172–174. Thus, 

the majority of miRNAs that are circulating freely are concentrated when 

encapsulated in exosomes175. 

 

1.3.7 Cargo Sorting 

Exosomal cargo sorting is mediated by ESCRT-dependent and independent 

mechanisms and can be influenced by external stimuli like the stress.  

ESCRT-dependent sorting mechanism; ESCRT complex helps proteins to be 

loaded into exosomes. It recognizes ubiquitylated cargoes and prevents them 

from degradation by sorting them into exosomes. In addition to ubiquitination, 

acetylation is also implicated in the sorting of proteins into exosomes176. 

ESCRT-independent sorting mechanism; PTMs can regulate the protein cargo 

sorting and promote the enrichments of some proteins in exosomes. Besides 
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ubiquitination and acetylation, ISGylation, SUMOylation, glycosylation, 

oxidation, phosphorylation, citrullination and myristoylation can control 

exosome cargo loading and interact between various PTMs176.  

Additionally, lipid raft, tetraspanins and ceramide-mediated mechanisms are 

also involved on lipid, protein and RNA sorting176.  

Moreover, miRNAs and RNA loading in exosomes can be modulated by different 

mechanisms such as sumoylated heterogeneous nuclear ribonucleoproteins 

(hnRNPs)-dependent mechanism, neural sphingomyelinase 2 (nSMase2)-

dependent mechanism, the 3’-end of the miRNA sequence-dependent pathway, 

the miRNA induced silencing complex (miRISC)-related pathway, membrane 

proteins and RNA-binding proteins related pathway as well as raft-based 

microdomains176.  

 

1.3.8 Biomarkers 

Studying miRNAs encapsulated in EVs, mostly exosomes, and not total miRNAs 

present in plasma samples have several advantages. Firstly, exosomes give 

relevant information of the current state of the patient and may offer prognostic 

information in a huge range of diseases177. Secondly, as many diseases have 

heterogeneous clinical presentations, exosome monitoring may permit 

compiling real-time information coming directly from the different players 

involved in the pathological process, which would include injured cells, immune 

cells, metastatic cells, etc.178,179. Thirdly, the easy access and stability of EV-

miRNAs in biological fluids make them an attractive alternative as minimally 

invasive test, known as liquid biopsies180. And lastly, the fact that exosomes 

transfer miRNAs between cells during cell-cell communication and that those 

miRNAs regulate gene expression locally and distantly during physiological and 
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pathological processes, converts them not only in potential therapeutics but 

also in diagnostic and prognostic biomarkers181,182.  

Even though in the last few years, the scientific community have gained interest 

on EV-miRNAs as biomarker sources because of the reasons pointed above, 

discrepancies on miRNA patterns and its validation are still frequent between 

research groups. It would be due to the use of different EV isolation methods, 

the use of different miRNA extraction, library preparation and sequencing kits 

or the differences on sample procedure and origin183–185. Moreover, the 

separation of EVs from particles like lipoproteins that also contain miRNAs, is 

extremely difficult depending on the isolation method used186.  

 

1.3.9 EVs role in immune response  

Over a decade after the discovery of EVs, the first studies revealing the role of 

EVs in the immune system were published. In 1996, Raposo et al. demonstrated 

that exosomes derived from B lymphocytes induced antigen-specific MHC class 

II-restricted T cell responses, suggesting that they may be responsible for 

maintenance of long-term T cell memory or T cell tolerance136.  

Nowadays, it is widely accepted that exosomes can be secreted by all types of 

immune cells, have specific cargo crucial for their immunomodulatory 

properties and are potential therapeutic agents. In this line, exosomes not only 

have a pivotal role in immune stimulation, but also in immune suppression and 

maintenance of peripheral tolerance by inducing T cell anergy or activation-

induced cell death187. 

In a tumour microenvironment, EVs derived from tumour cells may serve as 

homeostatic mediators for tumour niche maintenance, and exhibit positive or 

negative effects on antitumor immune responses. To achieve so, EVs use several 

mechanisms, some of them summarized in Figure 9, as can be the inactivation 
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of cytotoxic responses such as those induced by Natural Killer (NK) cells, the 

induction of activated T cell apoptosis, and the impairment of dendritic cell 

differentiation188. In addition, immune derived-EVs may modulate B and T cell 

differentiation and proliferation, T cell migration and expansion, as well as, DC 

maturity.  

Therefore, EVs derived from immune cells contain cytokines, chemokines, 

cytolytic and cytotoxic proteins that can modulate effector functions and induce 

cytotoxic cell lysis and elimination of target cell187,189.  

 

Figure 9. Functional properties of immune cell-derived EVs in cancer 189  
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1.3.9.1 Exosomes as antigen-presenting platforms 

An effective immune response is possible due to a specific communication 

network between different cell types and exosomes, distantly or through cell 

synapses.  

Exosomes derived from immune cells present MHC and T cell costimulatory 

molecules on their surface as a mechanism of antigen presentation. The 

mechanism by which exosomes mediate antigen delivery to T cells is still 

unclear.  

One mechanism is based on the presentation of antigenic peptide–MHC 

complex to T cells by DCs after capturing exosomes190. Moreover, DC can 

activate T cells by capturing exosomes and presenting exosome’s antigenic 

molecules to their endogenous MHC complex191. In addition, immunological 

synapse (IS) formation has been described to promote exosomal transfer 

between T cells and APCs. Transferred exosomes containing miRNAs, regulate 

gene expression on the APCs, driven by the presence of antigens. So, this 

antigen-specific T cell cross-priming with unidirectional miRNA transfer also 

contribute to regulate the final outcome of T cell activation192. Finally, exosomes 

by their own have the potential to directly activate T cells193.  

 

1.3.9.2 Exosomes and T cell exhaustion 

T cell exhaustion is one of the major mechanisms of chronic infections and 

cancer immune evasion.  

It has been found that exosomes from activated DCs presented more antigenic 

molecules than exosomes from immature DCs, suggesting that the state of the 

cell of origin may influence the ability to stimulate T cells. Accordingly, it has 

been observed that exosomes-derived from immature DCs promote T-cell 
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anergy and the activation of Treg cells194. In addition, HCC-derived exosomes 

have shown the ability to remodel macrophages, inhibit the expression of 

inflammatory cytokines, induce pro-inflammatory factors, upregulate the 

expression of inhibitory receptors in T cells and promote T cell exhaustion, 

accelerating HCC progression195. Moreover, it has been described that HCC-

derived exosomes contain proteins such as 14–3–3ζ that when transferred to T 

cells affects to its activity. Overexpression of that protein decrease the 

activation and proliferation of naive T cells correlating with an exhausted 

phenotype, decrease the excretion of cytotoxic cytokines and potentiate the 

differentiation of effector T cells to Treg196.  

Likewise, other mechanisms that enhance T cell exhaustion have been found. 

Exosomes derived from cancer cells contain circRNAs, like circRNA-002178, that 

modulate PD-1 and PD-L1 expression in tumor and T cells and induce CD8+ T cell 

exhaustion197. Furthermore, exosomes secreted by exhausted CD8+ T cells could 

be uptaked by non-exhausted CD8+ T cells, and consequently impaired their 

functions. It has been observed that proliferation, cell activity and cytokines 

production of non-exhausted CD8+ T cells are decreased in contact with 

exosomes derived from exhausted CD8+ T cells, while the number of exhausted 

CD8+ T cells is increased, indicating that exosomes can promote the exhaustion 

of non-exhausted CD8+ T cells198. 

 

1.3.10 EVs and HCV infection 

In a hepatitis C context, an active infection and/or liver damage induce a 

dysregulation of the endogenous EV-miRNAs that can be used as biomarkers for 

diagnosis. Besides, EVs composition may reflects different liver damage stages, 

the outcome of antiviral treatment or liver transplantation as well as monitoring 

of minimal residual disease or relapse after HCC resection, being a good tool for 

prognosis and surveillance studies in HCV positive patients. 
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During HCV infection, EVs content promote an efficient viral replication and liver 

damage progression. As briefly explained in the sections above, miRNAs are key 

regulators of gene expression and function of target cells. Likewise, those are 

some examples of EV-miRNAs impact on HCV infection.  

Exosomes derived from infected hepatocytes contain miRNA-192 that enhance 

the production of transforming growth factor β (TGF-β), which results in the 

activation and transdifferentiation of hepatic stellate cells (HSCs) into 

myofibroblasts and upregulation of fibrogenic markers that lead to the 

development of liver tissue fibrogenesis199. In the same line, exosomes derived 

from HCV-infected hepatocytes carry miR-19a that activate HSCs and triggers 

fibrogenic pathways in the cells, increasing the expression of pro-fibrogenic 

markers and pro-fibrogenic cytokines that participate in liver fibrosis 

progression200. Moreover, exosomes of HCV infected patients containing the 

complex Argonaute-2 (Ago2)-miR122-HSP90 potentially increase HCV 

replication201.  

In addition to the EV’s role as mediators of immune responses, they can act as 

vehicles that promote viral transmission, replication and progression of the 

pathogenesis.  

In the context of HCV infection, EVs derived from HCV-infected cells might be a 

vehicle to transfer miRNAs, viral genomes, entire viral particles, defective 

particles or vesicles containing proteins like envelope proteins, Ago2 etc, from 

infected to naïve cells, leading and establishing a productive infection similar to 

that produced by the HCV itself. In this way, EVs might help HCV components to 

do not be recognized by the immune system and entry target cells. Accordingly, 

EVs packaging might hide and protect viral particles from immune system, 

suggesting that they may also represent an advantage for the evolution of HCV 

quasispecies202. Moreover, it is possible that EVs derived from HCV infected 

hepatocytes play a role in stabilizing and maintaining persistence of viral 
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infection by inducing peripheral immune tolerance, highlighting the need to 

develop highly accurate methodologies to isolate and characterize EVs form 

HCV chronically infected patients and from the same patient after eradicating 

HCV infection. 

 

Summary 1.3 

EVs miRNAs have recently gained interest as potential diagnostic and prognostic 

biomarkers, as they provide relevant information of the current state of the 

patient by using non-invasive methods. Nevertheless, discrepancies on miRNA 

patterns and their validation are still frequent between research groups. Hence, 

methods that result in minimal contamination are necessary to enable the 

precise characterization of miRNA content within EVs. Selecting appropriate 

isolation methods is therefore a critical step for miRNA-based biomarker 

discovery. 
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Identification of viral and host biomarkers as indicators of liver fibrosis 

progression or other related-comorbidities would help in patient management. 

It may anticipate disease progression, and assist in improving the quality of life 

of HCV-positive patients irrespectively of their having resolved the infection.  

Characterizing the immunological status of patients after resolving HCV 

infection by DAAs would help to understand whether patients will evolve to a 

reversion of impaired liver functions and an improvement of health’s status or 

towards a worsening of related or derived liver diseases.  

Improving the isolation and characterization of EVs using a suitable method of 

purification together with accurate miRNA sequencing methodology, would 

facilitate the discovery of miRNA as biomarkers of disease progression. 

  



 

 
 

 

  



 

 
 

 

 

 

 

 

3. OBJECTIVES 

 

 

 



 

 
 

 



OBJECTIVES 3 
 

69 
 

3.1 Primary objectives 

1. To seek a parameter that would be predictive of fibrosis progression at 1 

year after LT, which could be useful to decide the time to start a DAA 

therapy. 

2. To investigate whether HCV cure by DAAs could reverse the impaired 

immune response due to HCV infection. 

3. To establish the most suitable EVs isolation method to assess circulating 

miRNAs profiles for clinical applications.  

 

3.2 Secondary objectives  

1. To analyse HCV quasispecies composition before and after LT, and possible 

changes occurring in the quasispecies complexity soon after LT.  

2. To evaluate diversity indices as predictors of fast liver fibrosis progression.  

3. To study viral factors like viral load as predictors of fast liver fibrosis 

progression. 

4. To investigate phenotypical changes in CD4+ T cells towards T cell 

exhaustion after HCV elimination by DAAs.  

5. To evaluate functional changes in HCV-specific T cells by studying cytokines 

(IFN-γ and IL-2) secretion and proliferation capacity of both CD4+ and CD8+ 

T cells after HCV elimination by DAAs. 

6. To determine if liver inflammation and fibrosis stage regression occurred 

after HCV elimination.  

7. To compare EVs isolated by different methods  

8. To analyse the yield, abundance and diversity of miRNAs obtained from 

different library preparation protocols.  

9. To analyse the yield, abundance and diversity of miRNAs obtained using 

different EV isolation methods 
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4.1.1 Article 1 summary 

 

4.1.1.1 Introduction 

Cirrhosis derived from chronic HCV infection is still a common indication for liver 

transplantation. Reinfection of the engrafted liver is universal in untreated 

patients at the time of transplant, and causes fast progression of cirrhosis in 

around one-third of these patients. The factors that accelerate the post-LT 

progression of liver damage in HCV patients are uncertain and seem to depend 

on the characteristics of the virus and the patient. To prevent damage to the 

liver graft after LT, effective DAAs-therapy is required as soon as possible. 

However, because of post-LT clinical instability, it is difficult to determine the 

optimal time to start DAAs with a low risk of complications.  

 

4.1.1.2 Hypothesis  

Identification of a viral indices or biomarkers as indicators of liver fibrosis 

progression or other related-comorbidities would help to anticipate fatal 

outcomes and improve the quality of life of HCV positive patients, whether or 

not they resolved the infection.  

 

4.1.1.3 Objectives 

1. To analyze HCV quasispecies composition before and after LT, and changes 

occurring in the quasispecies complexity soon after LT.  

2. To evaluate diversity indices as predictors of fast liver fibrosis progression.  

3. To study viral factors like viral load as predictors of fast liver fibrosis 

progression. 
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4.1.1.4 Study design 

o Ten chronic HCV-infected patients who underwent orthotropic LT were 

included in the study.  

o The histological grade of liver fibrosis was evaluated according to the ISHAK 

fibrosis score in liver biopsy specimens 1 year after transplantation. 

o RNA was extracted from serum samples collected 6 weeks before LT (pre-

LT) and 15 days after LT (post-LT). Amplification products were quantified 

and analysed for qualityprior to sequencing. Purified DNA from each sample 

was mixed forming equimolar pools, and HCV genomes isolated from pre-

LT and post-LT samples were sequenced using a next-generation sequencing 

platform. Then, sequences obtained were pairwise-aligned with respect to 

the dominant haplotype and filtered. 

● HCV quasispecies composition were studied by phylogenetic analysis. 

Haplotypes from the pre- and post-LT quasispecies were clustered by 

UPGMA on the matrix of Kimura-80 genetic distances.  

Diversity analyses were carried out to define the viral quasispecies 

complexity at the molecular level. Mutation frequency (Mfmax), Hill 

numbers (qD of order 0, 1, 2, infinity), and nucleotide diversity (π), were the 

diversity indices used. Quasispecies complexity changes before and after LT 

were studied using the Mann-Whitney U test on each diversity index. 

Moreover, whether the diversity changes showed a general trend from pre-

LT to post-LT, considering all indices, was examined by a multivariate 

analysis. Associations between the liver damage level (high vs. low) at 1-

year post-LT and each diversity index in both the pre- and post-LT samples 

were studied by fitting a linear model of a single factor with two levels, high 

and low fibrosis. The adjusted R2 was assessed as a measure of prediction 

accuracy. 
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● Viral loads (VL) were measured using the Cobas 6800 system. Associations 

between the differences in VLs (log VL post-LT minus log VL pre-LT) and liver 

damage level (high vs. low) at 1-year post-LT was carried out using a single 

fixed factor analysis of variance (ANOVA).  

 

4.1.1.5 Results according to objectives 

4.1.1.5.1 Objective 1: To analyze HCV quasispecies kinetics before and after LT, 

and changes occurring in the quasispecies complexity soon after LT 

Three different patterns of reinfection were observed in the comparison of the 

phylogenetic analyses of pre- and post-LT samples.  

The first pattern represented in the majority of patients showed mixed 

populations where the master sequence remained invariant before and after LT, 

and most of the individual haplotypes were not common among populations; 

instead, some specifically shared haplotypes had successfully developed new 

subpopulations after LT.  

The second pattern showed a viral bottlenecking effect. The pre-LT master 

sequence is different after LT, and two clearly separate quasispecies with no or 

only one shared haplotype can be differentiated between pre and post-LT 

populations.  

In the third pattern, the master sequence was highly conserved in both the 

pre- and post-LT quasispecies and the vast majority of haplotypes were also 

conserved in the two populations. 

Moreover, the study of changes occurring in the quasispecies complexity 

comparing the sample from pre-LT and the one 15 days after LT using 

unidimensional and principal components analysis, point that no changes were 

observed towards an increase or decrease in viral complexity after LT. Hence, 

on Figure 10, patients represented near 0 would be explained by random 

changes of the quasispecies diversity after LT, while patients represented above 
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0 would explain a diversity reduction due to homogeneization of the 

quasispecies. 

 

Figure 10. Boxplots with diversity indices showing differences between the pre-LT and 

post-LT quasispecies. (A) D0: hill number of order 0, (B) D1: hill number of order 1, (C) 
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D2: hill number of order 2, (D) Dinf: Hill number of order infinity, (E) Mfmax: mutation 

frequency, (F) _: nucleotide diversity. Each patient is represented as *. The p-value 

resulting from the Mann-Whitney U-test is included. 

4.1.1.5.2 Objective 2: To evaluate diversity indices as predictors of fast liver 

fibrosis progression.  

The adjusted R2 was very low for all of the diversity indices, indicating that they 

lacked predictive capability in both samples as shown in Table 1. Therefore, 

complexity indexes cannot be used as predictors of future liver damage degree 

evolution. 

 

Table 1. Ability of diversity measurements (qD of order 0, 1, 2, infinity, Mfmax, and π) 

to predict high or low fibrosis degree at 1 year post-LT using both pre-LT and 15 day 

post-LT samples. Prediction accuracy of each diversity measure is represented as 

adjusted R2. 

4.1.1.5.3 Objective 3: To study viral factors like viral load as predictors of fast 

liver fibrosis progression. 

A significant association between viral load (VL) and progression of liver damage 

was found. Patients showing a VL increase at 15 days post-LT (relative to pre-LT 

VL), developed advanced fibrosis at 1-year post-LT, whereas the decrease in VL 

was associated with minimal liver fibrosis changes (Figure 11). It suggests that 

an increase in VL after LT compared with the pre-LT sample, can be used as a 
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prognostic value for decision making on prescribing an HCV DAA-based 

treatment to minimize disease progression.  

 

Figure 11. Viral load differences between pre and post‐LT samples. (A) Arrows showing 

the evolution of log VL from pre‐LT (arrow tails on the left) to 15‐day post‐LT (arrow 

heads on the right side of the box). At one year post‐LT, patients with high fibrosis (F3–

F4) in orange, patients with low fibrosis (F0–F2) in green. (B) Scatterplot with differences 

in log VL at 15 days post‐LT minus pre‐LT. The ANOVA p‐value in the comparison of the 

two levels of liver damage is included. Each patient is represented as *. 

 

 4.1.1.6 Conclusions 

1. HCV quasispecies composition pre- and post-LT differ between patients, 

suggesting that homogenization of the composition of the viral 

population after liver graft reinfection is not a general effect.. 

2. HCV quasispecies complexity measured by several diversity indices does 

not correlate with the fibrosis progression at 1-year post-LT. 

3. Higher VL at day 15 post-LT as compared to the pre-LT VL values, may 

predict fast liver fibrosis progression. 
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Abstract: Cirrhosis derived from chronic hepatitis C virus (HCV) infection is still a common indication
for liver transplantation (LT). Reinfection of the engrafted liver is universal in patients with detectable
viral RNA at the time of transplant and causes fast progression of cirrhosis (within 5 years) in around
one-third of these patients. To prevent damage to the liver graft, effective direct-acting antiviral
(DAA) therapy is required as soon as possible. However, because of post-LT clinical instability, it
is difficult to determine the optimal time to start DAAs with a low risk of complications. Evaluate
changes in quasispecies complexity following LT and seek a predictive index of fast liver damage
progression to determine the timing of DAA initiation. HCV genomes isolated from pre-LT and
15-day post-LT serum samples of ten patients, who underwent orthotopic LT, were quantified
and sequenced using a next-generation sequencing platform. Sequence alignments, phylogenetic
trees, quasispecies complexity measures, biostatistics analyses, adjusted R2 values, and analysis of
variance (ANOVA) were carried out. Three different patterns of reinfection were observed (viral
bottlenecking, conserved pre-LT population, and mixed populations), suggesting that bottlenecking
or homogenization of the viral population is not a generalized effect after liver graft reinfection.
None of the quasispecies complexity measures predicted the future degree of liver damage. Higher
and more uniform viral load (VL) values were observed in all pre-LT samples, but values were more
dispersed in post-LT samples. However, VL increased significantly from the pre-LT to 15-day post-LT
samples in patients with advanced fibrosis at 1-year post-LT, suggesting that a VL increase on day 15
may be a predictor of fast liver fibrosis progression. HCV kinetics after LT differ between patients
and are not fibrosis-dependent. Higher VL at day 15 post-LT versus pre-LT samples may predict fast
liver fibrosis progression.
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1. Introduction

Hepatitis C virus (HCV) infection is a cause of end-stage liver disease and an indication
for liver transplantation (LT). The reinfection of the engrafted liver is universal in patients
with detectable viral RNA during the first days, and even the first hours, after transplanta-
tion [1,2]. Symptomatic HCV hepatitis then develops in 1 to 4 months, although the clinical
pattern varies. Within 5 years after LT occurs, there is a fast progression to cirrhosis in 10%
to 30% of patients [3–6]. Before the introduction of interferon-free regimens, only 30% of
non-transplant patients with HCV-related cirrhosis had liver decompensation at 10 years,
whereas more than 40% of graft recipients showed decompensation within 12 months after
the diagnosis of recurrent cirrhosis, and up to 60% experienced a decompensation episode
3 years later [4,7–10].

The factors that accelerate the post-LT progression of liver damage in HCV patients
are uncertain and seem to depend on the characteristics of the virus and the patient [11,12].
Reports have shown that some amino acid signatures in the NS5B region of HCV are specific
to patients developing cholestatic fibrosis hepatitis, which is a severe variant of HCV
infection recurrence after liver transplantation [13]. However, there is little information
on the diversity index and other viral factors that could help predict the accelerated
progression of liver damage.

The advent of safe and highly effective direct-acting antiviral agents (DAAs) has
profoundly changed the management of patients with advanced liver damage and those
undergoing LT. Although DAA treatment before LT would be the best option, drug-to-drug
interactions between some DAAs and various immunosuppressive agents may jeopardize
this approach. Furthermore, some DAAs should be avoided in patients with severely
impaired liver function and renal dysfunction because of complications, the most common
being renal failure, which is not unusual after LT. An alternative is treatment soon after
the procedure or when the risk of chronic rejection has decreased and immunosuppressive
rejection medication is stable [14]. Hence, the question arises as to when would be the best
time to start DAA treatment. The ELITA consensus statements [9] summarize the factors
that should be considered to determine whether pre- and post-LT DAA therapy is justified
in patients listed for decompensated cirrhosis without hepatocellular carcinoma (HCC). In
general, patients who will progress faster to cirrhosis (fast progressors) should be treated
earlier after LT than those with slower progression (slow progressors), who can be treated
later, after the patient’s health status has improved. Therefore, finding a predictive index of
fast liver damage progression to determine the timing of DAA initiation is of great interest,
and quasispecies composition has been related to viral persistence, disease progression,
and response to antiviral agents [15–17].

HCV is an enveloped, positive-sense, single-stranded RNA virus of the genus Hep-
acivirus in the Flaviviridae family [18]. The lack of proofreading activity of the nonstruc-
tural protein 5B (NS5B) RNA-dependent RNA polymerase leads to substantial sequence
variation in the HCV genome, which displays mutation rates in the range of 10-3–10-5
mutations per nucleotide copied [19]. Hence, HCV does not exist as a single genome, even
in a single infected individual; instead, it is a complex and dynamic distribution of non-
identical but related genomes known as a viral quasispecies that undergoes a continuous
process of genetic variation, competition, and selection [20–25]. The viral quasispecies
complexity has been defined as the “intrinsic property that quantifies the diversity and
frequency of haplotypes, independently of the population size that contains them” [26].
The relevance of the viral complexity level has been evidenced by the lower adaptability
of viruses whose polymerase shows a higher or lower copying fidelity than the wild type
with a comparable population size in the same biological context [27–30]. Therefore, when
studying an infection, it is important to be aware that all members of the quasispecies
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may be relevant for establishing chronic infection, and an approach based on studying the
diversity and complexity of the entire viral population should be considered.

The aim of this study was to evaluate changes occurring in the complexity of the
HCV quasispecies soon after LT, seeking a parameter that would be predictive of fibrosis
progression at 1 year following the procedure, which could be useful for guiding the timing
of the start of DAA therapy.

2. Materials and Methods

This study consisted of ten HCV patients who underwent orthotopic LT, fulfilled the
inclusion criteria, and had none of the exclusion criteria, as shown in the Supplementary Material.

This study was approved by the local institutional review board for clinical research,
and all patients gave written informed consent in accordance with the 1975 Declaration
of Helsinki.

Ten patients were included in the study, five being infected with HCV genotype 1
subtype a (G1a), four with G1b, and one with G3a [31]. Serum samples were collected
6 weeks before LT at the time they were included in the waiting list and 15 days after LT at
the moment of hospital discharge.

The histological grade of liver fibrosis was evaluated according to the ISHAK fibrosis
score [32] in liver biopsy specimens 1 year after transplantation. Viral load (VL) before
LT (6 weeks) and 15 days after LT were measured using the Cobas 6800 system (Roche
Applied Science, Basel, Switzerland; lower limit of detection, 10 IU/mL).

2.1. RNA Extraction, RT-PCR, Heminested-PCR Amplification and Quantification

A 30 µL amount of total RNA was obtained by extracting between 140 and 280 µL
of the 6 weeks pre-LT and 15 days post-LT serum sample (depending on the VL of each)
using the QIAamp Viral RNA Mini Kit 250 (Qiagen, Hilden, Germany) and following the
manufacturer’s instructions. Samples P03 and P05 with the lowest VL required a double
serum volume for RNA extraction to avoid bias occurring in the sequencing studies.

Reverse transcription polymerase chain reaction (RT-PCR) was performed as previ-
ously described [31]. Briefly, the reverse transcription of the NS5B region (nucleotides (nt)
8254–8707) was carried out using the Transcriptor One-Step reverse RT-PCR kit (Roche Ap-
plied Science, Basel, Switzerland). HCV RNA was reverse-transcribed into complementary
deoxyribonucleic acid (cDNA) (30 min at 50 ◦C) and PCR-amplified for 35 cycles (10 s at
94 ◦C, 30 s at 53 ◦C, and 30 s at 68 ◦C) with specific oligonucleotides (5Bu8254: CNTAYGAY-
ACCMGNTGYTTTGACTC; 5Bd8707: TTNGADGAGCADGATGTWATBAGCTC). A final
product of 454 nt was obtained. Nucleotide positions were marked according to isolate
H77 accession number AF009606 [33]. The reaction mixture for RT-PCR was prepared as
follows: 28.5 µL H2O-PCR 1×, 10 µL buffer 5×, 2.5 µL DMSO, 1.5 µL upstream primer
(20 pmol), 1.5 µL downstream primer (20 pmol), 1 µL polymerase, and 5 µL RNA.

Heminested PCR was then performed with 5 µL of DNA from the above PCR using
the FastStart High Fidelity PCR System dNTPack kit (Roche Applied Science Basel, Switzer-
land) with 20 pmol of the labeled upstream primer (13N5Bo8254: GTTGTAAAACGACG-
GCCAGTCNTAYGAYACCMGNTGYTTTGACTC) and 20 pmol of the labeled downstream
primer (13N5Bo8641: CACAGGAAACAGCTATGACCGARTAYCTGGTCATAGCNTC-
CGTGAA), both of which included a complementary universal M13 primer at the 5′ end.
HCV DNA was amplified in a 35-cycle PCR (30 s at 94 ◦C, 30 s at 56 ◦C, and 30 s at
72 ◦C) with a reaction mixture comprised of 33 µL H2O-PCR 1×, 5 µL buffer 10×, 1 µL
dNTP, 2.5 µL DMSO, 1.5 µL of 20 pmol upstream primer, 1.5 µL of 20 pmol downstream
primer, 0.5 µL polymerase, and 5 µL DNA. A final product of 428 nt (including primers)
was obtained.

PCR products from different isolates were pooled together before deep sequencing.
Each isolate was tagged with a different multiplex identifier (MID) by performing a short
(15 cycles) PCR. The final product was 498 nt in length (including primers, MID, and
adaptors for GS–Junior sequencing), spanning nucleotides 8254–8641.
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Amplification products were analyzed using 2% agarose gel electrophoresis with the
QIAquick gel extraction kit (Qiagen, Valencia, CA, USA), quantified using the PicoGreen
assay (Invitrogen, Carlsbad, CA, USA), and quality-analyzed using a BioAnalyzer DNA
1000 LabChip (Agilent, Santa Clara, CA, USA) prior to sequencing.

2.2. Ultradeep Pyrosequencing (UDPS)

Purified DNA from each sample was mixed, forming equimolar pools. Each pool was
sequenced by UDPS-based next-generation sequencing (NGS) on the GS–Junior platform
(454 Life Sciences, Roche, Branford, CT, USA), following the manufacturers’ protocol.

2.3. Nucleotide Haplotypes and Diversity Analyses

Sequencing data analysis was performed as previously reported [34,35]. Briefly,
sequences were demultiplexed by the MID and specific primer and pairwise-aligned with
respect to the dominant haplotype, excluding reads that did not cover the full amplicon or
harbored more than 2 indeterminations or 3 gaps. Accepted indeterminations and gaps
were repaired as per the dominant haplotype. Reads were collapsed to haplotypes and
their corresponding frequencies. Only those with abundances above 0.1% and common to
the forward and reverse strands were kept. All computations were made in the R language
and platform [36] with in-house-developed scripts and with the help of the Biostrings [37],
ape [38], seqinr [39], and ade4 [40] packages.

Diversity analyses were carried out on sequences that passed the filters, standard-
izing to the lowest coverage with a down-sampling and fringe-trimming approach [35].
The following diversity indices were used to define the viral quasispecies complexity at
the molecular level [26]: mutation frequency (Mfmax), Hill numbers (qD) [41,42], and
nucleotide diversity (π) [43,44].

2.4. Phylogenetic Analysis

For the phylogenetic analysis, read alignments were further filtered, discarding all
haplotypes below 0.5% [35]. Haplotypes from the pre- and post-LT quasispecies were
clustered by UPGMA (Unweighted Pair Group Method with Arithmetic mean) on the
matrix of Kimura-80 genetic distances [45].

2.5. Biostatistic Analyses

Quasispecies complexity changes before and after LT were studied using the Mann–
Whitney U test on each diversity index, with the null hypothesis of equal population means
and the alternate hypothesis of greater diversity in pre-LT samples. Diversity indices were
computed in the pre-LT and 15 day post-LT sample.

A principal component analysis was performed on the matrix of diversity measures,
allowing the representation of samples characterized by variables that could be strongly
correlated on orthogonal axes. The aim of this multidimensional exploratory analysis was
to determine whether the diversity changes showed a general trend from pre-LT to post-LT
when all indices were included in a multivariate analysis.

Associations between the liver damage level at 1 year post-LT and each diversity
index in both the pre-LT and 15-day post-LT samples were studied by fitting a linear model
of a single factor with two levels, high fibrosis (F3–F4) and low fibrosis (F0, F1, F2). The
adjusted R2 was assessed as a measure of prediction accuracy.

Associations between the differences in VLs (log VL at 15 days post-LT minus log VL
pre-LT) and liver damage level (high vs. low) at 1 year post-LT was carried out using a
single fixed factor analysis of variance (ANOVA) with a significance level of 0.05.

The statistical methods used in this study were reviewed by Josep Gregori from
Liver Diseases-Viral Hepatitis, Liver Unit, Vall d’Hebron Institut de Recerca (VHIR), Vall
d’Hebron Hospital Universitari, Vall d’Hebron Barcelona Hospital Campus, Universitat
Autònoma de Barcelona, Passeig Vall d’Hebron 119-129, Barcelona, Spain; Centro de
Investigación Biomédica en Red de Enfermedades Hepáticas y Digestivas (CIBERehd),
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Instituto de Salud Carlos III, Madrid, Spain; Roche Diagnostics SL, Sant Cugat del Vallès,
Barcelona, Spain.

3. Results

Patient data, viral load, and complexity measures are reported in Supplementary Table S1.

3.1. Viral Kinetics and Histological Grade

HCV RNA was detected in all patient samples: mean and standard deviation (SD)
1.52 × 106 (SD 703492.881) at pre-LT and 2.91 × 106 (SD 4655095.8) at 15 days post-LT. The
following histological diagnoses according to the ISHAK classification were established in
liver biopsies acquired at 1 year: F0 in 3 patients, F1 in 1, F2 in 2, F3 in 2, and F4 in 2 others.
One of the two patients with F4 fibrosis grade (P10) developed cholestatic fibrosis hepatitis
6 months after liver transplantation.

3.2. Phylogenetic Studies

Three different patterns were obtained in the comparison of the phylogenetic analyses
of pre- and post-LT samples (Figure 1). In the first pattern, observed in 7 of the 10 patients
(70%), the master sequence (sequence with the highest percentage of reads) remained
before and after LT. In this group, five of the patients were subtype 1a and two were
subtype 1b. Interestingly, the master sequence was present in a higher percentage before
than after LT in 4 of the 7 patients, remarking that 3 patients were HCV subtype 1a, while
only 1 was 1b. In patient P10 who had a cholestatic event at six months after LT, the
master sequence remained dominant after LT. In the analysis of the quasispecies in these
patients, we found that most of the individual haplotypes were not common to both (pre-
and post-LT) populations; instead, some specifically shared haplotypes had successfully
developed new subpopulations (Figure 1A and Supplementary Figures S1–S6).

The second pattern, seen in 2 of the 10 patients, showed a clear viral “bottleneck” effect.
The pre-LT master sequence had changed after LT, and two clearly separate quasispecies
with no or only one shared haplotype were observed (Figure 1B and Supplementary
Figures S1–S7). Both patients were HCV subtype 1b.

Finally, in the third pattern, observed in 1 of the 10 patients, the master sequence was
highly conserved in both the pre- and post-LT quasispecies, with greater representation
in the pre-LT samples. The vast majority of haplotypes were also conserved in the two
populations and present in similar percentages (Figure 1C). The patient showed that the
unique pattern corresponded with genotype 3a.

3.3. Unidimensional Analyses

For each diversity measure, a Mann–Whitney U-test was carried out, in which the null
hypothesis was that diversity changes were random after transplantation, and, therefore,
the average difference was 0. The alternative hypothesis was that diversity was reduced
after transplantation due to the homogenization of the quasispecies, and the average
difference was greater than 0.

The differences (pre/post-LT) for each diversity measure with the resulting p-value
from the Mann–Whitney U-test are shown in Figure 2A–F. In all cases, the 0 was well inside
the observed distribution of differences and the p-values obtained were well above 0.05.
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Figure 1. Phylogenetic trees representing the liver quasispecies population before (pre-LT) and after (post-LT) liver trans-
plantation. Haplotypes from the pre-LT quasispecies are represented in green, and haplotypes from the post-LT qua-
sispecies are in orange, as examples of the three infection patterns found. (A) Patient 05; (B) Patient 08; (C) Patient 01. The 
nomenclature used was Pxx.y_z_vvvv, where xx is the patient identifier (P01, P02 etc), y is the sample identifier (0 for pre-
LT, 1 for post-LT), z is the number of differences between the haplotype and the master sequence, and vvvv is an identifier 
for haplotypes with the same number of mutations in the quasispecies. The last percent number represents the frequency 
at which each haplotype is represented in the quasispecies. 

Figure 1. Phylogenetic trees representing the liver quasispecies population before (pre-LT) and after
(post-LT) liver transplantation. Haplotypes from the pre-LT quasispecies are represented in green, and
haplotypes from the post-LT quasispecies are in orange, as examples of the three infection patterns
found. (A) Patient 05; (B) Patient 08; (C) Patient 01. The nomenclature used was Pxx.y_z_vvvv, where
xx is the patient identifier (P01, P02 etc), y is the sample identifier (0 for pre-LT, 1 for post-LT), z is
the number of differences between the haplotype and the master sequence, and vvvv is an identifier
for haplotypes with the same number of mutations in the quasispecies. The last percent number
represents the frequency at which each haplotype is represented in the quasispecies.
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Figure 2. Boxplots with diversity indices showing differences between the pre-LT and post-LT
quasispecies. (A) D0: hill number of order 0, (B) D1: hill number of order 1, (C) D2: hill number of
order 2, (D) Dinf: hill number of order infinity, (E) Mfmax: mutation frequency, (F) π: nucleotide
diversity. Each patient is represented as *. The p-value resulting from the Mann-Whitney U-test
is included.

3.4. Principal Components Analysis

As in the unidimensional analyses, changes towards lower viral complexity after
transplantation were not confirmed. In Figure 3A–C, a significant multivariate association
between LT and the diversity measures would result in a consistent pattern of arrows
pointing in approximately the same direction, which is not the case.

3.5. Associations between Diversity Measures and Fibrosis at 1 Year Post-LT

Liver fibrosis as a measure of liver damage was dichotomized into low (F0, F1) and
high (F3, F4) values. The distribution of values for the various diversity indices in each liver
damage group and in pre-LT and 15 days post-LT samples is shown in Table 1. Here, the
adjusted R2 value acts as an assessment of the prediction accuracy. Of note, the adjusted
R2 was very low for all of the diversity measures, indicating that they lacked predictive
capability in both samples.



Genes 2021, 12, 1731 10 of 15

Genes 2021, 12, x FOR PEER REVIEW 10 of 15 
 

 

between LT and the diversity measures would result in a consistent pattern of arrows 
pointing in approximately the same direction, which is not the case. 

 
Figure 3. Samples represented on the planes of the first three principal components. Each pair of 
samples is represented as an arrow, with pre-LT at the tail and post-LT at the head. (A) PC2 vs. PC1; 
(B) PC3 vs. PC1; (C) PC3 vs. PC2. 

3.5. Associations between Diversity Measures and Fibrosis at 1 year Post-LT 
Liver fibrosis as a measure of liver damage was dichotomized into low (F0, F1) and 

high (F3, F4) values. The distribution of values for the various diversity indices in each 
liver damage group and in pre-LT and 15 days post-LT samples is shown in Table 1. Here, 
the adjusted R2 value acts as an assessment of the prediction accuracy. Of note, the ad-
justed R2 was very low for all of the diversity measures, indicating that they lacked pre-
dictive capability in both samples. 

Table 1. Ability of diversity measures (qD of order 0, 1, 2, infinity, Mfmax, and π) to predict high or 
low fibrosis degree at 1 year post-LT using both pre-LT and 15 day post-LT samples. Prediction 
accuracy of each diversity measure is represented as adjusted R2. 

 
Diversity Measures 

Adjusted R2 

(D0) 
Adjusted R2 

(D1) 
Adjusted R2 

(D2) 
Adjusted R2 

(Dinf) 
Adjusted R2 

(Mf) 
Adjusted R2 

(π) 
Pre-LT 0.086 0.064 0.118 0.111 0.021 0.027 
Post-LT 0.060 0.026 0.019 0.025 0.063 0.051 

Figure 3. Samples represented on the planes of the first three principal components. Each pair of
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Table 1. Ability of diversity measures (qD of order 0, 1, 2, infinity, Mfmax, and π) to predict high
or low fibrosis degree at 1 year post-LT using both pre-LT and 15 day post-LT samples. Prediction
accuracy of each diversity measure is represented as adjusted R2.

Diversity Measures

Adjusted
R2 (D0)

Adjusted
R2 (D1)

Adjusted
R2 (D2)

Adjusted
R2 (Dinf)

Adjusted
R2 (Mf)

Adjusted
R2 (π)

Pre-LT 0.086 0.064 0.118 0.111 0.021 0.027
Post-LT 0.060 0.026 0.019 0.025 0.063 0.051

3.6. Associations between VL and Fibrosis at 1 Year Post-LT

Patients showing a VL increase at 15 days post-LT relative to the pre-LT value de-
veloped a higher degree of fibrosis (F3, F4) at 1 year post-LT; therefore, they could be
considered fast progressors. In contrast, patients showing a VL decrease after LT could be
considered slow progressors, as all showed minimal liver fibrosis changes (F0, F1) at 1 year
after transplantation. The VL values were high and uniform in all pre-LT samples but were
more dispersed in the post-LT samples (Figure 4A). In the ANOVA, a statistically signifi-
cant association between VL and the progression of liver damage was found (p = 0.0144)
(Figure 4B).
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Figure 4. Viral load differences between pre and post-LT samples. (A) Arrows showing the evolution
of log VL from pre-LT (arrow tails on the left) to 15-day post-LT (arrow heads on the right side of the
box). At one year post-LT, patients with high fibrosis (F3–F4) in orange, patients with low fibrosis
(F0–F2) in green. (B) Scatterplot with differences in log VL at 15 days post-LT minus pre-LT. The
ANOVA p-value in the comparison of the two levels of liver damage is included. Each patient is
represented as *.

4. Discussion

Liver replacement causes a drastic change in the environment in which the virus had
adapted to proliferate; therefore, changes would be expected to occur in the composition
of the quasispecies following LT. After the primary HCV target organ is removed, there
is a substantial reduction in the overall VL, and the viral populations remaining in the
bloodstream and extra-hepatic reservoirs initiate infection of the new liver graft [1,46]. The
number of viral particles (population size) starting the reinfection, together with differences
in the liver graft, state of immunosuppression, and patient characteristics, may influence
the evolutionary outcome and affect the quasispecies composition [22,47,48].

In this scenario, during graft reinfection, a genetic phenomenon known as “bottleneck-
ing” is expected [49] in which the fittest virions are selected in the absence of an effective
immune response, thereby increasing their frequency in serum with still limited variabil-
ity [50]. In this sense, our phylogenetic studies have revealed three different patterns of
viral behavior after liver graft infection. In the first pattern, observed in most patients
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(70%), the master sequence was conserved, but the mutant spectra differed. Only some
sequences were the same as the pre-LT ones, suggesting that the reinfection of the liver
was caused by the master and the most prevalent pre-LT sequences. In the two patients
with the second pattern, the master sequence differed from the pre-LT one, and the mu-
tant spectra were completely different, suggesting that reinfection of the liver graft was
caused by a minor mutant from the pre-LT quasispecies. Finally, in the third pattern (one
patient), the pre-LT quasispecies was maintained after liver transplantation, suggesting
massive reinfection of the liver graft by most of the pre-LT virions. Despite pattern 2 and 3
only include patients with subtypes 1b and 3 respectively, the small sample size (two for
pattern 2 and one for pattern 3), do not allow us to extract conclusions on the effect of the
subtype in the viral quasispecies behavior after LT. However, pattern 1 has been found in
patients with subtype 1a and 1b, suggesting that in most of the cases, and independently
of the liver damage progression, HCV reinfection follows this particular pattern master
sequence, which remains after LT but with different mutant spectra. Interestingly, in the
patient that had a cholestatic fibosis hepatitis (P10) master sequence, it remained dominant
after LT as previously reported by Gambato et al. in which 62% of cholestatic patients
showed the remaining of master sequence compared with the 11% in the patients with
mild recurrence [13]. The main limitation of this study is the small sample size. The main
reason for the low number of patients included is that most of the patients are efficiently
treated with DAAs before and soon after LT, thus limiting the number of samples fulfilling
inclusion criteria for our study in which we require patients with at least one year of
untreated follow-up.

It is widely recognized that liver fibrosis rapidly progresses in some patients, leading
to cirrhosis at 1 year post-LT (fast-progressors), whereas others show minimal changes
in the transplanted graft at the same time point (slow-progressors). In this situation, we
hypothesized that the viral complexity indices might predict the fast or slow progression
of liver damage. However, after conducting an exhaustive analysis of changes in the HCV
quasispecies complexity measures (qD, Mfmax, and π) obtained before LT and 15 days
following LT, none of the measures studied were significantly associated with progression
to more aggressive liver damage at 1 year following the procedure. This may be because the
viral quasispecies is a highly variable and dynamic population that fluctuates greatly over
time, and the results may vary according to the moment at which the sample is collected
and analyzed. Hence, we cannot exclude that the analysis of samples taken at a later point
after LT might have led to the identification of a complexity index predictive of fast liver
damage progression.

Interestingly, we observed a significant increase in VL values from pre-LT to 15 days
post-LT in all patients who had an advanced stage of fibrosis 1 year after the procedure, in
accordance with previous findings [51]. Our results support the notion that the difference
in VL before and after LT may be of value in predicting fibrosis progression. Thus, VL
changes may be a useful criterion to determine whether to administer DAA treatment as
soon as possible post-LT or delay it until the patient is clinically stable.

5. Conclusions

To sum up, none of the viral complexity measures studied at 15 days after liver
transplantation were significantly associated with liver damage progression at 1 year
following the procedure. Three different patterns of liver graft reinfection were observed
based on phylogenetic analyses. VL values were high and uniform in all pre-LT samples
but were more dispersed in the post-LT samples. An increase in viral load after liver
transplantation was associated with fast progression to liver fibrosis and could be an
indicator that effective antiviral treatment should be started as soon as possible in these
particular patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12111731/s1, Figures S1–S7: Phylogenetic trees representing the liver quasispecies

https://www.mdpi.com/article/10.3390/genes12111731/s1
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population before (pre-LT) and after (post-LT) liver transplantation. Table S1. Clinical data, viral
load, and pre/post-LT viral complexity measures. Inclusion and exclusion criteria.
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Inclusion criteria  

 

1. Recipient of the first orthotopic liver transplant  

2. Adult of either sex  

3. Age ≥18 years  

4. Positive HCV RNA testing at 12 months before transplantation  

5. Written informed consent for participation in the study  

6. Able to participate in the study for the 12 months following transplantation  

 

Exclusion criteria  

 

1. Recipient of multiple organ transplants or a previous organ transplant  

2. Split or living donor recipient infection  

3. Recipient with ABO incompatibility  

4. Recipient seropositive to HIV antibodies  

5. Recipient due to fulminant liver failure  

6. Recipient due to HCV infection under DAA treatment, with negative HCV RNA 

status  

7. Known neoplasm or history of neoplastic disease, except basal cell skin carcinoma or 

hepatocarcinoma meeting the following criteria: no vascular invasion. Single nodule ≤5 

cm diameter. or 2 or 3 three nodules <3 cm (Milan’s criteria)  



8. Glomerular filtration rate <60 ml/min/1.73m2 before transplantation or kidney 

dialysis requirement before transplantation  

 

9. Critical illness with clinical instability that could affect the study goals  

10. Patient treated with a new therapy under investigation within 1 month before 

transplantation with a drug that will be needed in the post-LT period  

11. Patient with <103 viral particles 15 weeks post-LT  
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Table S1. Clinical data base, viral load and pre/post-LT viral complexity measures. 

Patients P01 P02 P03 P04 P05 P06 P07 P08 P09 P10 

 

Subtype 
 

3a 1a 1a 1b 1a 1b 1a 1b 1a 1b 

Donor 

age 
 

56 30 67 67 62 20 62 33 54 63 

Receiver 

age 
 

64 60 49 65 54 60 58 67 49 63 

Liver 

damagea 

 

low low low low low low high high high high 

ISHAKa F0 F0 F0 F1 F2 F2 F3 F3 F4 F4 

Viral load 

Pre-LT 2.00E+06 1.70E+06 8.40E+05 2.92E+06 1.20E+06 2.20E+06 1.50E+06 7.13E+05 1.30E+06 8.10E+05 

Post-LT 6.22E+05 2.04E+05 1.10E+04 3.60E+05 3.00E+04 5.70E+06 2.20E+06 3.99E+06 1.50E+07 1.00E+06 

Number of different mutations 

Pre-LT 39 49 44 42 19 38 33 12 28 22 

Post-LT 35 19 22 11 22 24 25 33 37 26 

Number of polymorphic sites 



 

Pre-LT 38 48 43 40 19 35 32 12 28 22 

Post-LT 35 19 20 11 22 24 24 33 37 26 

Number of nucleotides sequenced 

Pre-LT 772800 666288 1302000 944496 1614816 1276800 1734768 1445136 456960 1149120 

Post-LT 589008 910560 1426992 1947456 660912 1274448 1465296 1187088 1036896 898800 

Number of haplotypes 

Pre-LT 58 89 49 62 24 43 42 36 42 36 

Post-LT 60 68 41 18 47 47 31 35 55 39 

Abundance of dominant haplotype 

Pre-LT 34.00 17.40 57.24 31.52 51.48 25.66 45.61 22.90 29.34 24.59 

Post-LT 25.44 11.77 34.05 38.70 34.98 31.74 46.57 55.19 25.37 36.93 

MF min. minimum mutation frequency 

Pre-LT 5.05E-05 7.35E-05 3.38E-05 4.45E-05 1.18E-05 2.98E-05 1.90E-05 8.30E-06 6.13E-05 1.91E-05 

Post-LT 5.94E-05 2.09E-05 1.54E-05 5.65E-06 3.33E-05 1.88E-05 1.71E-05 2.78E-05 3.57E-05 2.89E-05 

MF max. maximum mutation frequency 

Pre-LT 2.80E-03 1.50E-02 1.57E-03 3.50E-03 1.98E-03 2.38E-02 1.86E-03 4.15E-03 4.06E-03 5.27E-03 



 

Post-LT 4.45E-03 1.22E-02 2.52E-03 3.16E-03 3.84E-03 2.30E-02 2.50E-03 3.07E-03 3.67E-03 2.66E-03 

Mfe. mutation frequency per entity 

Pre-LT 4.36E-03 1.62E-02 3.52E-03 6.24E-03 4.59E-03 2.80E-02 3.54E-03 6.45E-03 5.60E-03 7.52E-03 

Post-LT 5.70E-03 1.32E-02 4.65E-03 5.46E-03 7.16E-03 2.76E-02 4.42E-03 1.04E-02 5.47E-03 4.20E-03 

^∏. Nucleotide diversity 

Pre-LT 4.99E-03 2.19E-02 3.02E-03 6.54E-03 3.45E-03 3.04E-02 3.59E-03 7.07E-03 7.09E-03 8.32E-03 

Post-LT 7.06E-03 1.45E-02 4.63E-03 4.80E-03 6.84E-03 2.69E-02 4.62E-03 5.72E-03 6.63E-03 4.51E-03 

^∏e. Nucleotide diversity by entity 

Pre-LT 7.98E-03 2.40E-02 6.85E-03 1.12E-02 8.10E-03 3.29E-02 6.91E-03 1.04E-02 1.00E-02 1.19E-02 

Post-LT 9.52E-03 1.55E-02 8.44E-03 8.03E-03 1.17E-02 2.85E-02 8.24E-03 1.77E-02 1.01E-02 7.70E-03 

D1. Hill numbers 

Pre-LT 21.39 52.84 9.43 25.83 6.65 16.62 13.08 16.25 18.86 17.07 

Post-LT 26.40 43.99 15.95 7.19 18.45 20.32 9.99 7.97 24.99 13.94 

D2. Hill numbers 

Pre-LT 7.58 22.62 2.99 8.85 3.40 8.75 4.55 9.41 8.80 10.05 

Post-LT 11.28 26.89 7.11 4.66 7.13 8.24 4.21 3.13 11.26 5.98 

D∞. Hill numbers 



 

Pre-LT 2.94 5.75 1.75 3.17 1.94 3.90 2.19 4.37 3.41 4.07 

Post-LT 3.93 8.50 2.94 2.58 2.86 3.15 2.15 1.81 3.94 2.71 
a Data from post-LT samples.  
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4.2.1 Article 2 summary 

4.2.1.1 Introduction 

Hepatitis C is an infectious disease associated with significant liver-related 

morbidity and mortality, and although DAA-therapies eradicate HCV infection in 

more than 95% of treated patients, individuals with advanced liver disease are 

still at risk of developing HCC and other liver comorbidities after HCV 

elimination. Disease progression is closely related to immune responses such as 

HCV-specific CD4+ and CD8+ T cell responses, which are required for viral 

control and clearance. However, during chronic HCV infection, the constant 

exposure to viral antigens along with immunological factors results in varying 

degrees of functional impairment of HCV-specific T-cell effector functions, 

contributing to viral persistence and disease progression.  

 

4.2.1.2 Hypothesis 

The Characterization of the immunological status of patients that have resolved 

HCV infection by DAAs treatment would help to understand whether (i) the 

patient may evolve towards reversion of impaired liver functions and 

improvement of health’s status or, (ii) the patient will evolve towards a 

worsening of the same or related liver disease.  

 

4.2.1.3 Objectives 

1. To investigate phenotypical changes in CD4+ T cells towards T cell 

exhaustion. 

2. To evaluate functional changes in HCV-specific T cells by studying cytokines 

(IFN-γ and IL-2) secretion and proliferation capacity of both CD4+ and CD8+ 

T-cells after HCV clearance. 
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3. To determine if liver inflammation and fibrosis stage regression may occur 

after HCV elimination.  

 

4.2.1.4 Study design 

o Twenty-seven patients with HCV chronic infection undergoing DAA 

treatment and achieving SVR were included.  

o The phenotypical and functional changes in both HCV-specific CD8+ and 

CD4+ T cells before treatment (baseline), at week 4 during treatment (W4), 

at the end of treatment (EOT) and 12 weeks after the end of treatment 

(FUW12), were determined. 

● Cell surface expression of PD-1, TIM-3, and LAG-3, which have been 

identified as markers of exhausted T cells, were assessed by flow cytometry 

to determine CD4+ T cell exhaustion in baseline and FUW12 samples.  

● To assessed whether the impaired functionality of HCV-specific CD4+ and 

CD8+ T cells manifested by reduced IL2 and IFN-γ cytokine production is 

restored upon HCV clearance; firstly, IFN-γ spots forming cells (SFC) were 

analyzed by ELISpot assay after HCV Core, NS3 pool peptides and NS3 

Helicase protein stimulation in baseline, W4, EOT, and FUW12 PBMC 

samples. Secondly, IL-2 and IFN-γ secretion, after HCV peptides stimulation, 

were analysed by intracellular cytokine staining in all patients at baseline, 

W4, EOT, and FUW12.  

To further study functional responses to HCV after 5 days of incubation, 

HCV-specific CD4+ and CD8+ T cell proliferation was determined in all 

patients by carboxy-fluorescein diacetate succinimidyl ester (CFSE) dilution 

assay and the number of viable cells, that had proliferated at FUW12 versus 

baseline, was observed by flow cytometry. 
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● Transaminases, Fibrosis-4 (FIB-4) index, α-fetoprotein (AFP), and AST-to-

platelet ratio index (APRI), were measured at baseline and FUW12 for each 

patient to determine liver inflammation and fibrosis stage. 

 

4.2.1.5 Results according to objectives 

4.2.1.5.1 Objective 1: To investigate phenotypical changes in CD4+ T cells 

towards T cell exhaustion.  

Regarding exhausted T cell markers, we observed a slight, but not 

statistically significant, decrease of PD-1, TIM-3 and LAG-3 expression on CD4+ 

T cells in FUW12 samples compared to baseline. 

However, significant decrease of PD-1 receptor expression at the surface of 

CD4+ T cells from FUW12 samples compared to baseline was observed in non-

cirrhotic patients, treatment-naive patients and treatment-naive patients below 

55 years of age, indicating a partial restoration of CD4 exhaustion phenotype as 

shown in Figure 12.  
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Figure 12. CD4+ T cell exhaustion markers expression. (A) Analysis of the frequencies of 

PD-1, TIM-3, LAG-3 markers among CD4+ T cells at baseline and FUW12, (N = 25). (B) 

Percent of PD-1 among CD4+ T cells according to score fibrosis. Non-cirrhotic patients 

(N = 13), liver stiffness < 9.5 KPa; Cirrhotic patients (N = 12), liver stiffness > 9.5 KPa. (C) 

Percent of CD4+ PD-1+ T cells in treatment-naive patients (N = 15), and in patients with 

previous IFN-based therapy (PEG-IFN-α + RBV) (N = 10). (D) Percent of CD4+ PD-1+ T 

cells in treatment-naive patients below 55 (N = 6), in patients below 55 with previous 

PEG-IFN-α + RBV treatment (N = 6), in treatment-naive patients over 55 (N = 9) and in 

patients below 55 previously treated with PEG-IFN-α + RBV (N = 4).  
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4.2.1.5.2 Objective 2: To evaluate functional changes in HCV-specific T cells by 

studying cytokines (IFN-γ and IL-2) secretion and proliferation capacity of both 

CD4+ and CD8+ T-cells after HCV clearance. 

When studied IFN-γ secretion by HCV-specific CD4+ and CD8+ T cells by 

ELISpot, comparisons between baseline and FUW12 samples of all patients did 

not reveal any significant increase in IFN-γ production after HCV elimination. 

However, the number of IFN-γ SFC per 106 PBMCs significantly increased in 

FUW12 samples compared to baseline in G1b patients after stimulation with 

NS3 Helicase or Core peptides. Moreover, a similar increase was observed when 

comparing FUW12 versus W4 sample-pairs after stimulation with Core peptides, 

and FUW12 versus EOT sample-pairs after stimulation with NS3 31–44 peptides.  

Furthermore, when we analyse the intracellular cytokine levels produced by 

HCV-specific CD4+ and CD8+ T cells, the percentages of CD4+ IFN-γ+ T cells and 

CD4+ IL2+ T cells at FUW12 were not significantly higher than that observed in 

baseline or W4, independently of the HCV antigens used for stimulation. 

Contrary to what expected, T cells stimulated with NS3 31–44 peptides showed 

a significant decrease in IL2 production in CD4+ T cells between baseline or W4 

and FUW12 samples and in CD8+ T cells between W4 and EOT, and between 

EOT and FUW12. Interestingly, a significant increase in IL2 production was 

observed in CD8+ T cells after stimulation with Core peptides when comparing 

baseline with W4, EOT and FUW12.  

A significant increase of the proliferation capacity of both HCV CD4+ and 

CD8+ specific T-cells was observed between baseline and FUW12, when 

stimulated with NS3 Helicase and NS3 pooled peptides (Figure 13A). Moreover, 

when considering fibrosis score, proliferation capacity of CD4+ and CD8+ T cells 

significantly increased in non-cirrhotic patients after NS3 31–44 peptides 

stimulation compared with the cirrhotic ones (Figure 13B). 
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Figure 13. Proliferation responses of CD4+ and CD8+ HCV-specific Tcells. Proliferation 

capacity was calculated as the proliferation index, at baseline and FUW12. (A) 

Proliferation index of CD4+ and CD8+ T cells (N = 27). (B) T cells proliferation index 

according to score fibrosis when stimulated with NS3 31–44 Peptides. CD4+ and CD8+ T 

cells of non-cirrhotic patients (N = 15) and (N = 12) respectively, liver stiffness < 9.5 KPa; 

CD4+ and CD8+ T cells of cirrhotic patients (N = 12) and (N = 12) respectively, liver 

stiffness > 9.5 KPa.  

4.2.1.5.3 Objective 3. To determine if liver inflammation and fibrosis stage 

regression occurred after HCV elimination.  

All liver inflammation and fibrosis markers tested showed a significant reduction 

12 weeks after DAA-treatment as shown in Figure 14. These data indicate that 
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a reduction in liver inflammation and a fibrosis stage regression occurred in all 

patients that achieved SVR.  

 

Figure 14. Liver inflammation and fibrosis markers. Levels of transaminases (AST, ALT), 

APRI, fibroscan, FIB-4 and AFP were measured at baseline and FUW12. 

 

4.2.1.6 Conclusions 

1. Restoration of CD4+ T cells exhausted phenotype is achieved in non-

cirrhotic, treatment-naive and patients below 55 years old treatment-naive, 

while in cirrhotic, IFN-α previously treated and patients over 55 years old, 

HCV clearance does not fully revert the exhausted phenotype of CD4+ T 

cells. 

2. HCV-specific CD4+ and CD8+ T cells remain in part functionally impaired, as 

cytokines production remained dysregulated upon HCV eradication, while 

the proliferative capacity of HCV-specific CD4+ and CD8+ T cells was 

restored.  
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3. A reduction in liver inflammation and a fibrosis stage regression was 

achieved in all patients after DAA regimens, suggesting that a liver 

regeneration was ongoing. 
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Abstract

Background & aims
HCV CD4+ and CD8+ specific T cells responses are functionally impaired during chronic
hepatitis C infection. DAAs therapies eradicate HCV infection in more than 95% of treated
patients. However, the impact of HCV elimination on immune responses remain controver-
sial. Here, we aimed to investigate whether HCV cure by DAAs could reverse the impaired
immune response to HCV.

Methods
We analyzed 27 chronic HCV infected patients undergoingDAA treatment in tertiary care
hospital, and we determined the phenotypical and functional changes in both HCV CD8+
and CD4+ specific T-cells before and after viral clearance. PD-1, TIM-3 and LAG-3 cell-sur-
face expression was assessed by flow cytometry to determine CD4+ T cell exhaustion.
Functional responses to HCV were analyzed by IFN-γ ELISPOT, intracellular cytokine stain-
ing (IL-2 and IFN-γ) and CFSE-based proliferation assays.

Results
We observed a significant decrease in the expression of PD-1 in CD4+ T-cells after 12
weeks of viral clearance in non-cirrhotic patients (p = 0.033) and in treatment-naive patients
(p = 0.010), indicating a partial CD4 phenotype restoration. IFN-γ and IL-2 cytokines
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production by HCV-specific CD4+ and CD8+ T cells remained impaired upon HCV eradica-
tion. Finally, a significant increase of the proliferation capacity of both HCV CD4+ and CD8+
specific T-cells was observed after HCV elimination by DAAs therapies.

Conclusions
Our results show that in chronically infected patients HCV elimination by DAA treatment
lead to partial reversion of CD4+ T cell exhaustion. Moreover, proliferative capacity of HCV-
specific CD4+ and CD8+ T cells is recovered after DAA’s therapies.

Introduction
Hepatitis C is an infectious disease caused by HCV, associated with significant liver-related
morbidity and mortality. Approximately, 15–45% of infected people spontaneously clear the
infection [1], but the vast majority of infections course asymptomatically and become chronic.
Of those with chronic HCV infection, 15–45% will silently develop advanced liver fibrosis/cir-
rhosis within 20–30 years [2] and 2–4% of all HCV cases will develop liver cancer or liver fail-
ure [3]. Short-duration therapy with Direct-Acting Antivirals (DAAs), lead to a Sustained
Virological Response (SVR) in more than 95% of patients regardless of viral genotype and
with minimal side effects [4]. However, individuals with advanced liver disease are still at risk
of developing HCC [5] and many of them remain on liver transplant lists [6] after HCV infec-
tion cure.

HCV-specific T cell immune responses are required for viral control. HCV-specific CD4
+ T cells have important helper functions, contributing to maintain the CD8+ T cell response
and preventing viral escape from T cell response [7]. Lack or loss of helper functions by CD4
+ T cells can result in a dysfunctional CD8+ T cell response and an immune response failure
against the virus [8, 9]. HCV-specific CD8+ T cells play an essential role in HCV control since
they may be involved not only in the elimination of infected hepatocytes but also in non-cyto-
lytic effector mechanisms [10, 11]. Self-limiting HCV infections are associated with expansion
of virus-specific CD8+ T cells, a broad CD4+ T cell responses, and a strong cytotoxic T lym-
phocyte response [12–15]. During chronic HCV infection, constant exposure to viral antigens
along with immunological factors results in varying degrees of functional impairment of
HCV-specific T-cell effector functions, contributing to viral persistence [16–18].

Several groups have investigated whether DAAs treatment, and the subsequent elimination
of HCV, can restore the HCV-specific immune responses, although controversial results have
been reported. For instance, it has been demonstrated that HCV-specific T cell functions does
not completely ameliorate after SVR [19]. In contrast, other studies have observed an increase
in T-cell functionality after DAA treatment [20]. It is known that, early impairment of prolifer-
ation may contribute to loss of T cell response and chronic HCV persistence [21]. Despite the
fact that there is not yet a solid evidence that T cell proliferation is fully recovered after HCV
cure, several studies have seen a rise in the proliferative profile of CD8 T cells in chronic HCV
infected patients after DAA treatment [20, 22, 23]. While few have observed a partial or inexis-
tent proliferative capacity recovery [24, 25]. Likewise, few and contradictory information have
been reported about CD4+ T cell proliferative capacity after DAAs [24, 26].

Thus, there is still an open question on whether the elimination of HCV with DAAs results
in a full, partial or inexistent restoration of the immune response.

In the present study, we investigate the phenotypical and functional changes of HCV-spe-
cific CD8+ and CD4+ T-cells responses in order to study the degree of immune restoration
experienced by patients that achieved SVR after DAA treatment.
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Materials andmethods
Patients
Twenty-seven patients chronically infected with HCV were recruited from the Liver Disease
Unit of Vall d’Hebron Hospital in Barcelona, Spain. The study was approved by the Institu-
tional Review Board on Clinical Research of Vall d’Hebron Hospital (Code: HCV-SIR) and all
subjects gave written informed consent in accordance with the 1975 Declaration of Helsinki.

Patient characteristics and clinical parameters are provided in Table 1 and the information
of each patient is disclosed in S1 Table. All patients were HBV surface antigen and anti-HIV
negative at the time of blood collection. The study included thirteen patients with HCV geno-
type 1a and fourteen patients with genotype 1b that received different combinations of IFN-

Table 1. Patient’s characteristics.

Patient characteristics (N = 27)
Age, mean (±SD) 55 (±12.6)
Gender, N Male (%) 12 (44.4)
Liver stiffness, fibrosis score, N (%)
< 9.5 KPa 15 (55.5)
� 9.5 KPa 12 (44.5)

HCV genotype 1 subtypes, N (%)
1a 13 (48.1)
1b 14 (51.9)

DAAs treatment, N (%)
SOF/LDV a 17 (63.0)
SOF/LDV + RBV 4 (14.8)
SOF / SMV b 1 (3.7)
EBR / GZR + RBV c 2 (7.4)
OBV/PTV/R + DSV + RBV d 3 (11.1)

Previous treatment, N (%)
Naive 16 (59.3)
PEG-IFN / RBV 9 (33.3)
PEG-IFN / RBV / BOC e 2 (7.4)

Transaminase enzymes, mean (±SD) Baseline FUW12
ASG (UI/L) f 60.5 (±38.7) 23.9 (±8.4)
ALT (UI/L) g 79.7 (±61.4) 19.9 (±7.8)
Y-GT (UI/L) h 68.6 (±62.8) 21.6 (±7.9)

Bilirubin, mean (± SD) Baseline FUW12
Srm-bilirubin (ug/dL) i 0.8 (±0.3) 0.8 (±0.4)
Srm-esterified bilirubin (ug/dL) j 0.3 (±0.1) 0.3 (±0.1)

a Sofosbuvir/Ledipasvir
b Sofosbuvir / Simeprevir
c Elbasvir / Grazoprevir
d Ombitasvir/Paritaprevir/Ritonavir+Dasabuvir + Ribavirin
e Pegylated Interferon-α / Boceprevir
f Aspartate aminotransferase. Normal values<35–50 UI/L
g Alanine aminotransferase. Normal values<50 UI/L
h Gamma glutamyl transferase. Normal values<55 UI/L.
i Total Bilirubin. Normal values<1.20 ug/dL
j Esterified bilirubin. Normal values<0.57 ug/dL

https://doi.org/10.1371/journal.pone.0254243.t001
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free DAA therapies. Eleven patients had received IFN-based regimens before DAA therapy.
Fifteen patients were non-cirrhotic with mild fibrosis grade based on transient elastography
(Liver stiffness< 9.5 KPa) and 12 patients had an advanced stage of liver fibrosis or cirrhosis
(Liver stiffness> 9.5 KPa). Blood samples used for this study were collected at the following
times: prior to DAA treatment (baseline), at 4 weeks of treatment (W4), at the end of the treat-
ment (EOT), and 12 weeks after the end of treatment (FUW12). All treated individuals
included in this study achieved a SVR (i.e., undetectable HCV RNA by 12 weeks after treat-
ment cessation) and patients 7 and 9 developed HCC after 61 and 55 month of follow up
respectively.

Cell Isolation, cryopreservation and thawing
PBMCs were isolated from whole blood by density gradient centrifugation in BD Vacutainer-
CPTMononuclear Cell Preparation tubes (BD Biosciences, San Diego, CA). Samples were
cryopreserved in medium containing 90% fetal calf serum (GIBCO BRL) and 10% DMSO
(Sigma-Aldrich, St Louis, MO) and cryopreserved at -80˚C. All assays were performed with
thawed PBMCs maintained in completed RPMI 1640 (GIBCO/Invitrogen) supplemented with
10% heat-inactivated human AB serum, 2 mmol/L L-glutamine and 100 µg/mL streptomycin.

Phenotypic analysis of CD4+ T cell
After being thawed, 1x106 PBMCs in completed medium were washed with PBS-0.5% fetal calf
serum and stained with the fluorescently labeled anti-human antibodies CD4-FITC (BD Bio-
sciences Cat#555346), PD1-PE (BD Biosciences Cat#557946), LAG3-BV421 (BD Biosciences
Cat#565720), TIM3-AlexaFluor641 (BD Biosciences Cat#565558) and their corresponding iso-
type controls; FITC Mouse IgG1,k Isotype (BD Biosciences Cat#551954); PE Mouse IgG1,k
Isotype (Beckman Coulter Cat#A07796), BV421Mouse IgG1,k Isotype (BD Biosciences
Cat#562438) and Alexa Fluor 647 Mouse IgG1 Isotype (BD Biosciences Cat#565571) at 4˚C,
for 30 min in the dark. For the identification and quantitation of exhausted CD4+ T cell sub-
sets, 100,000 events were acquired per sample and analyzed in a Fortessa equipped with the
FACS DIVA software (BD Biosciences, San Jose, CA). BD FACS Express software (BD Biosci-
ences, San Jose, CA) was used for data analysis. Results were expressed as a percentage of posi-
tive cells.

HCV-specific CD4+ and CD8+ antigen-specific T cell responses
HCV antigens for PBMC stimulation. The 28 and 98 peptides (15–19-mers with 11–12

amino acid (aa) overlaps) spanning the core and nonstructural protein 3 (NS3), respectively,
of HCV subtype 1a (H77) and 1b (J4) were obtained through the NIH Biodefense and Emerg-
ing Infectious Research Resources Repository, NIAID, NIH (peptide arrays, HCV Core and
NS3 proteins, NR-3737, NR-3747, NR-3752, NR-37452). Purified recombinant HCV NS3-he-
licase (aa: 1207–1488) proteins derived from subtype 1a and 1b sequences and expressed in the
yeast Pichia pastoris were purchased fromMikrogen (Neuried, Germany).

PBMCs were stimulated with 4 µg/mL of overlapping HCV Core or NS3 pool peptides or
2 µg/mL of NS3 Helicase protein subtype 1a or 1b. PBMCs stimulated with 1 µg/mL of Staphy-
lococcus aureus enterotoxin B (SEB; Sigma-Aldrich, Deisenhofer, Germany) or incubated
with completed medium alone were used as positive and negative controls, respectively.

IFN-γ ELISpot assay. Freshly thawed PBMCs were cultured at a density of 5x105 cells
per mL in completed medium and stimulated with HCV antigens as above. After overnight
incubation at 37˚C and 5% CO2, ELISPOT assays were performed according to previously
published [27]. Results were expressed as the number of IFN-γ SFCs per 106 PBMCs (IFN-γ
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SFCs/106 PBMCs). Median number of IFN-γ SFCs/106 PBMCs stimulated with different HCV
antigens was compared between the time points. Assays with high background or no SEB
response were excluded.

Intracellular cytokine staining. Freshly thawed PBMCs at a density of 1x106 cells per ml
in completed medium supplemented with 0.67 µL per ml of BD GolgiStop Protein Transport
Inhibitor containing monensin (BD Biosciences, San Diego, CA) were stimulated with HCV
antigens as described above and co-stimulated with 1 µg/ml of anti-human CD28 antibody
(BD Biosciences, Heidelberg, Germany). After 12–16 h of incubation at 37˚C and 5% CO2,
cells were stained with anti-human CD4-FITC (BD Biosciences Cat#555346), anti-human
CD8-PE (BD Biosciences Cat#555635) or the respective isotype control antibodies for 30 min
at 4˚C in complete darkness, and then fixed and permeabilized with BD Cytofix/Cytoperm
solution (BD Biosciences, San Diego, CA) [27]. After permeabilization, cells were stained with
anti-human IFNγ-APC (BD Biosciences Cat#554702) and anti-human IL2-PerCP-Cy5.5 (BD
Biosciences Cat#560708) or the respective isotype control antibodies: APC-Mouse IgG1,k Iso-
type (BD Biosciences Cat#550854) and PerCP-Cy5.5 Rat IgG2a Isotype (BD Biosciences
Cat#550765) at 4˚C for 30 min in the dark, and washed twice with 1xBD Perm/Wash Buffer.
Flow cytometry data was acquired using a FACSCalibur (BD Biosciences, San Jose, CA) and
analyzed with CellQuest software (BD Biosciences, San Jose, CA). The number of viable cells
that had produced IFNγ and IL2 was determined by gating on the CD4+ and CD8+ positive
for those two markers and substracting the background response.

Proliferation assay of HCV-specific CD4+ and CD8+ antigen-specific T cell. Antigen-
specific T cell proliferation was determined in all patients by carboxy-fluorescein diacetate suc-
cinimidyl ester (CFSE) dilution assay as previously published [28]. After 5 days at 37˚C, cells
were washed and stained with anti-human CD4-PE (BD Biosciences Cat# 555347) and
CD8-APC (BD Biosciences Cat# 555369) antibodies, and the viability dye 7-AAD. Flow
cytometry analysis were performed on a FACSCalibur using CellQuest software (BD Biosci-
ences, San Jose, CA). The number of viable cells that had proliferated was determined by gat-
ing on the CD4+CFSElow and CD8+CFSElow. Proliferation index was calculated as the ratio
between CD4+ or CD8+ proliferative frequency (%) in the presence of specific antigen and
that in the absence of antigen, as previously reported [28].

Statistical analysis
Results are presented as mean and SD. Comparisons between groups were performed with
nonparametric Wilcoxon signed-rank test. P-values of less than 0.05 were considered signifi-
cant. All Data was analyzed by GraphPad Prism 6.

Results
Partial reversion of the exhausted phenotype signatures in CD4+ T cells
after DAA therapy depends on clinical parameters
Cell surface expression of Programmed cell death protein 1 (PD-1), T cell immunoglobulin
and mucin domain-containing protein 3 (TIM-3), and Lymphocyte-activation gene 3 (LAG-
3), which have been identified as markers of exhausted T cells, was tested by Flow Cytometry
in baseline and FUW12 samples of the 27 patients. We observed a slight decrease of PD-1,
TIM-3 and LAG-3 expression on CD4+ T cells in FUW12 samples compared to baseline sam-
ples, although the differences were not statistically different (Fig 1A). However, significant dif-
ferences were observed when clinical parameters like fibrosis stage and previous IFN-based
treatment were taken into account. By doing so, we observed that non-cirrhotic patients
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showed a statistically significant decrease of PD-1 receptor expression at the surface of CD4
+ T cells from FUW12 samples compared to baseline (p = 0.033), while cirrhotic patients did
not show a clear tendency to reduce this T cell exhaustion marker (Fig 1B). Moreover, PD-1
surface expression in treatment-naive patients after HCV elimination at FUW12 was signifi-
cantly lower than that at the baseline (p = 0.010), while in those patients who received previous
IFN-α treatment, this decrease was not observed (Fig 1C).

In addition, only treatment-naive patients below 55 years of age showed a significant reduc-
tion of PD-1 expression (Fig 1D).

These data suggest that restoration of CD4+ T cells exhausted phenotype is achieved in
non-cirrhotic, treatment-naive and treatment-naïve below 55, while in cirrhotic, IFN-α previ-
ously treated and older age patients, HCV clearance does not fully revert the exhausted pheno-
type of CD4+ T cells.

HCV specific CD4+ and CD8+ T cells do not reverse the impaired cytokine
production after HCV elimination by DAA regimens
We assessed whether the impaired functionality of HCV-specific CD4+ and CD8+ T cells
manifested by reduced T helper 1 cytokine production (IL2 and IFN-γ) during chronic hepati-
tis C is restored upon HCV clearance with DAA treatments. To do so, PBMCs isolated from
blood samples of patients with chronic HCV infection at baseline, W4, EOT, and FUW12
were stimulated with HCV antigens as described in the methods section. Comparisons
between baseline and FUW12 samples of all patients included in the study did not reveal any
significant increase in IFN-γ production after HCV elimination (Fig 2A). However, the num-
ber of IFN-γ SFC per 106 PBMCs significantly increased in FUW12 samples compared to base-
line in G1b patients after stimulation with NS3 Helicase (p = 0.042) or Core peptides
(p = 0.013). Moreover, a similar increase was observed when comparing FUW12 versus W4
sample-pairs after stimulation with Core peptides (p = 0.021), and FUW12 versus EOT sam-
ple-pairs after stimulation with NS3 31–44 peptides (p = 0.023) (Fig 2B).

To further study the immune response restoration status, intracellular cytokine levels pro-
duced by HCV-specific CD4+ and CD8+ T-cells after 16 hours of stimulation with HCV anti-
gens was determined in all patients at baseline, W4, EOT, and FUW12. The percentages of
CD4+ IFN-γ+ T cells and CD4+ IL2+ T cells at FUW12 were not significantly higher than that
observed in baseline or W4, independently of the HCV antigens used for stimulation (Fig 3A).
T cells stimulated with NS3 31–44 peptides showed a significant decrease in IL2 production in
CD4+ T cells between baseline or W4 and FUW12 samples (p = 0.014 and p = 0.043, respec-
tively) and in CD8+ T cells between W4 and EOT (p = 0.020), and between EOT and FUW12
(p = 0.040). Interestingly, a significant increase in IL2 production was observed in CD8+ T
cells after stimulation with Core peptides when comparing baseline with W4 (p = 0.028), EOT
(p = 0.031) and FUW12 (p = 0.029).

Our data indicate that cytokine production by HCV-specific CD4+ and CD8+ T cells
remains impaired after HCV elimination by DAA treatments. However IL2 production
increases in CD8+ T cells stimulated with core antigen.

Proliferative capacity on HCV-specific CD4+ and CD8+ T cells is restored
in the majority of chronic hepatitis C patients after HCV elimination with
DAA treatments
To determine whether the limited proliferation capacity of HCV-specific CD4+ and CD8+ T
cells observed during chronic HCV infection was reversed following the elimination of the
virus with DAA therapy, the proliferative capacity of these cells before and after DAA therapy
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Fig 1. CD4+ T cell exhaustionmarkers expression. (A) Analysis of the frequencies of PD-1, TIM-3, LAG-3 markers among CD4+ T cells at baseline and FUW12,
(N = 25). (B) Percent of PD-1 among CD4+ T cells according to score fibrosis. Non cirrhotic patients (N = 13), liver stiffness< 9.5 KPa; Cirrhotic patients (N = 12), liver
stiffness� 9.5 KPa. (C) Percent of CD4+ PD-1+ T cells in treatment-naive patients (N = 15), and in patients with previous IFN-based therapy (PEG-IFN-α + RBV)
(N = 10). (D) Percent of CD4+ PD-1+ T cells in treatment-naive patients below 55 (N = 6), in patients below 55 with previous PEG-IFN-α + RBV treatment (N = 6), in
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was compared. A significant increase in the proliferative capacity of both CD4+ and CD8+ T
cells between baseline and FUW12, after stimulation with NS3 Helicase (p = 0.049 and
p = 0.012, CD4+ and CD8+ T cells, respectively), NS3 31–44 pooled peptides (p = 0.031 and
p = 0.028, CD4+ and CD8+ T cells, respectively) and NS3 45–61 pooled peptides (p = 0.004
and p = 0.012, CD4+ and CD8+ T cells, respectively) was observed (Fig 4A). On the other
hand, when considering fibrosis score, proliferation capacity of CD4+ and CD8+ T cells signif-
icantly increased in non-cirrhotic patients after NS3 31–44 peptides stimulation compared
with cirrhotic ones (p = 0.034 and p = 0.041, respectively) (Fig 4B).

In summary, our data suggest that DAAs-mediated HCV clearance partially restores the
proliferative capacity of virus-specific CD4+ and CD8+ T cells.

Liver inflammation and fibrosis markers
To determine if liver inflammation and fibrosis stage regression occurred after therapy-medi-
ated HCV elimination, liver inflammation and fibrosis markers were measured at baseline and
FUW12 for each patient. All markers including transaminases, Fibrosis-4 (FIB-4) index, α-
fetoprotein (AFP), and AST-to-platelet ratio index (APRI) showed a significant reduction (p =
< 0.0001) 12 weeks after DAA-treatment (Fig 5). These data indicate that a reduction in liver
inflammation and a fibrosis stage regression was achieved in all patients after DAA regimens,
suggesting that a liver regeneration was still ongoing.

Discussion
Persistent antigen stimulation, as in chronic infections, leads to T cell exhaustion and dysfunc-
tion, which results in an impaired immune response against the virus [29]. The exhaustion of
HCV-specific T cells is characterized by up-regulation of PD-1 and other inhibitory receptors,
low proliferative capacity, dysfunctional CD8 cytotoxicity, and impaired production of immu-
nomodulatory cytokines [30–32].

In the present study we evaluated the degree of immune restoration by performing the anal-
ysis of phenotypic and functional changes in T cells before, during and after HCV elimination
by DAA therapies.

Because host factors, including age and gender, can largely influence the immune response,
the study cohort included both males and females in their middle age and elderly patients.
Most patients with advanced liver fibrosis had abnormal baseline levels of liver inflammation
and fibrosis markers, including transaminases, FIB-4, AFP, and APRI [33, 34]. All patients
achieved SVR irrespective of the specific DAA treatment. HCV clearance was associated with
decreased levels of liver inflammation and fibrosis markers, which correlates with the reduc-
tion of liver fibrosis related cytokines after HCV eradication by DAA treatment observed by
Sasaki et al. [35].

Recent studies have demonstrated that DAA treatments reduce but do not eliminate the
risk of developing HCC [36]. Indeed, 2 out of 27 patients who received DAA regimens in this
study developed HCC at months 54 and 60 of follow-up, corresponding to a 5-years cumula-
tive HCC rate of 7.4%. Despite the lack of specific predictors of HCC, several host factors,
including liver fibrosis stage, older age, elevated AFP levels, and comorbidities such as diabetes
and steatosis, have been associated with HCC occurrence [33, 37, 38]. Remarkably, patients
who developed HCC were the oldest in our patients’ cohort, suggesting that older age along

treatment-naive patients over 55 (N = 9) and in patients below 55 previously treated with PEG-IFN-α + RBV (N = 4). Statistical significance was determined by
nonparametric Wilcoxon signed-rank test and represented by p-value. P< 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0254243.g001
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Fig 2. HCV specific T cells immune response analyzed by IFN-γ ELISPOT. Results were expressed as number of SFC producing IFN-γ. (A) IFN-γ production of
106 PBMCs tested at baseline, W4, EOT, and FUW12. Total PBMCs where stimulated with HCV Peptides (NS3 Helicase, Core Peptides, NS3 31–44 Peptides and
NS3 45–61 Peptides), (N = 27). (B) IFN-γ production of 106 PBMCs tested in subtype 1b patients (N = 14). Horizontal bars represent median of IFN-γ SFC and each
dot represents IFN-γ response from one patient. Median of IFN-γ SFC between different times were compared withWilcoxon signed-rank test. P< 0.05 was
considered statistically significant.

https://doi.org/10.1371/journal.pone.0254243.g002
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Fig 3. Intracellular cytokines staining (IFN-γ and IL-2) secreted by T cells of HCV-infected individuals. Frequencies of
IFN-γ and IL-2 producing CD4+ and CD8+ specific T-cells were tested at 4 time points; baseline, W4, EOT and FUW12. T
cells were stimulated with anti-CD28, monesin-containing transport inhibitor, HCV Peptides (NS3 Helicase, Core Peptides,
NS3 31–44 Peptides, NS3 45–61 Peptides) and SEB as a positive control. (A) Percent CD4+ T cells producing IFN-γ and IL-2,
(N = 22). (B) Percent CD8+ T cells producing IFN-γ and IL-2, (N = 22). Statistical significance was determined byWilcoxon
signed-rank test. P< 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0254243.g003

Fig 4. Proliferation responses of CD4+ and CD8+HCV specific T-cells. In vitro expansion of PBMCs after 5 days of stimulation with HCV peptides (NS3 Helicase,
Core Peptides, NS3 31–44 Peptides, NS3 45–61 Peptides). Proliferation capacity was calculated as the proliferation index, at baseline and FUW12, (A) Proliferation
index of CD4+ and CD8+ T cells (N = 27). (B) T cells proliferation index according to score fibrosis when stimulated with NS3 31–44 Peptides. CD4+ and CD8+ T cells
of non-cirrhotic patients (N = 15) and (N = 12) respectively, liver stiffness< 9.5 KPa; CD4+ and CD8+ T cells of cirrhotic patients (N = 12) and (N = 12) respectively,
liver stiffness� 9.5 KPa. Statistical significance was determined by nonparametric Wilcoxon signed-rank test and represented by p-value. P< 0.05 was considered
statistically significant.

https://doi.org/10.1371/journal.pone.0254243.g004
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with advanced fibrosis stage at baseline was a significant driving factor in the HCC develop-
ment in these patients. Other host factors that may have contributed to the occurrence of HCC
include the elevated AFP after DAA treatment in patient 7 and diabetes in patient 9.

To study the restoration of immune response after DAA treatment, we first characterized
the exhausted phenotype of CD4+ T cells before and FUW12 by analyzing the expression of
immune response inhibitory markers PD-1, TIM-3, and LAG-3 at the cell surface.

Interestingly, a significant decrease in cell surface expression of PD-1 was observed in
FUW12 samples compared with its baseline pair in non-cirrhotic and treatment-naive
patients, suggesting that the immune response in these patients might have partly recovered.
However, no significant differences were found when considering cirrhotic and IFN-α treated
patients, which is in concordance with previous studies [25, 39], indicating that CD4 exhausted
phenotype is not fully restored in all DAA-treated patients resolving infection.

The fact that after HCV eradication, PD1 expression levels were significantly reduced in
treatment-naive patients compared with IFN-α treated ones and in non-cirrhotic patients

Fig 5. Liver inflammation and fibrosis markers. Levels of transaminases (AST, ALT), APRI, fibroscan, FIB-4 and AFP were measured at baseline and FUW12.
Statistical significance was determined byWilcoxon signed-rank test. P< 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0254243.g005
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compared with cirrhotic ones, suggests that cirrhotic’s derived T cells show a deeper functional
exhaustion than the non-cirrhotic ones, which may be associated with the difference in liver
damage and more impaired HCV-specific immune response. Moreover, it is possible that
treatment-naive patients might be more receptive to respond to new treatment than IFN-α
treated ones, as IFN-based therapies could have induced phenotypical changes towards T cells,
making them to be less prone to switch off the exhausted phenotype. In addition, no significant
differences in PD-1 levels at baseline and FUW12 were observed among treatment-naive
patients over 55 years of age, indicating that older patients may be less likely to reverse T cell
exhaustion. Thus, failure to reverse the exhausted phenotype may have also contribute to HCC
development in patients 7 and 9.

In summary, a partial restoration of the CD4+ T cell exhausted phenotype in patients with
low grade of fibrosis, in treatment-naïve and in treatment-naïve patients below 55 years old,
was observed.

Regarding the pro-inflammatory cytokines, it has been reported that NK and T cells pro-
duce high quantities of IFN-γ and other pro-inflammatory cytokines during acute infections,
while production is decreased during chronic infections [24, 40, 41].

Interestingly, Sasaki et al. reported higher levels of pro-inflammatory cytokines, including
IFN- γ and IL-2, in serum of rapid virological responders as compared with end of treatment
responders, suggesting that enhanced host immune status may contribute in HCV clearance
[35]. Here, we have measured IFN-γ and IL-2 production of lymphocytes stimulated in vitro,
comparing the baseline and FUW12 samples of each patient and found that HCV clearance
per se is not sufficient to reverse the decreased production of IFN-γ and IL-2 by HCV-specific
T cells, suggesting that prolonged exposure to HCV antigens leads to long-lasting HCV-spe-
cific T cells that lack effector functions. Thus, we could show that impaired HCV-specific CD4
+ and CD8+ T cells responses during chronic HCV infection are not restored following suc-
cessful HCV clearance, at least in the short-time after HCV elimination, which is in line with
recent published studies [25, 39, 41–43].

During chronic infections, virus-induced transcriptional reprogramming contributes to the
maintenance of exhausted T cells in hyporesponsive states [8, 29, 44, 45]. As we have shown, T
cell functionality remain impaired despite SVR, suggesting persistent transcription factor or
epigenetic changes in HCV-specific T-cell after infection resolution. Moreover, those alter-
ations have been reported to be directly associated with advanced liver diseases as HCC [46,
47].

The analysis of IFN-γ ELISPOT results by HCV subtypes revealed that patients with HCV
subtype 1b showed higher IFN-γ restoration than those with HCV subtype 1a, which could be
attributed to a different immunogenicity between subtypes [48], or due to T-cell-mediated
protective immunity against other viral strains to which the patient was previously exposed
[49].

Various studies point to the fact that a restoration of HCV-specific CD8+ T cells prolifera-
tion after DAAs treatment occurs [20, 22, 23]. But others reported that CD8 proliferation
capacity was not restored after HCV elimination by DAAs in the majority of patients [24, 25].
However, little data was reported about the proliferative capacity of HCV-specific CD4+ T
cells until now. A recently published study showed limited CD4+ T cell proliferative capacity
of HCV specific CD4+ T-cells following DAA therapy [26]. In our study, we have observed a
partial restoration of the proliferative capacity of CD4+ and CD8+ T cells after stimulation
with NS3 Helicase protein and NS3 pooled peptides but not with structural HCV antigens
(core), suggesting that restoration of T cell proliferation is HCV-epitope dependent, as core
antigen has been related with the induction of T regs expansion and T cell exhaustion [50, 51]
and non-structural antigens have been described to present a higher immunogenicity [28, 52,
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53]. In accordance to our results, several studies confirmed a reinvigorated CD8+ T cell prolif-
erative capacity after DAAs when stimulated with NS3 and NS4 peptides [20, 22, 23]. In addi-
tion, Burchill et al. also found a temporal increase in the proliferative response of CD4+ T cells
when stimulating with NS3 and NS5 [24].

The discrepancies between our results and other studies pointing to a non-restoration of
the proliferative capacity could be explained by different clinic-pathological conditions, by dif-
ferent DAA regimen used or due to the differences on immunogenicity between peptides.

Overall, our data suggest that clearance of persistent HCV antigens helps to partially
increase the proliferative capacity of CD4+ and CD8+ T cells but is not sufficient to reverse T
cell dysfunctionality.

The fact that those T cells remain dysfunctional after HCV clearance might have serious
clinical implications. Additional immunological therapy may reduce the risk of developing
HCC and other extrahepatic manifestations after DAA regimen [54]. Unfortunately, patients
who have overcome the infection and cleared the virus are not protected against reinfection
[55]. Moreover, no vaccine to prevent HCV infection is yet available, despite continuing efforts
for its development [56]. Our study will provide information on the dynamics of HCV infec-
tion and immune response, which may be applicable to vaccine development and immuno-
therapy strategies, as well as on immune related liver remodeling that together with a correct
diagnose and an early treatment will help to improve clinical outcomes.

Since this study has been limited to a low number of patients, similar studies with a higher
number of patients need to be performed in order to avoid missing any biological significant
trend. In addition, another limiting factor consists in the high intra-individual variability.
Hence, we have designed the study so that each patient was their own control and comparisons
were done intra-patient, avoiding additional genetic variations.

In conclusion, our study demonstrates a partial restoration of HCV-specific immune
response in chronic HCV infected patients after the viral clearance induced by DAAs. Further
investigations of HCV-specific T cell responses beyond 1 year of follow-up are needed to
understand the long-term impact of HCV cure and their implications on HCV vaccine-design
and HCV re-infections.
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4.3.1 Article 3 summary 

4.3.1.1 Introduction 

The majority of miRNAs that are circulating freely are concentrated in 

exosomes, thus gaining stability. Furthermore, in a pathological process, injured 

cells secrete more exosomes than healthy cells, and therefore those exosomes 

are enriched with miRNAs involved in the pathogenesis. Moreover, exosomes 

provide relevant and real-time information on patient status from the different 

cells involved in the pathological process. 

In the last few years, there has been increasing interest in miRNAs 

encapsulated in EVs as a novel source of clinical biomarker; however, 

discrepancies on miRNA patterns are still frequent between studies, which 

hampers the validation of specific miRNA signatures with diagnostic and/or 

prognostic value. This is partly due to differences in sample origin, EV-miRNA 

isolation and sequencing methods. Moreover, the separation of EVs from other 

particles, which also contain miRNAs, is difficult and varies depending on the 

isolation method used. 

In this work, we have tested three methods to isolate and characterize 

exosomes from plasma samples. Despite these methods being adequate, they 

do not yield a pure exosome preparation. In consequence, to be cautious, we 

use the term EVs rather than exosomes in the third manuscript. 

 

4.3.1.2 Hypothesis  

Finding adequate methods of EV purification and miRNA sequencing 

would facilitate the discovery of miRNA as biomarkers of disease progression.  
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4.3.1.3 Objectives 

1. To compare EVs isolated by different methods.  

2. To analyse the yield, abundance and diversity of miRNAs obtained from 

different library preparation protocols.  

3. To analyse the yield, abundance and diversity of miRNAs comparing 

different EV isolation methods. 

 

4.3.1.4 Study design 

o The same plasma sample from a blood donor was used for all the 

experiments.  

o Three different EVs isolation methods were compared: (i) Size exclusion 

chromatography (SEC), (ii) Isopycnic ultracentrifugation using iodixanol 

gradients (GRAD), and (iii) their combination (SEC+GRAD). Experiments 

were performed in triplicate. EVs were characterized as depicted on Figure 

15.  

 

Figure 15. Diagram of EVs isolation methods used for the comparison. 

● Prior to RNA extraction from the plasma sample, 52 spike-ins were added as 

controls. Quantity and quality of purified RNA were assessed.  



COMPENDIUM OF ARTICLES 4 
 

149 
 

Three different library preparation kits were compared; (i) NEBNext 

Multiplex Small RNA Library Prep Set for Illumina named as NEB; (ii) 

NEXTFlex Small RNA-Seq Kit v3 named as NEXT; and (iii) SMARTer smRNA-

seq kit named as SMARTer. Quantified libraries were mixed at the equimolar 

ratio and sequenced with the NextSeq 500 system (Illumina). Read trimming 

was performed using the specific guidelines for each library preparation kit. 

Reads with lengths corresponding to miRNAs were selected and mapped to 

a reference genome, and low expressed miRNAs were discarded. Mapped 

reads were quantified and normalized, and principal component analysis 

were performed to study the trend of aggregation between protocols and 

their corresponding replicas. In addition, analysis to determine the yield, 

abundance and diversity of miRNAs obtained from the three different 

library preparation kits were performed.  

● RNA was extracted from the three replicas of the three EVs isolation 

methods. 52 spike-ins were added to the EVs concentrates prior to RNA 

extraction, and quantity and quality of purified RNA were determined.  

NEBNext Multiplex Small RNA Library Prep Set for Illumina was used for 

library preparation. After size selection, elution and library quantification, 

libraries were sequenced using the NextSeq 500 system (Illumina). After 

sequencing, TruSeq 3' adapter was trimmed from samples, and reads 

corresponding to miRNAs were selected, mapped, quantified and 

normalized as above. Analysis to determine the yield, abundance and 

diversity of miRNAs obtained from SEC, GRAD and SEC+GRAD were 

performed. 

 

4.3.1.5 Results according to objectives 

4.3.1.5.1 Objective 1: To compare EVs isolated by different methods that range 

from more to less specific-methodology 
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The analysis of protein content showed that the three EV isolation methods 

removed most of the soluble plasma proteins being GRAD and SEC+GRAD those 

that produce a lower level of total cholesterol. In all the EVs preparations the 

size of the vesicles corresponded to that expected for EVs, and TEM images 

correlated with data obtained from NTA. Moreover, CD9 measurements 

presented the highest fluorescence intensity in EV fractions isolated by GRAD, 

followed by SEC and SEC+GRAD (Figure 16A). Based on the average EV 

concentration, the use of SEC allowed the recovery of a larger amount of EVs 

than GRAD or SEC+GRAD. GRAD yielded cleaner EV preparations, with a lower 

proportion of clumped vesicles. The purest EVs were obtained using SEC+GRAD, 

at the expense of a lower quantity of vesicles(Figure 16B). 
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Figure 16. Characterization of three EVs isolation methods. (A) Detection of CD9, total 

cholesterol and total protein quantification. Codes for the quantifications are depicted 

in the box at the bottom right. The fractionation method is indicated in each panel, and 

fraction numbers in the abscissas. CD9 fluorescence intensity was measured as 

geometrical mean and plotted on the left axis. Total cholesterol and total proteins were 

measured as mg/dL and plotted on the right axis. (i) SEC extraction (ii) GRAD extraction, 

and (iii) SEC+GRAD extracion. (B) TEM and Cryo-TEM images of EVs extractions by SEC, 

GRAD, and SEC+GRAD. 

4.3.1.5.2 Objective 2: To analyse the yield, abundance and diversity of miRNAs 

obtained from different library preparation kits.  

The three library preparation protocols differed between them, being 

NEXT and NEB those that show the highest similarity among replicas in spike-in 

recovery. Using a principal component analysis (PCA), the samples were 

separated according to the three protocols used when the replicas were plotted 

together. NEB was the protocol that showed the highest reproducibility 

between replicas. Moreover, NEB was the protocol that on average detected 
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the largest number of different miRNAs, followed by NEXT and SMARTer (Figure 

17).  

 

Figure 17. miRNAs detected by the three miRNAs sequencing protocols. Number and 

percentage of different miRNAs shared and unique among the three protocols. 

4.3.1.5.3 Objective 3: To analyse the yield, abundance and diversity of miRNAs 

comparing different EV isolation methods 
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The samples were clearly separated according to the three methods with the 

replicas plotted together, being the GRAD method the one that showed the 

highest reproducibility among replicas. Replicas from GRAD method showed a 

higher number of reads corresponding to miRNAs than those obtained with SEC 

and SEC+GRAD. Moreover, GRAD method detected highest number and more 

different miRNAs, followed by SEC and SEC+GRAD method as depicted on Figure 

18.  

Figure 18. miRNAs detected with the three EV isolation methods. isolation method. 

Number and percentage of miRNAs different, shared and unique among the three 

methods.  

 

4.3.1.6 Conclusions 

1. The GRAD method provides a good balance between EV purity and yield.  

2. NEB protocol yields a broad coverage of sequenced miRNAs.  

3. GRAD method provides the best results for detecting miRNAs from EVs. 

Therefore, it should be considered a reliable method for identification of 

new clinical biomarkers.
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 50 

Abstract 51 

Background & aims 52 

MicroRNAs (miRNAs) encapsulated in extracellular vesicles (EVs) are potential 53 

diagnostic and prognostic biomarkers. However, discrepancies in miRNA patterns and 54 

their validation are still frequent due to differences in sample origin, EVs isolation, miRNA 55 

extraction and sequencing methods. Selecting appropriate EVs isolation methods is 56 

therefore a critical step for miRNA-based biomarker discovery. The aim of the present 57 

comparative study is to find the most suitable EVs isolation method for miRNAs 58 

sequencing, adequate for clinical application.  59 

Material & Methods 60 

EVs were isolated by Size Exclusion Chromatography (SEC), iodixanol gradients 61 

(GRAD) and the combination of both (SEC+GRAD), using the same plasma sample, in 62 

triplicate isolation assays. Isolated EVs were characterized and RNA was extracted. 63 

Three different protocols for miRNA library preparation were compared: NEBNext, 64 

NEXTFlex and SMARTer smRNA-seq. The miRNAs encapsulated into EVs were 65 

sequenced using NextSeq 500 system (Illumina). The yield, abundance, and diversity of 66 

miRNAs using the three EVs isolation protocols were analyzed and compared.  67 

Results 68 

The majority of lipoproteins, total cholesterol and plasma proteins were removed 69 

from the EVs-containing fractions by using SEC, GRAD, and SEC+GRAD. SEC method 70 

recovered a larger amount of EVs followed by GRAD and SEC+GRAD, while GRAD and 71 

SEC+GRAD yielded the purest EVs. NEBNext was the library preparation kit that 72 

showed the highest reproducibility among replicas, higher number of reads 73 

corresponding to miRNAs and more different miRNAs, followed by NEXTFlex and 74 

mailto:mcostafreda@ub.edu
mailto:celia.perales@cnb.csic.es
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SMARTer smRNA-seq. GRAD exhibited the highest reproducibility among replicas, a 75 

higher number of reads corresponding to miRNAs, and more different miRNAs, followed 76 

by SEC and SEC+GRAD. 77 

Conclusions 78 

These results render the GRAD method to isolate EVs as one of the most 79 

appropriate to detect miRNAs from EVs. 80 

 81 

Introduction 82 

MicroRNAs (miRNAs) are small and highly conserved non-coding RNAs of 20-30 83 

nucleotides in length that play a critical role as post-transcriptional regulators of gene 84 

expression1. They are involved in biological processes such as development, cell 85 

proliferation and differentiation, apoptosis, immune regulation, and metabolism2. In 86 

addition, they also participate in pathological processes, displaying a significant role in 87 

primary tumor growth cancer progression, angiogenesis, pre-metastatic niche formation 88 

metastatic cell migration, and drug anti-cancer resistance3. miRNAs are present in many 89 

body fluids associated with RNA binding proteins (RBPs), with high and low density 90 

lipoproteins, or encapsulated in extracellular vesicles (EVs)4–6. EVs are lipid membrane 91 

vesicles secreted by all cell types7. The majority of miRNAs that are circulating freely are 92 

concentrated in EVs8. Furthermore, in a pathological process, injured cells secrete more 93 

EVs than healthy cells, and those EVs are enriched with miRNAs involved in the 94 

pathogenesis9. 95 

EVs travel through body fluids, including blood, urine, saliva, bile, ascites fluid, 96 

breast milk, semen, and amniotic fluid, and reach distant cells10. Three main subtypes of 97 

EVs have been described: (i) apoptotic bodies that range in size from 500 nm to 5 µm, 98 

(ii) microvesicles (MVs) from 100 nm to 1 µm, and (iii) exosomes from 30 nm to 150 nm, 99 

which differ among them in size, origin, content and function11. EVs, and particularly 100 

exosomes, serve as functional vehicles of intercellular communication because they 101 

carry a complex cargo, with nucleic acids, lipids, and proteins that are capable of 102 

modulating and reprogramming recipient cells12.  Furthermore, the content, size and 103 

membrane composition of EVs varies depending on the cell of origin, its state (e.g., 104 

differentiated, stressed, stimulated), and environmental conditions13. Relevant 105 

differences in the transcriptomic pattern have been observed between EVs and EV-106 

producing cells, indicating a selective incorporation of certain cellular RNAs into the 107 

EVs14, with a selective enrichment of smaller RNAs as compared to the cell 108 

transcriptome15. Moreover, the RNA cargo of EVs varies among cell types, and can also 109 

be affected by exogenous stimuli16,17.  110 
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The study of miRNA content within circulating EVs rather than total miRNAs in 111 

plasma has several advantages. Firstly, EVs provide relevant information on patient 112 

status, and may offer prognostic information on a broad range of diseases18. Secondly, 113 

the use of circulating EVs allows to compile real-time information from the different cells 114 

involved in the pathological process (e.g., injured cells, immune cells, and metastatic 115 

cells)19,20. Thirdly, the increased stability of EV-miRNAs and their accessibility in 116 

biological fluids make them an attractive alternative as a minimally invasive diagnostic 117 

test, known as liquid biopsy21. Finally, EVs transfer miRNAs from donor to recipient cells, 118 

thereby regulating gene expression locally and distantly during both physiological and 119 

pathological processes. Such transfer capability converts EV-miRNAs not only in 120 

potential diagnostic and prognostic biomarkers but also in potential vehicles of 121 

therapeutic agents22,23.  122 

For all these reasons, it is important to have reproducible methods to isolate EVs 123 

from biological samples with high yield. Discrepancies on miRNA patterns are still 124 

frequent among studies, which hampers the validation of specific miRNA signatures with 125 

diagnostic and/or prognostic value. This is partly due to differences in sample origin and 126 

EV-miRNA isolation and sequencing methods24–26. Moreover, the separation of EVs from 127 

other particles such as lipoproteins, which also contain miRNAs, is difficult and varies 128 

depending on the isolation method used27. Hence, EV purification methods that result in 129 

minimal contaminants are necessary to enable the precise characterization of miRNA 130 

content within EVs. Since many years, ultracentrifugation has been used as the gold 131 

standard method for EV isolation, as it allows the sedimentation of a wide range of 132 

vesicles; however, ultracentrifugation is a time consuming procedure that requires 133 

expensive equipment and yields low-purity EVs, which is why an increasing number of 134 

laboratories are currently using other methodologies28. Precipitation-based methods also 135 

result in high EVs recovery , without specific infrastructure requirements29, but the low 136 

purity of isolated EVs is a major problem. Isopycnic ultracentrifugation using iodixanol 137 

gradients has the same requirements than ultracentrifugation in terms of time and 138 

equipment, but it provides higher EV purity because it discriminates vesicles subtypes 139 

according to their density30. Finally, size exclusion chromatography (SEC) is widely used 140 

for size-based particle isolation, and leads to large EV batches that are well separated 141 

from smaller particles and proteins31. 142 

Selecting the appropriate isolation method is therefore a critical step for miRNA-143 

based biomarker discovery. Initially, we focus our study in miRNAs encapsulated within 144 

exosomes, since these are the most studied vesicles in cellular communication. 145 

However, we are aware that some microvesicles with a size and density similar to 146 

exosomes, can remain in our samples after the centrifugation steps because of the 147 
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difficulty to completely separate microvesicles from exosomes32. For that reason, 148 

although the majority of the vesicles recovered in the final sample are exosome-like, from 149 

now on we will refer to EVs as to all vesicles mixed in our final solution, regardless of the 150 

method of isolation. Hence, in the present study, we analysed the yield, abundance and 151 

diversity of miRNAs obtained from the same plasma sample but using three different EV 152 

isolation methods in triplicate isolation assays. The aim is establishing the most suitable 153 

method to assess circulating miRNAs profiles for clinical applications.  154 

 155 

Materials and Methods 156 

Plasma isolation. Plasma was isolated from whole blood from a donor by centrifugation. 157 

Plasma aliquots were frozen at -80ºC until use.  158 

Cell debris, apoptotic bodies and microvesicles removal. Plasma samples were 159 

centrifuged at 1,200xg for 20 min at 4ºC. Supernatants were subsequently centrifuged 160 

at 10,000xg for 30 min at 4ºC, and the clarified supernatants were used for further 161 

experimentation.  162 

Extracellular vesicles isolation methods. To identify the best EVs isolation method 163 

among those currently available, intended for miRNA sequencing, two different methods 164 

and their combination were performed in triplicate and compared (Fig 1). All buffers were 165 

filtered with 0.22 μm filters. 166 

1. Size exclusion chromatography (SEC) was applied to separate vesicles 167 

according to their size. qEV2/35nm columns (Izon Science Ltd) were used for optimal 168 

recovery of vesicles between 35 and 350 nm. Two ml of clarified supernatants (by two 169 

successive centrifugations, as detailed above), were fractionated through the 170 

qEV2/35nm column following the manufacturer instructions. PBS (1X) was used as 171 

elution buffer and 30 fractions of 2 ml were collected. The procedure was repeated twice 172 

per sample (4 ml each) combining the corresponding fractions. Three independent 173 

experiments were performed by using different aliquots of the same plasma sample.    174 

2. Isopycnic ultracentrifugation using iodixanol gradients (GRAD) was used to 175 

separate vesicles by their density. Four ml of clarified supernatant were concentrated by 176 

ultracentrifugation at 100,000xg for 3 h, at 4ºC, using a TH-641 rotor (ThermoFisher 177 

Scientific). The pellet was resuspended in 400 µl of PBS, loaded onto 8-40% iodixanol 178 

step gradient prepared with OptiPrep™ (Sigma-Aldrich), and centrifuged at 140,000xg 179 

during 18 h at 4ºC. Eleven fractions of 1 ml were collected from the top of the gradient. 180 

The density of each fraction was determined by the absorbance of iodixanol at 240 nm.  181 
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3. Combination of SEC and GRAD (SEC+GRAD) were used to separate vesicles 182 

by size and density. EVs from 4 ml of clarified supernatant were purified by SEC as 183 

described above. Then, fractions containing EVs were pooled together, concentrated, 184 

and purified by isopycnic ultracentrifugation as above.  185 

EVs characterization.  186 

EVs marker detection. Fifty µl of SEC fractions containing EVs or 12.5 µl of GRAD 187 

and SEC+GRAD fractions (fractions 1 to 15, and 1 to 11, respectively), were mixed with 188 

0.5 µl of aldehyde/sulfate-latex beads, 4% w/v, 4 µm (ThermoFisher Scientific) and PBS 189 

up to 55 µl, and incubated for 15 min at room temperature (RT). Non-specific binding 190 

was blocked with 5% filtered BSA Blocker™ (Thermo Scientific™), overnight at RT in an 191 

orbital shaker. CD9 tetraspanin staining was performed with the primary antibody Pure 192 

Anti-Human CD9 (Immunostep SL) at RT for 30 min, washed, and subsequently stained 193 

with the FITC-labeled Goat F (ab')2 Anti-Mouse IgG (H+L) secondary antibody 194 

(SouthernBiotech,) for 30 min at RT in darkness (the protocol has been adapted from33). 195 

For the identification and quantitation of CD9+ subsets, 100,000 events were acquired 196 

per sample in a FACSCalibur cytometer (BD Biosciences, San Jose, CA). FlowJo 197 

software (BD Biosciences, San Jose, CA) was used for data analysis.  198 

Total protein concentration. Total protein concentration was measured using the 199 

Thermo Scientific™ Pierce™ BCA assay kit (Thermo Scientific™). In brief, 25 µl of the 200 

first 20 fractions from SEC or 6.25 µl of all gradient fractions in PBS up to 25 µl were 201 

incubated with BCA reagent and 4% Cupric Sulfate, at 37°C for 30 min in darkness. 202 

Absorbance was measured at 562 nm on a Varioskan™ LUX multimode microplate 203 

reader (Thermo Scientific™).  204 

Lipoproteins detection. Total cholesterol, apolipoprotein A (apoA), and 205 

Apolipoprotein B (apoB) were measured using the OLYMPUS AU2700 chemistry 206 

analyzer (Beckman-Coulter).  207 

Concentration of fractions containing EVs. Fractions containing EVs isolated by 208 

SEC, GRAD or SEC+GRAD methods were pooled and concentrated down to 1 ml with 209 

Vivaspin® 20 Ultrafiltration Unit of 100K MWCO PES (Sartorius), following the 210 

manufacturer’s instructions.  211 

Total protein quantification of EV concentrates. Total protein in EV concentrates 212 

was quantified by using the BCA method.  213 

Nanoparticle Tracking Analysis (NTA). Size and concentration of purified EVs 214 

were assessed with a Nanosight N300 instrument (Malvern Panalytical).  215 

Transmission electron microscopy (TEM). Morphological analyses of the EVs in 216 

each concentrate were performed by TEM and Cryo-TEM.  217 
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RNA extraction. RNA was extracted from 250 µl of the plasma sample or from 250 µl 218 

EVs isolation samples using a miRNeasy Mini kit (QIAGEN) following the manufacturer’s 219 

instructions. Purified RNA was eluted in 20 μl of nuclease-free water. To monitor the 220 

purification and amplification of miRNAs, 52 spike-ins (synthetic miRNAs at different 221 

concentrations) (QIAseq miRNA Library QC PCR Assay Kit) were added to the initial 222 

sample before RNA extraction. Quantity and quality of the purified RNA were determined 223 

using NanoDrop and Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). 224 

The RNA concentrations obtained ranged between 164 pg/µl and 349 pg/µl. 225 

Library preparation, size selection and sequencing. Libraries of small RNA using 226 

three different protocols: (i) NEBNext Multiplex Small RNA Library Prep Set for Illumina 227 

(New England BioLabs, Ipswich, MA, USA); (ii) NEXTFlex Small RNA-Seq Kit v3 228 

(PerkinElmer, Waltham, MA, USA); and (iii) SMARTer smRNA-seq kit (Clontech 229 

Laboratories, CA, USA), according to the manufacturer’s guidelines. The amount of RNA 230 

was 0.7 ng for the Plasma 1 sample and 1 ng for the Plasma 2 sample.  The size profile 231 

of the individual libraries was analyzed using High Sensitivity DNA Assay on a 232 

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Size selection of 233 

fragments was carried out using 5% Mini-PROTEAN TBE Gel precast polyacrylamide 234 

gel (Bio-Rad Laboratories). Electrophoresis was performed at 120 V during 1 h in tris-235 

borate-EDTA (TBE) buffer. The band of interest was eluted following the NEXTFlex kit 236 

guidelines. Libraries were quantified by qPCR using KAPA Sybr fast master Mix (2x) 237 

optimized for LightCycler 480 (KAPA Biosystems), and an in-house standard library from 238 

Fundación Parque Científico de Madrid. Quantified libraries were mixed at equimolar 239 

ratios and sequenced with a NextSeq 500/550 High Output Kit v2.5 (75 Cycles) using 240 

the NextSeq 500 system (Illumina).  241 

Bioinformatics analyses. Read trimming was performed with cutadapt (version 3.2)34 242 

following the guidelines of each library preparation kit. Samples prepared with NEXTflex 243 

kit were trimmed by removing the 3' adapter 'TGGAATTCTCGGGTGCCAAGG', plus 4 244 

bases from both ends of each read. TruSeq 3' adapter 245 

'AGATCGGAAGAGCACACGTCTGAACTCCAGTCA' was trimmed from samples 246 

prepared with the NEBNext kit. Samples prepared with SMARTer were trimmed by 247 

removing the 3' PolyA adapter ('AAAAAAAAAA') plus 3 extra bases at the 5' end.  248 

After adapter trimming, reads with lengths between 17 and 25 nucleotides were 249 

selected and mapped using Bowtie 2 (version 2.3.4.3)35 to the hg38 reference genome 250 

using default parameters. Quantification was performed using HTSeq (version 0.13.5)36 251 

with default parameters using mature miRNA coordinates provided by miRBase v22.1 252 

(https://www.mirbase.org/ftp/22.1/genomes/hsa.gff3). Low expressed miRNAs (those 253 
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with less than 50 reads in total) were discarded. Principal component analysis was 254 

performed using TMM normalized counts. 255 

For spike-in analysis, selected reads between 17 and 25 nucleotides were 256 

mapped using Bowtie 2 (version 2.3.4.3) to the QIAseq™ miRNA Library QC Spike-In 257 

sequences. Mapping parameters were tuned for "perfect match" as recommended in 258 

QIAseq™ miRNA Library QC Spike-Ins protocol by setting the following parameters: "--259 

end-to-end -N 0 --mp 10000 --np 10000 --rdg 10000 --rfg 10000". Mapped reads were 260 

quantified and normalized by dividing them by the total number of mapped spike-in per 261 

sample. Heatmaps were plotted using the "pheatmap" R package over the log2 262 

normalized values. 263 

Statistics. The statistical significances of different comparisons were calculated by the 264 

proportion test, using software R version 4.0.2. *, p < 0.05. 265 

Ethics approval. The study was approved by the Research Ethics Committee with 266 

Medicines and University Hospital Research Projects Commission of Vall d'Hebron 267 

Barcelona Hospital Campus [PR(AG)414/2018]. 268 

Data Availability Statement: Fastq files of samples included in this study were 269 

uploaded to GEO database. 270 

 271 

Results 272 

1. Comparative characterization of three EVs isolation methods  273 

We measured CD9, apoA, apoB, total cholesterol, and total protein concentration 274 

in fractions 1 to 20 for SEC extractions, and all fractions extracted by GRAD and 275 

SEC+GRAD. The tetraspanin CD9 is one of the most common proteins at the surface of 276 

EVs, and is, therefore, considered an EV marker37. ApoA is the major component of high-277 

density lipoprotein (HDL) particles and is commonly used as an HDL marker38. ApoB is 278 

the primary apolipoprotein of chylomicrons, very-low-density lipoprotein (VLDL), 279 

intermediate-density lipoprotein (IDL), low-density lipoprotein (LDL), and lipoprotein (a) 280 

(Lp(a)). Hence, apoB is used as a marker of these lipoproteins39.  281 

Total cholesterol, apoA and apoB measurements performed directly on the 282 

plasma sample, display concentration values of 169 mg/dL, 124 mg/dL and 102 mg/dL 283 

respectively. Whereas in SEC fractions (Fig. 2A), CD9 tetraspanin reached the highest 284 

concentration in fractions 8-12, indicating that EVs were mainly located in these fractions, 285 

which, in turn, presented low amounts of protein, cholesterol, and lipoproteins (Fig. S1). 286 

Protein concentration started to rise from fraction 8, and achieved its maximum at 287 

fractions 18-19, followed by a decrease in subsequent fractions (Fig. S1). An increase in 288 
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total cholesterol values was observed from fraction 9, reaching a plateau phase between 289 

fractions 14-16, and decreasing afterwards. A similar trend was observed with HDL, 290 

since apoA presented a progressive increase from fraction 16 to 18 with a subsequent 291 

decline. We were not able to detect apoB, the marker of  chylomicrons, VLDL, IDL, LDL, 292 

and Lp(a), in any SEC fraction. In the case of GRAD (Fig. 2A), fractions 5-8 contained 293 

the highest amount of CD9 marker, and therefore of EVs. Most proteins were likely 294 

pelleted with the GRAD method and the remaining proteins were mainly found in the first 295 

fractions of the GRAD, and co-purified with those fractions containing the highest CD9 296 

values. Total cholesterol, apoA and apoB were under the limit of detection, (<20 mg/dL, 297 

<5,13 mg/dL and <24,40 mg/dL, respectively). Among the fractions extracted by 298 

SEC+GRAD (Fig. 2A), the highest levels of CD9 fluorescence were detected in fractions 299 

4-7. Protein concentration was reduced and showed a slight and continuous increase 300 

from the first fraction. Total cholesterol, apoA and apoB were not detected in any fraction.  301 

The five fractions containing the highest EVs concentration were pooled in nine 302 

final samples (three per each replica); corresponding to fractions 8-12 for the SEC, and 303 

to fractions 4-8 for the GRAD and SEC+GRAD. Total protein in each EV pool was 304 

quantified and compared with the protein content in the original plasma sample. The 305 

comparison indicated that most of the protein plasma content had been removed, with a 306 

decrease from about 147 mg/ml, to 1,86 mg/ml for the SEC extractions, 2,02 mg/ml for 307 

GRAD fractionations, and 1,50 mg/ml for the combination of SEC+GRAD.  308 

Furthermore, EVs size distribution and concentration of each pool were 309 

measured by nanosight (Table 1). Particle size distribution was represented as mean, 310 

mode, and percentage of particles present in the sample with the indicated size or 311 

smaller (D values; D10, D50 and D90 correspond to the 10%, 50% and 90% of particles 312 

under the reported particle size). Based on the mean concentration of EV in each pool, 313 

the conclusion is that the use of SEC allowed the recovery of a larger amount of EVs 314 

than GRAD or SEC+GRAD; the mean number of particles/ml recovered by the three 315 

procedures was 7.49x1011+/-5.5x1010, 8.51x109+/-1.98x108 and 3.83x109+/-5.53x108, 316 

respectively. SEC+GRAD, yielded the largest average particle size followed by GRAD 317 

and SEC, with mean size values of 170.5±4.57 nm, 136.5±4 nm and 133.37±1.93 nm, 318 

respectively.  319 

Finally, purified EVs were visualized by TEM and Cryo-TEM in all the pools 320 

analysed (Fig. 2B). The cup-shape is due to the drying process during sample 321 

preparation for negative staining40. The size of the vesicles corresponded to that 322 

expected for EVs. TEM images correlated with data obtained from nanosight 323 

quantifications. Thus, SEC pools presented a higher quantity of EVs with an apparent 324 

low purity. In contrast, GRAD yielded a cleaner EVs preparation, with a lower proportion 325 
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of clumped vesicles. The purest EVs isolation was achieved using SEC+GRAD at the 326 

expense of a lower yield in vesicles.  327 

2. miRNA library evaluation for next-generation sequencing.  328 

To determine which protocol is more effective to detect miRNAs in plasma 329 

samples from patients, we compared three different protocols for miRNA library 330 

preparation: i) NEBNext Multiplex Small RNA Library Prep Set for Illumina (named as 331 

NEB); ii) NEXTFlex Small RNA-Seq Kit v3 (named as NEXT) and iii) SMARTer smRNA-332 

seq kit (named as SMARTer) (detailed in Materials and Methods). To this aim, we 333 

isolated small-RNAs from a plasma sample of a donor, and prepared libraries using the 334 

three protocols. We analysed two replicas with each protocol [Replica 1 (R1) and Replica 335 

2 (R2)]. The resulting RNA libraries were sequenced using Illumina technology (see 336 

Materials and Methods).  337 

We evaluated the protocols considering the following aspects: i) the recovery of 338 

synthetic miRNAs used as control (called spike-ins), ii) the reproducibility between 339 

replicas, iii) the number of sequencing reads corresponding to miRNAs, and iv) the 340 

number of different miRNAs detected. Spike-ins were used as a control of purification 341 

and amplification of miRNAs. The number of counts that corresponds to these spike-ins 342 

were depicted as a heat map (Fig. S1). The three protocols differed, being NEXT and 343 

NEB those that shown the highest similarity in spike-in recovery between replicas. Using 344 

a principal component analysis (PCA) (Fig. 3A), the samples were separated according 345 

to the three protocols used when the replicas were plotted together. 346 

Regarding miRNA detection, we selected reads between 17 and 25 nucleotides 347 

as miRNAs that were aligned to the human genome and mapped against miRNAs 348 

coordinates. The total number of reads that correspond to miRNAs is represented in 349 

Table S1. The two replicates sequenced by NEB and NEXT protocols resulted in a higher 350 

number of miRNAs reads than samples processed with SMARTer.  351 

NEB was the protocol that on average detected the largest number of different 352 

miRNAs, followed by NEXT and SMARTer (Fig. 3B and Table S2). Considering the 353 

number of different miRNAs, the reproducibility between replicas was analysed and 354 

depicted as Venn diagrams (Fig. 3C); NEB was the protocol that showed the highest 355 

reproducibility (84.1%) between replicas. The largest number of miRNAs was detected 356 

with the NEB protocol [397 out of 441 (90%) different miRNAs found in total, considering 357 

the three protocols] (Fig.3D).  Based on these results, the NEB protocol was selected as 358 

the most adequate to sequence miRNAs in a human plasma. 359 

3. Selection of a EVs isolation method according to miRNA sequence recovery 360 
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To determine the EVs isolation method that allowed detection of more miRNAs, 361 

we isolated miRNAs from the three replicas of each EVs isolation method (SEC, GRAD 362 

and SEC+GRAD) using NEB protocol. Using a principal component analysis (PCA) (Fig. 363 

4A), the samples were separated according to the three isolation methods used when 364 

the replicas were plotted together. 365 

Using the bioinformatics methods previously described34–36, replicas from GRAD 366 

method showed a high number of miRNA reads than the number obtained with SEC and 367 

SEC+GRAD (Table S3). GRAD was the method that detected the largest number of 368 

different miRNAs, followed by SEC and SEC+GRAD (Fig. 4B and Table S4). 369 

The reproducibility among replicas was analysed and depicted as Venn diagrams 370 

(Fig. 4C); GRAD was the method that showed the highest reproducibility (72.3%) among 371 

replicas. The highest number of miRNAs was detected with GRAD [336 out of 337 372 

(99.7%) different miRNAs, considering the three EVs isolation methods] (Fig. 4D). These 373 

results render the GRAD method as one of the most appropriate to detect miRNAs from 374 

EVs isolated from human plasma. 375 

 376 

Discussion  377 

In the present work, we have conducted a study to compare different EV isolation 378 

methods in order to find the best approach for miRNA biomarker recovery and 379 

identification. By comparing three different methods, SEC, GRAD and the combination 380 

of SEC+GRAD, we have shown that the method used can influence the final result. Each 381 

method allows isolation of a diverse size range of vesicles, but it varies regarding 382 

lipoprotein and protein contaminants depletion, EVs recovery yield, miRNA profiles, cost-383 

effectiveness, and clinical applicability. For that reason, it is important to choose the 384 

methodology depending on the forthcoming application of the purified EVs.  385 

The analysis of protein content showed that all three EV isolation methods 386 

removed most of the overabundant soluble plasma proteins, although SEC extractions 387 

are the ones recovering more impurities. As far as lipoproteins is concern, it is expected 388 

that SEC could not separate EVs from apoB-containing lipoproteins such as 389 

chylomicrons, LDL, IDL, VLDL and Lp(a) because of their size overlap (30-5000nm vs 390 

18-1200 nm), whereas GRAD could not separate EVs from apoA-containing lipoproteins 391 

(HDL) because of their density overlap (~1.1 g/mL vs 1.08-1.19 g/mL)32. Therefore, by 392 

combining SEC+GRAD should provide the highest lipoprotein removal. However, all 393 

GRAD and SEC fractions tested negative for apoA and apoB in EVs-containing fractions, 394 

suggesting that the combination of initial centrifugations with fractioning methodologies 395 

eliminate the vast majority of lipoproteins. However, certain degree of lipoprotein 396 
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contamination cannot be excluded based on the physical properties of these particles, 397 

which would explain the high quantity of particles detected in NTA and TEM analyses, 398 

and the low fluorescence intensity in CD9 analyses in SEC fractions.  399 

According to CD9 fluorescent intensity in tagged EVs, GRAD provided a higher 400 

proportion of pure EVs than SEC. According to NTA measurements, the concentration 401 

of recovered particles by GRAD and SEC+GRAD was two orders of magnitude lower 402 

than that of SEC extractions, but showing the highest degree of purity by TEM and Cryo-403 

TEM images. 404 

In consequence, GRAD is the methodology showing the best balance between 405 

EVs purity and yield. Next step was to study the cargo in miRNAs of the EVs isolated by 406 

the three methods.  407 

Firstly, when testing the efficacy of three commercial protocols of miRNAs library 408 

preparation, NEB, NEXT and SMARTer, NEB was the protocol that showed the highest 409 

reproducibility between replicas and resulted in the highest and different number of 410 

miRNAs followed by NEXT and SMARTer. Similar results were observed in other studies 411 

published with NEB kit when compared with other commercial kits25,41–43.  412 

Secondly, when testing the efficacy of the three EV isolation methods for miRNA-413 

sequencing, GRAD method showed the highest reproducibility from replicas and 414 

detected the higher number and more different miRNAs than those obtained with SEC 415 

and SEC+GRAD. Conversely, Buschmann et al. conclude that less specific EVs isolation 416 

methods yielded more RNA and obtained higher number of miRNAs than more specific 417 

methods. This could be attributed to extreme alterations in miRNA expression as they 418 

work with sepsis patients, different subpopulations of vesicles isolated or a more 419 

abundant co-isolation of non-vesicular extracellular RNA that mask those miRNAs 420 

coming from EVs. Besides, highly abundant miRNAs are less affected by library 421 

preparation-induced biases than low-abundance transcripts44. MiRNAs related to 422 

pathologies that induce small differences in their expression levels and/or are 423 

underrepresented in plasma samples can be enriched by isolating the miRNAs within 424 

EVs9. Thus, the study of miRNAs with GRAD may allow detecting less abundant 425 

circulating miRNAs that nevertheless may play significant roles in pathogenesis that 426 

would be concealed by more abundant miRNAs if other methods are used.  427 

In addition to miRNAs, EVs contain messenger RNAs,  transfer RNA, long non-428 

coding RNAs, and circular RNAs, among others45. Depending on the EVs isolation 429 

methodology, different types of vesicles with different sizes and cargos are isolated. In 430 

our study, SEC proved to be the less discriminative method allowing to recover more 431 

different type of particles, and depending on the aim of the study this methodology could 432 

represent the best choice since despite showing lower miRNA abundance and diversity 433 



13 
 

than GRAD, other RNA types might have been isolated and sequenced. Although further 434 

investigation would be required to confirm this hypothesis, the results obtained by 435 

SEC+GRAD are consistent with a pre-selection of less miRNA-enriched vesicles by 436 

SEC. 437 

In conclusion, all methods assessed in this study successfully detected miRNAs 438 

from plasma samples, although the number of mapped miRNAs varied considerably 439 

across EV isolation methods and library preparation kits. In our case, the method that 440 

provided the best balance between EV’s purity, yield and miRNA-sequencing was the 441 

GRAD. Hence, isopycnic centrifugation using GRAD methodology, followed by NGS 442 

sequencing using NEB kit should be considered, as a reliable protocol for the 443 

identification of clinical biomarkers.  444 
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 473 

Figure legends 474 

Figure 1. Diagram of EVs isolation methods used for the comparison. 475 

Figure 2. Characterization of three EVs isolation methods. (A) Detection of CD9, 476 

total cholesterol and total protein. Codes for the quantifications are depicted above the 477 

graph. The fractionation method is indicated in each panel, and fraction number in the 478 

abscissas. CD9 fluorescence intensity was measured as geometrical mean and plotted 479 

on the left axis as the three replica’s mean. Total cholesterol and total proteins were 480 

measured as mg/dL and plotted on the right axis. Total protein was represented as the 481 

mean of the three replicas. (i) SEC means…, (ii) GRAD means…, and (iii) SEC+GRAD 482 

means… (see Materials and Methods). (B) TEM and Cryo-TEM images of EVs 483 

extractions by SEC, GRAD, and SEC+GRAD.  484 

Figure 3. miRNAs detected by the three miRNAs sequencing protocols.  NEB refers 485 

to NEB Multiplex Small RNA Library Prep Set for Illumina, NEXT refers to NEXTFlex 486 

Small RNA-Seq Kit v3 and SMARTer refers to SMARTer smRNA-seq kit (see Materials 487 

and Methods). (A) Plot of principal component analysis (PCA) of components Dim1 and 488 

Dim2. Each protocol is represented by a different color and symbol. The two replicas are 489 

depicted in the plot (Replica 1 and Replica 2). The third point is the centroid of the two 490 

replicas of each library protocol. (B) Number of different miRNAs identified in each 491 

replica of each protocol. (C) Number and percentage of miRNAs detected in each replica 492 

of the three protocols, represented as a Venn diagram. (D) Number and percentage of 493 

miRNAs shared and unique among the three protocols.   494 

Figure 4. miRNAs detected with the three EV isolation methods. SEC refers to Size 495 

exclusion chromatography, GRAD refers to iodixanol gradient and SEC+GRAD refers to 496 

size exclusion and iodixanol gradient. (A) Plot of principal component analysis (PCA) of 497 

components Dim1 and Dim2. Each method is represented by a different color and 498 

symbol. The three replicas are depicted in the plot (R1, R2 and R3). The fourth point is 499 

the centroid of the three replicas of each EV isolation method. (B) Number of different 500 

miRNAs detected in replicas (R1, R2 and R3) from each EVs isolation method. (C) 501 

Number and percentage of miRNAs detected in each replica represented as a Venn 502 
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diagram. (D) Number and percentage of miRNAs shared and unique among the three 503 

methods.  504 

Figure S1. Characterization of all SEC fractions. CD9, ApoA, total cholesterol and 505 

total protein quantification. CD9 fluorescence intensity was measured as geometrical 506 

mean and plotted on the left axis. ApoA, total cholesterol and total proteins were 507 

measured as mg/dL and plotted on the right axis and fraction number in the abscissas. 508 

Instead of the three replicates one replica was represented from fractions 15 to 30.  509 

Figure S2. Heat map of normalized NOISeq counts of different spike-ins identified 510 

in the two replicas from each protocol (SMARTer, NEB and NEXT). Spike-ins with a 511 

higher number of counts are depicted with red and yellow colors, and those with a lower 512 

number of counts are depicted with blue colors.  513 
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Table 1. NTA parameters of each replica 

EVs isolation 

methods 

Concentration 

(particles/ml) 

Mean 

(nm) 

Mode 

(nm) 

D10 

(nm) 

D50 

(nm) 

D90 

(nm) 

SEC1 1.29x1012+/-

1.24x1011 

128.4+/-1.5 96.4+/-5.4 80.9+/-2.1 116.2+/-1.3 194.1+/-2.1 

SEC2 5.63x1011+/-

3.89x1010 

134.5+/-2.4 108.4+/-4.1 87.6+/-0.8 121.2+/-1.6 206.7+/-8.5 

SEC3 3.93x1011+/-

2.22x109 

137.2+/-1.9 114.8+/-7.7 78.3+/-2.3 124.2+/-1.8 215.7+/-3.4 

GRAD1 7.29x109+/-

8.16x107 

134.7+/-1.2 95.5+/-1.1 86.1+/-2.8 120.6+/-1.2 200.9+/-4.7 

GRAD2 9.55x109+/-

1.95x108 

133.7+/-1.6 94.3+/-2.5 82.8+/-1.4 120.2+/-1.8 203.7+/- 3.3 

GRAD3 8.68x109+/-

3.18x108 

141.1+/-9.2 95.1+/-4.0 85.3+/-5.0 123.7+/-6.7 215.9+/-14.0 

SEC+GRAD1 4.90x109+/-

2.23x108 

164.2+/-2.7 129.1+/-8.1 94.1+/-2.9 146.2+/-3.2 259.4+/-11.2 

SEC+GRAD2 4.30x109+/-

1.31x109 

179.7+/-7.3 140.4+/-28.7 96.1+/-3.9 161.0+/-14.4 277.6+/-12.5 

SEC+GRAD3 2.29x109+/-

1.25x108 

167.6+/-3. 111.5+/-2.5 94.9+/-9.0 148.3+/-2.9 278.9+/-16.8 
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Table S1. Number of reads that remain after each of the steps of different library preparation methods in the bioinformatics process obtained by 

the ultra-deep sequencing analysis.  

Library preparation 

method 
Replica 

Initial 

reads 

Post-

trimminga 

Too 

shortb 

Too 

longc 

Aligned 0 

timesd 

Aligned 

exactly 1 

timee 

Aligned >1 

timesf 

No 

featureg 

Final 

readsh 

NEBNext Multiplex 

Small RNA Library 

Prep Set for Illumina 

1 11,892,073 2,701,556 486,910 8,703,607 634,166 785,411 1,281,979 413,514 1,653,876 

2 12,339,551 2,715,473 631,422 8,992,656 664,003 775,349 1,276,121 402,348 1,649,122 

NextFlex Small RNA-

Seq v3 

1 18,689,055 8,063,509 1,850,873 8,774,673 2,055,648 2,228,291 3,779,570 1,184,404 4,823,457 

2 11,750,617 5,001,162 1,470,510 5,278,945 1,798,933 1,239,603 1,962,626 682,706 2,519,523 

SMARTer smRNA-

Seq Kit for Illumina 

1 8,738,639 468,249 1,577,605 6,692,785 115,613 61,746 290,890 347,252 5,384 

2 8,727,581 395,306 1,374,911 6,957,364 91,132 56,476 247,698 285,256 18,918 

 

a Number of reads between 17 and 25 nucleotides after trimming according to kit manufacturer instructions. 
b Number of reads discarded to be shorter than 17 nucleotides. 
c Number of reads discarded to be longer than 25 nucleotides. 
d Number of reads discarded because do not map to human reference genome (assembly hg38). 
e Number of reads that map one time to human reference genome (assembly hg38). 
f Number of reads that map more than one time to human reference genome (assembly hg38). 
g Number of reads discarded because do not map to miRNAs coordinates. 
h Number of reads after each of the steps in the bioinformatics process. 



Table S2. Normalized counts of miRNAs detected using three different library preparation and filtered by 

abundance (miRNAs with at least 50 reads). 

Accession Numbera 
NEBNextb NEXTFlexc SMARTerd 

Replica 1 Replica 2 Replica 1 Replica 2 Replica 1 Replica 2 

MIMAT0000062 20955.5 19262.1 29495.8 27959.7 22795.2 34786.5 

MIMAT0000062_1 23376.0 19940.0 29928.9 28755.3 22795.2 37721.2 

MIMAT0000062_2 22924.3 20133.0 29687.4 29337.8 25210.6 39868.5 

MIMAT0000063 69745.9 150564.7 43189.6 68745.2 82575.9 94052.4 

MIMAT0000064 2175.0 2211.6 806.5 1808.9 603.8 2290.5 

MIMAT0000065 2527.1 1269.6 4470.8 5498.1 4377.9 1717.9 

MIMAT0000066 1408.3 1493.0 1687.9 1219.6 2113.5 1861.0 

MIMAT0000067 32428.1 28905.8 26390.8 27383.0 20530.7 33498.1 

MIMAT0000067_1 45014.8 43239.4 27893.9 28879.4 19021.1 35072.8 

MIMAT0000068 18.5 66.0 385.2 134.4 0.0 0.0 

MIMAT0000069 384.5 347.9 12147.5 13791.4 1207.7 2218.9 

MIMAT0000069_1 370.6 358.0 12187.2 13883.9 3321.2 3221.0 

MIMAT0000070 433.1 203.1 160.6 0.0 3925.0 787.3 

MIMAT0000072 4.6 0.0 258.4 0.0 0.0 0.0 

MIMAT0000073 250.2 71.1 102.5 618.7 6189.4 1789.4 

MIMAT0000074 169.1 213.3 79.5 120.1 7699.0 3292.5 

MIMAT0000074_1 159.8 286.9 77.2 116.6 7699.0 3722.0 

MIMAT0000075 901.0 721.1 486.1 2531.0 301.9 429.5 

MIMAT0000076 119624.9 103900.0 105219.8 129114.9 2566.3 6871.4 

MIMAT0000077 8927.0 10669.6 7823.8 9284.3 452.9 429.5 

MIMAT0000078 440.1 137.1 23312.7 28109.6 30645.2 53038.7 

MIMAT0000079 2.3 12.7 59.7 0.0 0.0 0.0 

MIMAT0000080 6992.9 6055.9 13673.0 16933.7 5736.5 10020.8 

MIMAT0000080_1 6891.0 6388.5 13781.2 16404.0 3472.1 12025.0 

MIMAT0000081 29713.4 29487.3 4984.8 4458.9 22191.3 17965.9 

MIMAT0000082 120820.1 106444.2 17445.2 21690.1 301.9 572.6 

MIMAT0000082_1 116623.0 106444.2 16577.7 20490.1 452.9 143.2 

MIMAT0000083 4065.1 3382.2 9703.9 9973.6 603.8 143.2 

MIMAT0000084 16197.8 14529.1 5981.2 6957.8 1811.5 214.7 

MIMAT0000085 275.6 248.8 820.4 1016.2 0.0 0.0 

MIMAT0000086 1570.4 1307.7 3734.2 6456.8 2113.5 1861.0 

MIMAT0000087 3909.9 2861.6 5508.7 4021.2 452.9 0.0 

MIMAT0000088 491.1 652.6 124.9 64.9 754.8 0.0 

MIMAT0000090 247.8 162.5 64.1 0.0 0.0 930.5 

MIMAT0000092 23864.8 24205.8 37890.9 42738.0 8906.7 23548.9 

MIMAT0000092_1 22449.5 23246.0 35166.6 38624.4 9812.5 24407.8 

MIMAT0000093 870.9 716.0 4627.0 7978.6 5434.6 5225.1 



MIMAT0000094 136.7 17.8 48.2 0.0 0.0 0.0 

MIMAT0000095 57.9 0.0 112.4 168.9 0.0 0.0 

MIMAT0000096 1556.5 1912.0 2804.8 4320.4 1660.6 715.8 

MIMAT0000097 28335.2 29616.8 1687.4 2487.9 0.0 0.0 

MIMAT0000098 6620.0 6441.9 684.5 1.7 0.0 0.0 

MIMAT0000099 9191.0 9653.9 2550.6 3121.0 905.8 214.7 

MIMAT0000099_1 9612.6 10568.0 2581.8 2984.8 603.8 429.5 

MIMAT0000100 30.1 2.5 268.8 454.4 2415.4 3793.6 

MIMAT0000100_1 18.5 0.0 249.8 420.5 2566.3 3364.1 

MIMAT0000101 1028.4 774.4 3033.2 2398.9 0.0 0.0 

MIMAT0000101_1 1109.5 703.3 2875.7 2337.4 0.0 0.0 

MIMAT0000104 180.7 66.0 320.7 153.4 0.0 0.0 

MIMAT0000222 12721.1 11489.7 1084.0 748.5 1509.6 357.9 

MIMAT0000227 379.9 322.5 1823.8 1760.1 754.8 2719.9 

MIMAT0000231 1894.7 1406.7 388.5 198.2 452.9 0.0 

MIMAT0000231_1 1836.8 1322.9 397.1 176.4 301.9 0.0 

MIMAT0000232 322.0 286.9 1885.3 1466.6 0.0 143.2 

MIMAT0000232_1 296.5 281.8 1879.3 1457.4 452.9 214.7 

MIMAT0000242_1 85.7 33.0 0.0 0.0 0.0 0.0 

MIMAT0000243 321547.7 360489.9 3939.9 2659.7 0.0 0.0 

MIMAT0000244 690.3 553.5 1248.5 960.5 0.0 1073.7 

MIMAT0000244_1 704.2 604.3 1214.1 888.1 0.0 787.3 

MIMAT0000245 137636.4 142058.5 52009.5 56214.1 754.8 0.0 

MIMAT0000250 1362.0 1561.6 806.5 735.3 0.0 357.9 

MIMAT0000252 854.7 700.8 238.6 426.8 0.0 0.0 

MIMAT0000252_1 910.3 721.1 238.9 430.8 0.0 0.0 

MIMAT0000252_2 942.7 713.5 236.0 436.6 0.0 0.0 

MIMAT0000253 45304.4 55247.1 5628.4 6087.5 0.0 0.0 

MIMAT0000254 61926.1 77937.0 6771.6 9017.7 0.0 143.2 

MIMAT0000255 0.0 0.0 65.7 52.3 0.0 0.0 

MIMAT0000256 3092.3 2303.0 1188.6 1721.1 0.0 0.0 

MIMAT0000256_1 2964.9 2460.4 1184.7 1727.4 0.0 0.0 

MIMAT0000257 530.4 335.2 134.8 183.8 0.0 0.0 

MIMAT0000257_1 460.9 388.5 124.9 170.0 0.0 0.0 

MIMAT0000259 2652.2 3460.9 1751.3 3446.1 0.0 0.0 

MIMAT0000261 3020.4 4740.6 619.3 1023.1 1660.6 357.9 

MIMAT0000264 53.3 0.0 49.8 0.0 0.0 0.0 

MIMAT0000265 74.1 66.0 0.0 0.0 0.0 0.0 

MIMAT0000271 20.8 116.8 36.2 0.0 0.0 71.6 

MIMAT0000272 2413.6 2455.4 904.3 457.8 0.0 0.0 

MIMAT0000278 5600.8 2595.0 3030.4 1785.4 3170.2 357.9 



MIMAT0000279 8588.8 8602.7 1646.5 1705.0 603.8 715.8 

MIMAT0000280 576.8 358.0 12257.6 12464.4 43929.8 67712.0 

MIMAT0000281 5285.8 5657.3 1551.6 580.8 452.9 143.2 

MIMAT0000318 111.2 71.1 127.5 0.0 0.0 0.0 

MIMAT0000414 23174.5 19995.9 39860.7 47158.4 14039.4 12239.7 

MIMAT0000415 151557.3 144879.5 17704.7 22014.7 8755.8 5511.4 

MIMAT0000416 416.9 228.5 743.2 931.8 0.0 930.5 

MIMAT0000416_1 421.6 243.8 653.2 938.7 452.9 1145.2 

MIMAT0000417 85.7 40.6 3718.0 3270.9 452.9 572.6 

MIMAT0000418 187.6 78.7 1099.1 1788.3 2868.3 8589.3 

MIMAT0000419 17754.4 17611.6 10260.1 9037.8 0.0 1145.2 

MIMAT0000420 60.2 10.2 276.7 248.2 603.8 0.0 

MIMAT0000421 1314537.7 1453863.0 138996.8 158159.1 29739.4 48171.4 

MIMAT0000423 664.8 815.1 606.5 514.1 0.0 214.7 

MIMAT0000423_1 750.5 787.1 618.8 530.8 0.0 143.2 

MIMAT0000424 24411.4 30089.1 1370.1 2349.5 0.0 71.6 

MIMAT0000424_1 14859.0 16898.1 927.3 1307.5 0.0 0.0 

MIMAT0000425 69.5 68.6 37.6 0.0 13737.5 3650.4 

MIMAT0000426 16.2 63.5 136.6 0.0 0.0 0.0 

MIMAT0000427 0.0 0.0 0.0 84.4 0.0 0.0 

MIMAT0000427_1 0.0 0.0 0.0 85.6 0.0 0.0 

MIMAT0000431 101.9 86.3 145.5 0.0 0.0 0.0 

MIMAT0000432 4.6 0.0 47.7 0.0 0.0 0.0 

MIMAT0000433 10416.4 11238.3 6038.6 9689.3 15549.0 5654.6 

MIMAT0000434 555.9 464.7 341.9 449.2 7850.0 3364.1 

MIMAT0000435 23105.0 23378.1 11082.8 11873.3 301.9 572.6 

MIMAT0000436 945.0 799.8 1080.1 1033.4 10869.2 715.8 

MIMAT0000437 0.0 0.0 289.2 0.0 754.8 787.3 

MIMAT0000438 1948.0 1223.9 190.4 175.2 0.0 0.0 

MIMAT0000440 8584.2 7391.5 15001.9 15461.9 18568.3 12382.8 

MIMAT0000442 2.3 0.0 0.0 182.7 0.0 0.0 

MIMAT0000442_1 2.3 0.0 0.0 168.9 0.0 0.0 

MIMAT0000442_2 4.6 0.0 0.0 170.6 0.0 0.0 

MIMAT0000443 5327.5 8389.4 3354.8 2528.2 905.8 1503.1 

MIMAT0000444 1714.1 1868.8 3805.4 2856.7 74273.0 287597.0 

MIMAT0000445 48412.8 45631.3 12224.7 20177.6 9661.5 6298.8 

MIMAT0000446 528.1 840.5 0.0 0.0 0.0 0.0 

MIMAT0000447 6529.6 5383.0 476.7 161.4 301.9 787.3 

MIMAT0000449 23702.6 18645.1 28003.7 27081.9 18568.3 23405.7 

MIMAT0000451 956.6 441.8 3308.1 4322.2 17813.4 53682.9 

MIMAT0000453 0.0 0.0 98.6 0.0 0.0 0.0 



MIMAT0000454 27.8 233.6 0.0 0.0 0.0 0.0 

MIMAT0000455 5735.1 2983.5 3435.9 6293.7 3321.2 1145.2 

MIMAT0000456 2717.0 1404.2 2935.7 2654.0 2264.4 1646.3 

MIMAT0000460 595.3 586.5 312.4 413.0 151.0 214.7 

MIMAT0000460_1 484.1 520.5 558.0 411.3 452.9 0.0 

MIMAT0000461 25.5 58.4 64.9 0.0 151.0 0.0 

MIMAT0000462 157.5 210.8 0.0 197.6 0.0 357.9 

MIMAT0000510 46837.8 21384.8 14197.4 8556.5 151.0 858.9 

MIMAT0000617 127.4 101.6 137.2 0.0 0.0 0.0 

MIMAT0000646 741.2 530.7 332.0 373.4 0.0 0.0 

MIMAT0000680 118.1 119.3 625.3 348.7 0.0 0.0 

MIMAT0000681 32.4 96.5 518.4 619.8 1207.7 858.9 

MIMAT0000682 539.7 248.8 0.0 0.0 0.0 0.0 

MIMAT0000688 0.0 0.0 25.3 0.0 603.8 143.2 

MIMAT0000689 5390.0 6459.6 789.1 524.5 0.0 0.0 

MIMAT0000691 30.1 35.5 147.1 0.0 603.8 357.9 

MIMAT0000692 11498.1 6881.1 19926.9 26585.6 0.0 71.6 

MIMAT0000693 3495.3 3839.2 540.0 0.0 1962.5 357.9 

MIMAT0000703 88.0 116.8 691.3 842.1 151.0 0.0 

MIMAT0000707 2358.0 2440.1 668.6 923.7 151.0 0.0 

MIMAT0000720 4.6 0.0 20.1 0.0 0.0 858.9 

MIMAT0000721 115.8 30.5 1896.6 2228.9 0.0 214.7 

MIMAT0000722 148.2 119.3 0.0 158.0 0.0 0.0 

MIMAT0000727 169.1 157.4 597.2 492.9 603.8 0.0 

MIMAT0000728 3233.5 4273.4 885.6 968.5 301.9 0.0 

MIMAT0000729 9.3 0.0 103.5 0.0 151.0 429.5 

MIMAT0000729_1 30.1 0.0 87.9 0.0 0.0 214.7 

MIMAT0000732 2812.0 2800.7 77.2 143.0 301.9 0.0 

MIMAT0000733 593.0 454.5 99.6 384.9 0.0 0.0 

MIMAT0000736 1637.6 1505.7 37.3 181.5 0.0 0.0 

MIMAT0000737 3534.7 3813.8 2760.5 4922.5 1811.5 1503.1 

MIMAT0000750 335.9 269.2 179.9 446.3 754.8 787.3 

MIMAT0000751 1040.0 601.8 259.5 283.2 0.0 143.2 

MIMAT0000752 3604.2 4288.6 820.9 1495.3 1962.5 3077.8 

MIMAT0000753 150.6 0.0 1511.9 1573.4 5283.6 6585.1 

MIMAT0000754 11.6 0.0 33.6 116.0 151.0 214.7 

MIMAT0000755 108.9 33.0 133.5 0.0 0.0 0.0 

MIMAT0000756 57.9 2.5 147.1 209.1 1358.7 572.6 

MIMAT0000757 78473.7 86443.2 4832.3 5943.8 2717.3 10020.8 

MIMAT0000759 8164.9 7840.9 1579.2 2203.0 151.0 286.3 

MIMAT0000760 60.2 0.0 188.8 0.0 0.0 71.6 



MIMAT0000762 0.0 0.0 25.6 0.0 0.0 0.0 

MIMAT0000764 55.6 96.5 103.0 0.0 0.0 0.0 

MIMAT0000765 233.9 246.3 7986.7 9940.9 2566.3 3507.3 

MIMAT0000772 67.2 142.2 170.3 418.8 151.0 71.6 

MIMAT0001340 17416.2 19731.8 7633.9 10677.9 301.9 501.0 

MIMAT0001343 210.8 134.6 62.8 0.0 0.0 0.0 

MIMAT0001536 48.6 20.3 27.1 0.0 0.0 0.0 

MIMAT0001545 37.1 0.0 39.1 0.0 0.0 0.0 

MIMAT0001545_1 32.4 0.0 40.9 0.0 0.0 0.0 

MIMAT0001618 71.8 71.1 123.3 0.0 301.9 143.2 

MIMAT0001621 192.3 228.5 131.2 0.0 0.0 0.0 

MIMAT0001629 6.9 0.0 116.6 0.0 0.0 0.0 

MIMAT0001629_1 2.3 0.0 117.6 0.0 0.0 0.0 

MIMAT0001630 9.3 0.0 0.3 553.2 0.0 0.0 

MIMAT0001631 38927.6 35853.0 36311.1 47680.0 6642.3 2648.4 

MIMAT0001635 85.7 86.3 276.2 0.0 0.0 0.0 

MIMAT0001636 30.1 0.0 44.9 0.0 0.0 0.0 

MIMAT0001639 34512.8 40431.1 4898.0 5745.1 2113.5 4366.2 

MIMAT0002171 104.2 0.0 38.1 0.0 0.0 0.0 

MIMAT0002173 37.1 109.2 285.0 107.4 1207.7 3149.4 

MIMAT0002174 1107.2 1376.2 2414.4 819.2 452.9 1431.5 

MIMAT0002175 2388.1 2419.8 531.7 318.2 0.0 0.0 

MIMAT0002176 958.9 2920.0 1252.2 1777.4 301.9 214.7 

MIMAT0002177 57302.8 83477.5 28584.1 27261.2 4679.8 13528.1 

MIMAT0002177_1 63362.2 92697.2 28600.0 27322.6 6642.3 13098.6 

MIMAT0002178 48.6 0.0 88.7 526.2 0.0 0.0 

MIMAT0002808 289.5 134.6 0.0 0.0 452.9 0.0 

MIMAT0002809 14861.3 13480.4 1445.4 1236.8 1962.5 3507.3 

MIMAT0002813 90.3 48.2 84.2 0.0 0.0 0.0 

MIMAT0002814 213.1 157.4 71.2 0.0 0.0 0.0 

MIMAT0002816 25.5 0.0 451.9 868.6 0.0 0.0 

MIMAT0002817 755.1 634.8 502.2 1647.5 0.0 143.2 

MIMAT0002818 23.2 0.0 21.6 0.0 0.0 143.2 

MIMAT0002821 227.0 86.3 0.0 0.0 0.0 0.0 

MIMAT0002859 30.1 157.4 0.0 0.0 0.0 0.0 

MIMAT0002859_1 30.1 129.5 0.0 0.0 0.0 0.0 

MIMAT0002870 178.4 137.1 115.3 172.3 0.0 0.0 

MIMAT0002871 55.6 10.2 165.6 123.5 0.0 0.0 

MIMAT0002874 18.5 129.5 0.0 199.9 0.0 0.0 

MIMAT0002875 0.0 0.0 47.7 0.0 0.0 0.0 

MIMAT0002876 30.1 0.0 216.4 87.3 452.9 0.0 



MIMAT0002888 3770.9 3478.7 32.9 66.6 0.0 143.2 

MIMAT0002891 30.1 0.0 52.4 196.5 0.0 0.0 

MIMAT0003161 39.4 139.7 0.0 0.0 0.0 0.0 

MIMAT0003180 6.9 0.0 1147.9 841.0 0.0 357.9 

MIMAT0003218 484.1 942.0 388.3 0.0 0.0 357.9 

MIMAT0003220 11.6 0.0 103.0 455.0 0.0 0.0 

MIMAT0003239 0.0 58.4 578.1 701.4 1962.5 3292.5 

MIMAT0003241 39.4 0.0 87.4 0.0 452.9 0.0 

MIMAT0003249 6965.1 5504.9 1456.9 871.4 0.0 0.0 

MIMAT0003251 0.0 0.0 0.0 54.0 0.0 0.0 

MIMAT0003251_1 0.0 0.0 0.0 54.0 0.0 0.0 

MIMAT0003251_2 0.0 0.0 0.0 58.0 0.0 0.0 

MIMAT0003266 30.1 0.0 118.1 0.0 0.0 0.0 

MIMAT0003283 74.1 96.5 0.0 0.0 0.0 0.0 

MIMAT0003297 416.9 698.3 242.0 198.8 301.9 429.5 

MIMAT0003321 92.7 43.2 72.8 0.0 0.0 0.0 

MIMAT0003322 134.3 149.8 3307.3 3786.8 0.0 0.0 

MIMAT0003329 111.2 154.9 1.3 0.0 0.0 0.0 

MIMAT0003330 509.6 540.8 0.0 0.0 0.0 0.0 

MIMAT0003332 44.0 0.0 175.5 286.7 0.0 1073.7 

MIMAT0003338 53.3 193.0 178.1 0.0 151.0 501.0 

MIMAT0003339 148.2 231.1 347.3 691.1 0.0 1288.4 

MIMAT0003389 20.8 63.5 56.8 0.0 0.0 0.0 

MIMAT0003393 549.0 479.9 2585.2 2874.6 603.8 787.3 

MIMAT0003884 60.2 45.7 52.2 0.0 0.0 71.6 

MIMAT0003885 11.6 0.0 74.6 0.0 151.0 0.0 

MIMAT0003886 111.2 124.4 0.0 0.0 0.0 0.0 

MIMAT0003888 9.3 0.0 65.5 0.0 0.0 0.0 

MIMAT0003945 0.0 0.0 0.0 236.1 0.0 0.0 

MIMAT0004481 521.2 578.9 48.2 0.0 603.8 572.6 

MIMAT0004481_1 437.8 571.3 48.0 0.0 905.8 1360.0 

MIMAT0004482 199.2 766.8 512.1 272.3 2415.4 9018.7 

MIMAT0004484 11822.4 25381.5 13493.6 16784.9 19172.1 130485.1 

MIMAT0004485 11.6 116.8 0.0 0.0 0.0 0.0 

MIMAT0004486 48.6 109.2 47.7 0.0 452.9 1717.9 

MIMAT0004494 20.8 0.0 114.7 184.4 0.0 143.2 

MIMAT0004495 393.8 386.0 18.3 725.5 151.0 0.0 

MIMAT0004496 9.3 83.8 123.6 0.0 0.0 357.9 

MIMAT0004497 120.4 167.6 0.0 0.0 0.0 286.3 

MIMAT0004498 85.7 38.1 0.0 287.8 0.0 0.0 

MIMAT0004500 48.6 114.3 40.4 0.0 301.9 572.6 



MIMAT0004501 108.9 116.8 0.0 0.0 0.0 0.0 

MIMAT0004502 5529.0 5085.9 1422.0 263.7 603.8 286.3 

MIMAT0004518 4486.7 4933.6 1241.8 1964.0 0.0 143.2 

MIMAT0004549 233.9 286.9 0.0 0.0 0.0 0.0 

MIMAT0004551 90.3 76.2 0.0 0.0 0.0 0.0 

MIMAT0004552 845.4 1254.3 108.7 0.0 0.0 0.0 

MIMAT0004556 104.2 81.3 44.3 0.0 2113.5 2863.1 

MIMAT0004558 356.7 586.5 14.6 640.5 0.0 0.0 

MIMAT0004563 322.0 233.6 1897.3 1487.3 151.0 143.2 

MIMAT0004568 90.3 147.3 40.9 0.0 0.0 0.0 

MIMAT0004570 5464.1 4303.9 162.5 1552.7 603.8 1073.7 

MIMAT0004585 18.5 0.0 39.1 0.0 603.8 1789.4 

MIMAT0004586 92.7 38.1 268.6 360.8 1358.7 858.9 

MIMAT0004587 53.3 0.0 97.8 0.0 0.0 0.0 

MIMAT0004589 48.6 121.9 0.0 0.0 0.0 0.0 

MIMAT0004597 6881.7 6274.3 1398.0 1544.7 452.9 71.6 

MIMAT0004600 690.3 289.5 2382.4 525.0 1056.7 858.9 

MIMAT0004601 535.1 434.2 320.0 467.6 0.0 143.2 

MIMAT0004602 118.1 30.5 0.0 0.0 0.0 0.0 

MIMAT0004603 44.0 127.0 0.0 0.0 0.0 0.0 

MIMAT0004606 20.8 0.0 43.0 0.0 0.0 0.0 

MIMAT0004608 71.8 104.1 0.0 0.0 0.0 0.0 

MIMAT0004610 525.8 515.4 102.0 194.7 0.0 715.8 

MIMAT0004611 136.7 53.3 0.0 0.0 151.0 0.0 

MIMAT0004614 829.2 782.1 462.1 0.0 0.0 0.0 

MIMAT0004672 1535.7 1371.1 284.5 0.0 754.8 0.0 

MIMAT0004674 27.8 0.0 21.4 0.0 0.0 0.0 

MIMAT0004678 108.9 40.6 0.0 0.0 0.0 0.0 

MIMAT0004680 945.0 1183.2 530.1 402.7 1207.7 858.9 

MIMAT0004682 1711.7 1152.8 61.3 868.6 452.9 0.0 

MIMAT0004683 0.0 0.0 58.9 377.4 151.0 0.0 

MIMAT0004688 78.8 127.0 0.0 0.0 0.0 0.0 

MIMAT0004690 41.7 0.0 16.9 0.0 0.0 0.0 

MIMAT0004692 7710.9 8244.7 2077.0 4641.0 0.0 0.0 

MIMAT0004694 1239.2 1241.7 119.4 0.0 0.0 787.3 

MIMAT0004697 46.3 2.5 1627.2 1814.7 0.0 286.3 

MIMAT0004699 53.3 0.0 93.1 0.0 0.0 0.0 

MIMAT0004701 229.3 304.7 187.8 0.0 0.0 0.0 

MIMAT0004702 426.2 302.2 708.5 329.7 0.0 0.0 

MIMAT0004703 993.7 1069.0 474.1 1086.3 0.0 0.0 

MIMAT0004748 211764.7 287940.9 42571.3 57079.8 23248.1 11237.6 



MIMAT0004749 252.5 274.2 210.7 0.0 0.0 0.0 

MIMAT0004761 1176.7 3374.5 1153.9 2370.2 301.9 0.0 

MIMAT0004762 354.4 391.0 362.5 572.7 0.0 0.0 

MIMAT0004762_1 257.1 284.4 236.3 550.9 0.0 0.0 

MIMAT0004766 25.5 38.1 75.4 0.0 0.0 0.0 

MIMAT0004767 201.5 639.9 0.0 380.9 905.8 0.0 

MIMAT0004774 542.0 624.6 448.8 440.6 0.0 0.0 

MIMAT0004775 51.0 43.2 388.8 112.0 0.0 0.0 

MIMAT0004776 125.1 27.9 0.0 0.0 452.9 0.0 

MIMAT0004780 4.6 0.0 100.1 0.0 0.0 143.2 

MIMAT0004792 90.3 144.7 0.0 0.0 0.0 0.0 

MIMAT0004793 0.0 0.0 0.0 0.0 2868.3 3936.7 

MIMAT0004795 0.0 0.0 25.0 0.0 0.0 0.0 

MIMAT0004796 41.7 68.6 32.3 0.0 0.0 0.0 

MIMAT0004797 37.1 139.7 0.0 0.0 0.0 0.0 

MIMAT0004799 108.9 35.5 0.0 0.0 0.0 0.0 

MIMAT0004801 34.7 0.0 0.0 63.2 0.0 644.2 

MIMAT0004808 1223.0 1279.7 774.5 704.9 2264.4 2004.2 

MIMAT0004809 4.6 27.9 125.2 0.0 0.0 143.2 

MIMAT0004810 1690.9 1399.1 183.6 223.5 452.9 71.6 

MIMAT0004813 78.8 177.7 52.9 0.0 0.0 0.0 

MIMAT0004814 555.9 299.6 55.0 418.8 0.0 71.6 

MIMAT0004819 731.9 840.5 31.3 0.0 0.0 0.0 

MIMAT0004909 44.0 63.5 120.0 0.6 0.0 0.0 

MIMAT0004921 308.1 477.4 59.2 49.4 0.0 0.0 

MIMAT0004945 7852.2 7053.8 236.3 970.8 1056.7 286.3 

MIMAT0004947 34.7 175.2 970.6 726.1 0.0 2863.1 

MIMAT0004948 60.2 33.0 42.2 0.0 0.0 0.0 

MIMAT0004949 37.1 73.6 87.4 195.9 301.9 71.6 

MIMAT0004954 10448.8 13673.4 1012.6 1013.3 301.9 286.3 

MIMAT0004955 48.6 134.6 255.6 0.0 1056.7 3221.0 

MIMAT0004957 264.1 307.2 77.7 463.0 0.0 0.0 

MIMAT0004959 18.5 0.0 41.2 0.0 0.0 0.0 

MIMAT0004984 134.3 180.3 0.0 0.0 0.0 0.0 

MIMAT0004984_1 148.2 167.6 0.0 0.0 0.0 0.0 

MIMAT0004984_2 127.4 180.3 0.0 0.0 0.0 0.0 

MIMAT0004984_3 143.6 167.6 0.0 0.0 0.0 0.0 

MIMAT0004984_4 180.7 180.3 0.0 0.0 0.0 0.0 

MIMAT0004985 115.8 294.5 265.7 0.0 0.0 0.0 

MIMAT0005577 0.0 0.0 43.5 0.0 0.0 0.0 

MIMAT0005582 97.3 116.8 0.0 0.0 0.0 0.0 



MIMAT0005583 0.0 0.0 0.0 159.1 0.0 0.0 

MIMAT0005584 0.0 99.0 0.0 0.0 754.8 1861.0 

MIMAT0005593 11.6 0.0 36.0 0.0 0.0 0.0 

MIMAT0005792 1857.7 1277.2 340.8 264.2 0.0 71.6 

MIMAT0005792_1 1697.8 1081.7 347.9 279.8 151.0 71.6 

MIMAT0005793 711.1 617.0 166.9 94.2 0.0 0.0 

MIMAT0005793_1 715.7 540.8 207.6 96.5 0.0 0.0 

MIMAT0005797 576.8 812.5 304.3 23.0 151.0 0.0 

MIMAT0005825 201.5 134.6 0.0 0.0 0.0 0.0 

MIMAT0005874 48.6 99.0 78.8 0.0 0.0 0.0 

MIMAT0005875 51.0 81.3 0.0 258.5 0.0 0.0 

MIMAT0005882 20.8 0.0 92.6 0.0 0.0 0.0 

MIMAT0005884 27.8 0.0 0.0 164.9 0.0 0.0 

MIMAT0005892 46.3 50.8 143.4 0.0 0.0 0.0 

MIMAT0005898 120.4 121.9 0.0 0.0 1207.7 644.2 

MIMAT0005901 13.9 22.9 366.9 649.1 0.0 0.0 

MIMAT0005911 16.2 38.1 633.4 1223.6 603.8 357.9 

MIMAT0005919 90.3 121.9 0.0 0.0 0.0 0.0 

MIMAT0005919_1 85.7 129.5 0.0 0.0 0.0 0.0 

MIMAT0005933 0.0 0.0 88.4 0.0 0.0 0.0 

MIMAT0005948 613.8 589.1 418.5 0.0 301.9 0.0 

MIMAT0005949 0.0 0.0 197.9 0.0 2717.3 4079.9 

MIMAT0005950 9.3 7.6 91.3 0.0 0.0 0.0 

MIMAT0005951 3493.0 3143.5 130.1 0.0 0.0 0.0 

MIMAT0006764 150.6 157.4 89.2 48.8 0.0 0.0 

MIMAT0006764_1 122.8 114.3 84.5 36.8 0.0 0.0 

MIMAT0006789 206.2 114.3 37.8 0.0 301.9 0.0 

MIMAT0007881 275.6 370.7 120.2 0.0 0.0 143.2 

MIMAT0007883 0.0 0.0 28.9 0.0 0.0 0.0 

MIMAT0010133 423.9 246.3 100.1 0.0 0.0 0.0 

MIMAT0010214 9.3 15.2 92.3 68.4 0.0 0.0 

MIMAT0011161 0.0 0.0 43.8 0.0 0.0 0.0 

MIMAT0011778 0.0 0.0 18.0 0.0 0.0 0.0 

MIMAT0014982 150.6 55.9 55.5 0.0 0.0 0.0 

MIMAT0015004 23.2 0.0 0.3 339.5 0.0 0.0 

MIMAT0015006 162.1 317.4 0.0 0.0 0.0 0.0 

MIMAT0015032 104.2 53.3 0.0 0.0 0.0 0.0 

MIMAT0015032_1 141.3 53.3 0.0 0.0 0.0 0.0 

MIMAT0015041 16.2 33.0 1235.0 1826.2 5585.6 3650.4 

MIMAT0015043 90.3 601.8 0.0 0.0 0.0 0.0 

MIMAT0015050 2290.8 2823.5 782.8 782.4 754.8 429.5 



MIMAT0015054 32.4 129.5 92.3 0.0 0.0 0.0 

MIMAT0016847 71.8 53.3 2.1 0.0 0.0 0.0 

MIMAT0016916 0.0 0.0 35.7 0.0 0.0 0.0 

MIMAT0017981 57.9 104.1 0.0 0.0 0.0 0.0 

MIMAT0017982 104.2 195.5 0.0 0.0 0.0 143.2 

MIMAT0017988 16.2 0.0 38.9 0.0 0.0 0.0 

MIMAT0017990 69.5 73.6 1298.4 1597.0 0.0 0.0 

MIMAT0017994 2230.6 2272.5 322.6 273.4 0.0 143.2 

MIMAT0017997 13.9 0.0 24.0 0.6 0.0 0.0 

MIMAT0018104 39.4 307.2 0.0 367.6 0.0 0.0 

MIMAT0018195 2.3 0.0 24.8 0.0 0.0 0.0 

MIMAT0018205 18.5 0.0 96.5 0.0 0.0 0.0 

MIMAT0018356 0.0 0.0 0.3 253.9 0.0 0.0 

MIMAT0018926 11.6 33.0 31.0 0.0 0.0 0.0 

MIMAT0018926_1 27.8 20.3 39.1 0.0 0.0 0.0 

MIMAT0018965 1285.5 952.2 351.5 465.3 301.9 71.6 

MIMAT0019048 0.0 60.9 77.7 0.0 0.0 0.0 

MIMAT0019074 104.2 78.7 0.3 0.0 0.0 0.0 

MIMAT0019198 39.4 86.3 0.0 0.0 0.0 0.0 

MIMAT0019214 13.9 0.0 66.5 0.0 0.0 0.0 

MIMAT0019734 44.0 0.0 71.7 0.0 0.0 0.0 

MIMAT0019739 78.8 93.9 225.0 0.0 0.0 0.0 

MIMAT0019772 0.0 96.5 20.1 0.0 0.0 0.0 

MIMAT0019855 69.5 25.4 0.0 442.9 0.0 0.0 

MIMAT0019856 25.5 0.0 63.1 0.0 0.0 0.0 

MIMAT0019880 99.6 116.8 0.0 0.0 0.0 0.0 

MIMAT0019892 11.6 0.0 51.4 0.0 0.0 0.0 

MIMAT0020924 55.6 71.1 0.0 0.0 0.0 143.2 

MIMAT0021120 44.0 104.1 0.0 1.7 0.0 0.0 

MIMAT0022697 220.0 162.5 616.5 1001.8 0.0 429.5 

MIMAT0022700 0.0 0.0 92.1 0.0 0.0 0.0 

MIMAT0022714 141.3 190.4 0.0 0.0 452.9 0.0 

MIMAT0022720 57.9 50.8 87.4 0.0 0.0 0.0 

MIMAT0022726 41.7 0.0 307.7 356.7 452.9 1360.0 

MIMAT0022727 132.0 22.9 98.8 0.0 0.0 0.0 

MIMAT0022842 27.8 0.0 54.0 227.5 3623.1 9090.3 

MIMAT0025479 0.0 0.0 3.1 33.9 0.0 286.3 

MIMAT0025479_1 0.0 0.0 2.9 36.8 0.0 214.7 

MIMAT0025479_2 0.0 0.0 5.0 29.9 0.0 214.7 

MIMAT0025479_3 0.0 0.0 8.3 50.6 0.0 357.9 

MIMAT0025483 18.5 48.2 73.0 0.0 0.0 0.0 



MIMAT0025848 0.0 0.0 15.6 137.9 0.0 71.6 

MIMAT0025848_1 0.0 0.0 13.3 121.8 0.0 214.7 

MIMAT0026555 0.0 0.0 44.3 0.0 0.0 0.0 

MIMAT0026555_1 0.0 0.0 55.5 0.0 0.0 0.0 

MIMAT0026559 171.4 91.4 91.3 0.0 0.0 0.0 

MIMAT0026606 4.6 0.0 24.0 0.0 0.0 0.0 

MIMAT0026721 0.0 0.0 38.3 0.0 0.0 0.0 

MIMAT0027032 2.3 2.5 58.7 0.6 0.0 0.0 

MIMAT0027366 0.0 0.0 0.0 125.2 0.0 0.0 

MIMAT0027369 2.3 60.9 8.9 0.0 0.0 0.0 

MIMAT0027384 37.1 121.9 98.3 0.0 0.0 0.0 

MIMAT0027395 60.2 142.2 0.0 0.0 0.0 0.0 

MIMAT0027507 0.0 0.0 449.8 221.7 0.0 0.0 

MIMAT0027518 0.0 0.0 97.3 0.0 0.0 357.9 

MIMAT0027530 11.6 165.0 0.0 0.0 0.0 0.0 

MIMAT0027539 0.0 0.0 62.8 0.0 0.0 0.0 

MIMAT0027587 630.0 637.3 87.1 0.0 0.0 0.0 

MIMAT0027588 37.1 93.9 42.5 0.0 0.0 0.0 

MIMAT0027604 143.6 40.6 69.4 0.0 0.0 0.0 

MIMAT0027617 0.0 0.0 25.8 0.0 0.0 0.0 

MIMAT0030021 155.2 292.0 0.0 0.0 0.0 0.0 

MIMAT0030413 637.0 561.2 17060.3 24216.0 754.8 3722.0 

MIMAT0030414 3015.8 10232.8 1051.4 631.3 2566.3 3865.2 

MIMAT0030428 0.0 0.0 34.9 0.0 0.0 0.0 

MIMAT0030999 0.0 0.0 79.5 0.0 0.0 0.0 

MIMAT0031180 0.0 0.0 12.5 23.0 0.0 0.0 

MIMAT0039763 9.3 20.3 14.9 0.6 0.0 0.0 

MIMAT0039764 616.1 1000.4 117.1 0.0 0.0 0.0 

MIMAT0041618 0.0 0.0 42.5 0.0 0.0 0.0 

MIMAT0041629 53.3 38.1 34.9 259.7 0.0 0.0 

MIMAT0041630 57.9 246.3 25.0 0.0 0.0 0.0 

MIMAT0041997 20.8 0.0 28.7 0.0 0.0 0.0 

MIMAT0044657 129.7 190.4 0.0 0.0 0.0 0.0 

MIMAT0044658 208.5 162.5 0.0 0.0 0.0 0.0 

MIMAT0049032 0.0 0.0 102.2 0.6 24606.7 30778.2 

 

a Accession number of miRNAs in miRbase (the microRNA database) (https://www.mirbase.org/index.shtml)  

b NEBNext Multiplex Small RNA Library Prep Set for Illumina. 

c NEXTFlex Small RNA-Seq Kit v3. 

d SMARTer smRNA-seq kit. 

https://www.mirbase.org/index.shtml


Table S3. Number of reads that remain after each of the steps of different EVs isolation methods in the bioinformatics process obtained by the 

ultra-deep sequencing analysis. 

Isolation 

methods 
Replica 

Initial 

reads 

Post-

trimminga 
Too shortb Too longc 

Aligned 

0 timesd 

Aligned 

exactly 1 

timee 

Aligned 

>1 timesf 

No 

featureg 

Final 

readsh 

Size exclusion 

chromatography 

(SEC) 

1 52,212,398 14,869,057 15,021,795 22,321,546 6,518,235 643,691 7,707,131 8,120,100 230,722 

2 11,845,277 2,866,224 6,138,591 2,840,462 1,962,382 217,196 686,646 870,412 33,430 

3 13,457,256 4,050,107 7,021,869 2,385,280 2,612,502 329,589 1,108,016 1,341,088 96,517 

Iodixanol 

gradients 

1 22,927,102 5,503,171 14,513,590 2,910,341 2,661,171 763,814 2,078,186 1,831,390 1,010,610 

2 19,791,596 7,534,761 8,199,092 4,057,743 3,536,190 1,195,765 2,802,806 1,979,942 2,018,629 

3 14,796,045 5,223,574 6,714,444 2,858,027 2,509,192 812,122 1,902,260 1,484,901 1,229,481 

SEC 

+ 

Iodixanol 

gradients 

1 20,277,248 7,604,405 8,439,115 4,233,728 5,101,523 480,885 2,021,997 2,383,242 119,640 

2 17,261,430 5,452,052 8,571,717 3,237,661 3,726,289 391,554 1,334,209 1,662,167 63,596 

3 22,873,867 7,761,546 12,309,751 2,802,570 5,108,336 650,194 2,003,016 2,523,274 129,936 

a Number of reads between 17 and 25 nucleotides after trimming according to kit manufacturer instructions. 
b Number of reads discarded to be shorter than 17 nucleotides. 
c Number of reads discarded to be longer than 25 nucleotides. 
d Number of reads discarded because do not map to human reference genome (assembly hg38). 
e Number of reads that map one time to human reference genome (assembly hg38). 
f Number of reads that map more than one time to human reference genome (assembly hg38). 
g Number of reads discarded because do not map to miRNAs coordinates. 
h Number of reads after each of the steps in the bioinformatics process. 

 



Table S4. Normalized counts of miRNAs detected using three different EVs isolation methods and filtered by 

abundance (miRNAs with at least 50 reads). 

Accession Numbera 
SECb GRADc SEC + GRADd 

R1 R2 R3 R1 R2 R3 R1 R2 R3 

MIMAT0000062 15754,4 6086,6 4868,5 10488,2 10738,7 10522,4 9542,1 9454,2 10963,7 

MIMAT0000062_1 16424,7 6486,6 4956,3 10949,6 11003,6 10795,8 10158,6 10181,5 11847,9 

MIMAT0000062_2 16151,2 6186,6 5229,1 10933,0 11042,5 10870,5 10132,6 10058,9 11725,0 

MIMAT0000063 189016,8 42643,9 59573,3 75981,4 78065,5 71599,1 76615,0 74547,1 67494,9 

MIMAT0000064 4091,2 662,4 1488,8 1406,0 1563,3 1534,5 1528,1 1487,2 2125,3 

MIMAT0000065 450,9 62,5 887,7 670,4 742,6 1077,5 655,5 1168,5 1011,1 

MIMAT0000066 998,0 562,4 1382,4 282,6 327,4 327,5 138,9 416,7 392,6 

MIMAT0000067 15378,7 7886,4 7901,5 14882,1 15146,2 14775,2 14981,8 13025,1 13743,2 

MIMAT0000067_1 19731,3 10648,5 11540,2 18609,1 18973,3 19004,8 15619,9 14994,4 16225,4 

MIMAT0000069 90,2 225,0 0,0 234,5 214,7 246,6 464,5 392,2 130,9 

MIMAT0000069_1 78,2 200,0 4,6 239,9 194,0 236,8 468,9 424,9 91,2 

MIMAT0000070 336,7 12,5 13,9 233,3 197,9 221,3 4,3 0,0 646,3 

MIMAT0000072 0,0 0,0 0,0 17,2 40,2 17,5 0,0 0,0 142,7 

MIMAT0000073 0,0 12,5 4,6 38,0 62,2 9,8 160,6 0,0 154,6 

MIMAT0000074 0,0 0,0 0,0 28,5 12,0 3,6 0,0 0,0 0,0 

MIMAT0000074_1 0,0 0,0 4,6 23,8 10,0 6,7 0,0 0,0 0,0 

MIMAT0000075 622,2 0,0 388,4 262,4 572,9 407,0 998,5 204,3 662,2 

MIMAT0000076 12204,3 13598,1 26783,7 12613,3 12238,5 11736,6 12871,9 10500,2 11693,2 

MIMAT0000077 6402,8 162,5 383,7 710,1 744,6 800,0 659,9 171,6 951,6 

MIMAT0000078 619,2 0,0 0,0 0,0 66,4 1,0 0,0 179,8 0,0 

MIMAT0000080 532,1 949,9 453,1 958,9 879,0 915,6 269,2 719,1 741,5 

MIMAT0000080_1 562,1 1212,3 517,8 983,3 937,3 921,7 334,3 408,6 769,2 

MIMAT0000081 5347,7 3037,1 2991,4 7081,2 8961,0 8260,1 10484,2 7403,2 8441,8 

MIMAT0000082 10668,3 10985,9 13542,1 11663,3 10360,7 10873,6 8947,4 10737,1 12303,9 

MIMAT0000082_1 10388,7 11010,9 13093,6 11885,3 10520,4 11136,7 8778,1 11170,2 12684,5 

MIMAT0000083 1136,3 2149,7 901,6 1188,7 1325,3 1369,5 1697,4 1846,7 2093,6 

MIMAT0000084 958,9 4699,3 2376,5 1956,4 1907,9 1604,1 1888,5 2304,3 3136,4 

MIMAT0000085 3,0 12,5 499,3 3,0 41,5 59,8 73,8 8,2 0,0 

MIMAT0000086 1497,0 1224,8 1021,8 166,8 422,6 305,9 0,0 8,2 460,0 

MIMAT0000087 766,5 1562,3 3070,0 324,8 382,8 309,5 1224,2 1307,4 154,6 

MIMAT0000088 171,3 25,0 462,3 54,0 109,8 121,2 112,9 237,0 210,2 

MIMAT0000090 3,0 0,0 9,2 106,9 91,7 125,9 173,7 326,9 0,0 

MIMAT0000092 3483,9 3849,5 2774,1 11250,0 9875,9 11006,2 9511,8 8539,0 8628,2 

MIMAT0000092_1 3387,8 3637,0 2533,7 11067,1 9373,3 10005,5 8860,6 9160,1 8378,4 

MIMAT0000093 0,0 0,0 0,0 174,6 218,3 314,1 195,4 187,9 230,0 

MIMAT0000094 0,0 0,0 263,5 44,5 12,0 0,0 0,0 138,9 0,0 

MIMAT0000095 0,0 0,0 0,0 110,4 91,0 81,0 117,2 106,2 198,3 

MIMAT0000096 270,5 262,5 18,5 463,1 284,0 430,7 17,4 0,0 170,5 

MIMAT0000097 5122,2 4311,9 4383,0 3126,2 4063,8 3603,4 2522,3 2672,0 2930,3 

MIMAT0000098 5876,7 699,9 2353,3 374,7 754,0 743,8 1033,2 359,5 218,1 

MIMAT0000099 2573,1 674,9 2926,6 2231,4 2840,6 2715,2 2800,1 2598,5 1954,8 

MIMAT0000099_1 2558,1 787,4 3033,0 2411,9 2949,8 2890,6 3295,0 2672,0 1958,8 

MIMAT0000100 0,0 0,0 0,0 31,5 5,5 21,1 47,8 0,0 0,0 

MIMAT0000100_1 0,0 0,0 0,0 26,7 3,9 20,6 78,1 0,0 0,0 



MIMAT0000101 0,0 412,4 203,4 158,5 130,8 147,5 338,6 163,4 281,5 

MIMAT0000101_1 3,0 412,4 272,8 155,6 146,7 165,1 343,0 163,4 253,8 

MIMAT0000104 0,0 12,5 268,2 33,3 37,6 23,7 4,3 8,2 142,7 

MIMAT0000222 324,6 487,4 425,4 1325,3 1868,0 1844,5 1905,8 2851,8 2589,2 

MIMAT0000227 0,0 0,0 0,0 0,0 18,1 15,0 0,0 0,0 202,2 

MIMAT0000231 120,2 12,5 217,3 47,5 54,7 61,4 0,0 0,0 4,0 

MIMAT0000231_1 135,3 0,0 263,5 51,1 47,6 54,7 4,3 0,0 0,0 

MIMAT0000232 3,0 287,5 1243,7 37,4 70,3 36,1 104,2 0,0 206,2 

MIMAT0000232_1 0,0 350,0 1003,3 44,5 71,6 38,7 95,5 16,3 222,0 

MIMAT0000243 16085,1 25083,9 18124,0 32092,3 47595,1 46380,5 24328,6 27169,7 20908,3 

MIMAT0000244 201,4 12,5 730,5 239,9 181,4 340,4 191,0 89,9 305,3 

MIMAT0000244_1 156,3 12,5 776,7 220,3 182,3 346,1 147,6 171,6 230,0 

MIMAT0000245 6483,9 11348,4 8220,5 10520,9 10798,6 10791,6 6021,4 7632,0 7018,3 

MIMAT0000250 580,2 774,9 1498,0 216,7 428,5 261,0 790,1 416,7 0,0 

MIMAT0000252 141,3 562,4 4,6 571,2 518,2 578,7 455,8 433,1 519,4 

MIMAT0000252_1 177,4 437,4 0,0 554,0 482,6 555,5 421,1 514,8 574,9 

MIMAT0000252_2 156,3 374,9 4,6 549,2 484,2 551,9 468,9 424,9 491,7 

MIMAT0000253 6565,1 8348,8 9658,4 4589,2 6370,7 4840,8 6338,3 6929,3 6106,3 

MIMAT0000254 17732,3 22796,8 20005,7 7267,7 9140,7 8861,0 15099,0 13123,2 15920,1 

MIMAT0000256 745,5 175,0 850,7 237,5 336,5 292,5 677,2 441,3 559,1 

MIMAT0000256_1 775,5 275,0 721,3 219,7 326,8 323,9 685,9 441,3 571,0 

MIMAT0000257 0,0 212,5 0,0 45,7 38,5 81,5 69,5 16,3 4,0 

MIMAT0000257_1 0,0 200,0 4,6 49,9 39,8 81,0 43,4 89,9 0,0 

MIMAT0000259 2876,7 474,9 443,9 1875,7 2272,9 1914,1 2926,0 947,9 1526,6 

MIMAT0000261 2197,4 325,0 1382,4 3275,8 3904,2 3911,8 3898,5 2680,2 2712,2 

MIMAT0000263 0,0 0,0 0,0 0,0 25,6 0,0 325,6 0,0 0,0 

MIMAT0000264 523,0 112,5 4,6 15,4 16,5 8,3 0,0 0,0 35,7 

MIMAT0000267 138,3 0,0 0,0 0,6 5,8 0,0 0,0 8,2 0,0 

MIMAT0000272 12,0 0,0 9,2 141,3 209,2 145,5 4,3 0,0 7,9 

MIMAT0000275 3,0 0,0 0,0 42,2 30,1 67,6 0,0 0,0 0,0 

MIMAT0000275_1 3,0 0,0 0,0 33,8 30,8 62,9 4,3 0,0 0,0 

MIMAT0000278 3,0 1024,9 4,6 213,8 145,7 107,8 751,0 16,3 0,0 

MIMAT0000279 643,3 100,0 957,1 1309,8 717,7 984,7 751,0 792,6 571,0 

MIMAT0000280 0,0 25,0 0,0 35,6 48,6 32,0 0,0 0,0 0,0 

MIMAT0000281 6,0 0,0 531,7 422,8 454,1 385,8 86,8 0,0 574,9 

MIMAT0000318 3,0 0,0 0,0 41,6 0,6 0,5 73,8 8,2 0,0 

MIMAT0000414 7220,4 4224,4 1484,1 6413,2 6583,2 6249,0 7801,3 7893,5 8564,7 

MIMAT0000415 16947,8 15422,8 17587,6 36271,8 33614,2 34463,4 32624,8 34997,8 38291,5 

MIMAT0000416 186,4 0,0 4,6 5,9 74,2 16,5 191,0 8,2 0,0 

MIMAT0000416_1 162,3 0,0 0,0 3,0 79,7 15,5 178,0 8,2 0,0 

MIMAT0000417 0,0 0,0 0,0 0,0 82,9 6,7 4,3 187,9 0,0 

MIMAT0000418 0,0 687,4 4,6 28,5 37,6 0,5 4,3 89,9 0,0 

MIMAT0000419 3315,6 2462,1 1830,9 1830,0 2016,4 1862,0 1888,5 1740,5 2395,0 

MIMAT0000420 6,0 0,0 0,0 20,8 11,3 0,0 0,0 0,0 0,0 

MIMAT0000421 96600,6 41831,5 61062,0 82821,0 95959,7 96922,0 15815,3 14945,4 10816,9 

MIMAT0000423 405,8 0,0 4,6 21,4 79,0 62,9 0,0 0,0 4,0 

MIMAT0000423_1 375,7 0,0 0,0 19,0 68,0 77,9 0,0 0,0 0,0 

MIMAT0000424 3655,3 2812,1 1673,7 3534,7 3868,6 3684,4 1654,0 1250,2 2006,4 



MIMAT0000424_1 2543,1 1074,8 841,5 2156,0 2538,8 2061,7 646,9 735,4 1296,6 

MIMAT0000425 0,0 0,0 0,0 6,5 26,9 0,0 0,0 0,0 0,0 

MIMAT0000431 0,0 0,0 0,0 81,3 20,7 58,8 147,6 0,0 333,1 

MIMAT0000433 42,1 2274,7 2297,9 2323,4 3048,5 2677,0 4063,4 4265,4 4908,9 

MIMAT0000434 0,0 12,5 0,0 454,8 410,7 426,1 91,2 866,2 456,0 

MIMAT0000435 6474,9 7948,9 9399,5 1638,2 1791,9 1755,3 6481,5 4298,1 1268,9 

MIMAT0000436 0,0 399,9 4,6 1490,3 1183,4 1310,7 1115,7 1266,6 1316,4 

MIMAT0000437 0,0 0,0 402,2 0,0 0,3 0,0 438,5 8,2 321,2 

MIMAT0000438 0,0 212,5 9,2 50,5 24,6 73,8 0,0 16,3 0,0 

MIMAT0000440 1536,1 1687,3 887,7 730,3 1088,5 1470,6 1532,5 2353,3 182,4 

MIMAT0000443 1325,6 3712,0 5071,9 982,1 978,4 728,3 1832,0 1291,1 824,8 

MIMAT0000444 3,0 674,9 4,6 24,9 186,9 81,0 65,1 8,2 194,3 

MIMAT0000445 9973,9 31658,0 26349,1 11507,1 13744,5 14782,9 19939,5 25306,6 21059,0 

MIMAT0000446 24,0 50,0 9,2 55,8 58,9 36,1 138,9 16,3 4,0 

MIMAT0000447 0,0 12,5 184,9 394,9 276,3 105,2 169,3 0,0 4,0 

MIMAT0000449 411,8 1312,3 2265,5 1005,8 858,9 1740,8 811,8 1233,9 559,1 

MIMAT0000451 3,0 387,4 4,6 323,0 519,8 192,9 1002,8 1103,1 1605,9 

MIMAT0000454 28208,2 25,0 0,0 136,0 20,4 5,2 230,1 490,3 0,0 

MIMAT0000455 487,0 187,5 23,1 545,7 600,1 501,9 277,8 441,3 812,9 

MIMAT0000456 682,4 599,9 610,3 1034,9 1139,7 1023,9 555,7 1707,8 1697,1 

MIMAT0000458 0,0 0,0 0,0 28,5 0,0 19,6 0,0 0,0 0,0 

MIMAT0000460 0,0 150,0 0,0 89,1 64,1 89,2 160,6 122,6 0,0 

MIMAT0000460_1 0,0 150,0 9,2 92,0 72,2 86,7 186,7 65,4 0,0 

MIMAT0000461 0,0 0,0 0,0 0,0 16,8 0,5 0,0 0,0 0,0 

MIMAT0000462 2278,5 287,5 0,0 0,0 45,0 34,6 0,0 0,0 0,0 

MIMAT0000510 1196,4 1787,2 1770,8 1732,6 1933,8 2032,3 1059,3 1225,7 1126,1 

MIMAT0000617 0,0 0,0 0,0 26,1 47,6 28,4 0,0 269,7 0,0 

MIMAT0000646 348,7 1687,3 1479,5 118,2 88,4 148,6 738,0 0,0 705,8 

MIMAT0000680 0,0 187,5 0,0 137,8 79,3 66,0 0,0 498,5 0,0 

MIMAT0000681 3,0 374,9 0,0 42,2 6,8 29,4 0,0 0,0 0,0 

MIMAT0000682 1424,8 0,0 4,6 17,8 40,8 59,8 4,3 0,0 0,0 

MIMAT0000688 0,0 0,0 0,0 0,0 17,2 0,0 0,0 0,0 0,0 

MIMAT0000689 1163,3 1487,3 938,6 425,7 636,1 625,2 616,5 482,1 749,4 

MIMAT0000692 435,9 512,4 420,7 978,5 759,5 855,2 586,1 604,7 1447,3 

MIMAT0000693 219,4 512,4 13,9 442,4 486,4 680,9 325,6 106,2 1030,9 

MIMAT0000703 0,0 0,0 4,6 38,6 18,8 55,2 0,0 0,0 0,0 

MIMAT0000705 0,0 0,0 0,0 42,8 0,0 28,4 4,3 8,2 0,0 

MIMAT0000707 276,6 424,9 494,7 1936,3 1935,1 2176,2 1332,8 2410,5 2617,0 

MIMAT0000722 6,0 25,0 18,5 18,4 20,1 14,4 13,0 16,3 0,0 

MIMAT0000727 0,0 0,0 0,0 62,3 76,1 105,7 130,2 0,0 222,0 

MIMAT0000728 279,6 162,5 420,7 188,8 377,3 278,5 4,3 8,2 7,9 

MIMAT0000732 225,4 62,5 161,8 299,9 287,3 352,3 60,8 187,9 388,6 

MIMAT0000733 3,0 12,5 4,6 52,3 24,6 24,8 0,0 8,2 4,0 

MIMAT0000736 0,0 12,5 0,0 43,9 29,5 146,0 8,7 16,3 0,0 

MIMAT0000737 0,0 0,0 0,0 209,6 236,1 168,2 147,6 0,0 0,0 

MIMAT0000750 3,0 12,5 0,0 221,5 134,7 160,9 4,3 40,9 0,0 

MIMAT0000751 0,0 0,0 9,2 96,2 23,6 30,9 0,0 122,6 0,0 

MIMAT0000752 9,0 0,0 13,9 226,8 184,3 150,1 247,5 8,2 35,7 



MIMAT0000753 0,0 0,0 1063,4 0,0 0,0 16,0 0,0 849,8 233,9 

MIMAT0000754 0,0 0,0 0,0 0,0 23,6 0,5 0,0 0,0 0,0 

MIMAT0000755 0,0 0,0 0,0 0,0 22,0 20,6 0,0 0,0 0,0 

MIMAT0000756 0,0 0,0 0,0 4,2 32,1 0,0 0,0 0,0 0,0 

MIMAT0000757 10857,6 8611,3 10726,4 7843,6 9608,1 10209,8 5287,7 4584,1 4361,7 

MIMAT0000759 745,5 399,9 83,2 399,0 610,8 421,9 17,4 286,0 285,5 

MIMAT0000763 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 257,7 

MIMAT0000764 0,0 0,0 0,0 7,7 9,4 36,6 0,0 0,0 0,0 

MIMAT0000772 0,0 25,0 0,0 11,9 0,6 42,3 0,0 0,0 0,0 

MIMAT0001080 0,0 0,0 0,0 36,2 0,0 26,8 212,7 179,8 0,0 

MIMAT0001340 414,8 2337,2 596,4 3095,3 2622,0 2520,2 1775,6 1029,6 1827,9 

MIMAT0001343 0,0 0,0 0,0 7,7 30,1 0,5 0,0 0,0 222,0 

MIMAT0001413 0,0 0,0 0,0 7,7 100,7 28,4 0,0 0,0 0,0 

MIMAT0001545 0,0 0,0 0,0 11,3 12,0 0,0 4,3 0,0 0,0 

MIMAT0001545_1 0,0 0,0 0,0 8,3 12,0 0,0 0,0 0,0 0,0 

MIMAT0001618 0,0 0,0 0,0 17,8 0,3 18,1 0,0 0,0 0,0 

MIMAT0001620 0,0 0,0 13,9 0,0 21,7 0,0 0,0 0,0 0,0 

MIMAT0001621 0,0 0,0 0,0 7,7 21,4 42,3 0,0 0,0 0,0 

MIMAT0001631 7436,8 14098,0 6250,9 26772,8 34652,5 35062,7 33809,9 47704,3 38699,9 

MIMAT0001639 610,2 1287,3 929,3 2115,6 2081,2 1905,9 625,1 514,8 158,6 

MIMAT0002174 3,0 225,0 13,9 206,0 123,7 174,9 178,0 89,9 4,0 

MIMAT0002175 3,0 275,0 416,1 163,3 129,5 179,0 0,0 81,7 186,4 

MIMAT0002176 0,0 362,4 0,0 133,6 114,0 130,5 269,2 0,0 0,0 

MIMAT0002177 19653,2 9748,6 8151,2 32782,8 34142,1 28120,5 27593,2 23051,3 23743,4 

MIMAT0002177_1 20134,1 10111,1 8706,0 34112,3 35436,9 29662,8 28570,0 20624,5 24504,7 

MIMAT0002808 264,5 0,0 0,0 42,8 39,8 25,3 0,0 8,2 0,0 

MIMAT0002809 2170,3 2249,7 3754,2 2153,0 2227,5 2659,0 6225,4 7713,7 8981,1 

MIMAT0002814 0,0 0,0 9,2 36,8 0,3 0,5 69,5 0,0 0,0 

MIMAT0002817 0,0 624,9 0,0 17,2 72,5 71,7 0,0 0,0 0,0 

MIMAT0002821 0,0 12,5 4,6 0,0 0,3 1,5 0,0 8,2 210,2 

MIMAT0002870 0,0 0,0 0,0 0,0 27,2 48,0 0,0 0,0 0,0 

MIMAT0002874 0,0 0,0 0,0 15,4 23,3 35,6 0,0 0,0 4,0 

MIMAT0002875 0,0 0,0 0,0 16,0 0,0 0,0 208,4 0,0 0,0 

MIMAT0002888 814,6 1249,8 4,6 899,6 780,8 873,3 898,6 572,0 1225,2 

MIMAT0002891 0,0 0,0 0,0 35,0 40,2 23,7 0,0 8,2 0,0 

MIMAT0003218 213,4 25,0 4,6 86,1 103,0 57,3 0,0 179,8 4,0 

MIMAT0003239 0,0 0,0 0,0 0,0 19,4 0,0 0,0 0,0 0,0 

MIMAT0003241 0,0 0,0 0,0 0,0 39,2 0,0 0,0 0,0 4,0 

MIMAT0003249 279,6 62,5 878,5 408,5 392,5 435,9 134,6 40,9 4,0 

MIMAT0003266 360,7 50,0 0,0 0,0 0,0 18,1 0,0 0,0 0,0 

MIMAT0003297 0,0 0,0 0,0 71,8 24,6 18,1 0,0 0,0 0,0 

MIMAT0003321 60,1 0,0 0,0 0,0 24,6 0,0 0,0 0,0 0,0 

MIMAT0003322 0,0 0,0 0,0 7,7 0,3 0,0 334,3 318,7 0,0 

MIMAT0003329 0,0 0,0 0,0 21,4 20,7 1,0 0,0 424,9 0,0 

MIMAT0003330 3,0 212,5 0,0 0,0 9,4 1,5 0,0 0,0 0,0 

MIMAT0003338 0,0 0,0 0,0 4,8 25,3 25,8 0,0 0,0 0,0 

MIMAT0003339 3,0 0,0 0,0 14,3 0,3 29,9 0,0 0,0 0,0 

MIMAT0003385 0,0 0,0 0,0 13,7 0,3 0,0 165,0 0,0 0,0 



MIMAT0003389 0,0 0,0 0,0 0,0 22,7 0,0 0,0 0,0 0,0 

MIMAT0003393 6,0 37,5 9,2 238,1 196,3 185,7 182,3 16,3 134,8 

MIMAT0003884 0,0 0,0 0,0 19,0 0,0 15,0 0,0 0,0 0,0 

MIMAT0003886 3,0 12,5 0,0 41,6 23,6 1,5 0,0 0,0 0,0 

MIMAT0004481 0,0 0,0 46,2 32,1 103,6 83,6 65,1 0,0 4,0 

MIMAT0004481_1 0,0 0,0 64,7 40,4 104,3 53,1 91,2 0,0 4,0 

MIMAT0004482 0,0 0,0 0,0 36,2 48,3 29,9 91,2 0,0 0,0 

MIMAT0004484 3649,3 1287,3 980,2 2600,7 3405,1 2048,8 1319,8 1062,3 1859,7 

MIMAT0004495 72,1 0,0 0,0 32,7 10,4 23,7 0,0 0,0 0,0 

MIMAT0004497 0,0 0,0 0,0 39,2 52,5 22,2 0,0 8,2 182,4 

MIMAT0004498 3,0 0,0 0,0 0,0 0,0 9,8 0,0 8,2 130,9 

MIMAT0004500 0,0 0,0 0,0 15,4 0,3 0,0 134,6 0,0 0,0 

MIMAT0004501 0,0 0,0 0,0 22,0 0,0 13,9 0,0 114,4 122,9 

MIMAT0004502 3,0 0,0 9,2 48,7 212,1 252,2 460,2 482,1 289,5 

MIMAT0004505 0,0 0,0 0,0 0,0 24,6 0,0 0,0 0,0 0,0 

MIMAT0004518 2991,0 1137,3 1655,2 2582,9 2438,0 2423,8 2470,2 2255,3 2843,0 

MIMAT0004549 0,0 0,0 0,0 0,0 17,5 0,0 0,0 0,0 0,0 

MIMAT0004552 330,7 0,0 0,0 113,4 64,8 99,5 4,3 147,1 0,0 

MIMAT0004558 0,0 12,5 0,0 33,8 47,0 78,9 0,0 0,0 0,0 

MIMAT0004563 3,0 399,9 1188,2 35,0 68,7 34,0 104,2 8,2 206,2 

MIMAT0004568 0,0 0,0 0,0 0,0 8,7 51,1 0,0 0,0 0,0 

MIMAT0004570 327,7 537,4 887,7 368,1 694,7 537,5 507,9 57,2 384,6 

MIMAT0004571 0,0 0,0 0,0 0,0 17,8 0,0 0,0 0,0 0,0 

MIMAT0004586 0,0 0,0 0,0 22,6 0,3 76,9 0,0 0,0 0,0 

MIMAT0004594 0,0 0,0 4,6 0,0 26,6 21,7 0,0 0,0 0,0 

MIMAT0004597 1611,2 899,9 1160,5 548,6 987,1 778,9 764,1 1470,8 900,1 

MIMAT0004600 838,7 637,4 0,0 364,0 837,2 624,6 4,3 433,1 400,5 

MIMAT0004601 0,0 0,0 0,0 64,7 50,2 30,4 0,0 237,0 0,0 

MIMAT0004608 0,0 0,0 0,0 0,0 23,6 0,0 0,0 0,0 0,0 

MIMAT0004610 3,0 150,0 0,0 144,9 83,9 115,0 112,9 196,1 499,6 

MIMAT0004614 0,0 0,0 4,6 83,7 79,0 62,4 4,3 0,0 0,0 

MIMAT0004615 769,5 0,0 0,0 20,2 0,0 21,1 0,0 0,0 23,8 

MIMAT0004672 378,8 12,5 13,9 315,9 242,3 336,3 308,2 196,1 7,9 

MIMAT0004678 0,0 0,0 4,6 23,2 8,1 24,8 0,0 0,0 0,0 

MIMAT0004680 261,5 0,0 198,8 171,0 227,0 172,3 0,0 73,5 0,0 

MIMAT0004682 3,0 25,0 13,9 18,4 102,3 213,5 494,9 171,6 0,0 

MIMAT0004688 0,0 0,0 0,0 57,0 76,1 101,6 0,0 237,0 0,0 

MIMAT0004692 9,0 300,0 148,0 552,2 336,5 408,0 377,7 24,5 709,8 

MIMAT0004693 0,0 0,0 0,0 35,6 31,1 15,0 0,0 0,0 0,0 

MIMAT0004694 1355,7 12,5 1308,4 403,2 381,5 330,6 885,6 1307,4 678,0 

MIMAT0004699 0,0 0,0 0,0 10,1 58,6 57,8 0,0 0,0 0,0 

MIMAT0004700 0,0 0,0 0,0 0,0 19,4 13,9 0,0 0,0 0,0 

MIMAT0004701 0,0 0,0 0,0 0,0 57,6 0,0 0,0 0,0 0,0 

MIMAT0004702 0,0 0,0 0,0 30,9 22,0 80,5 0,0 73,5 0,0 

MIMAT0004703 6,0 0,0 13,9 136,0 73,2 48,5 8,7 0,0 0,0 

MIMAT0004748 11302,5 6111,6 4498,6 15829,1 16968,2 17199,5 10527,6 9797,4 11340,3 

MIMAT0004749 3,0 125,0 4,6 65,3 88,1 69,1 321,3 0,0 206,2 

MIMAT0004761 0,0 12,5 0,0 306,4 456,0 339,9 0,0 0,0 218,1 



MIMAT0004762 0,0 12,5 0,0 126,5 226,7 117,6 178,0 114,4 71,4 

MIMAT0004762_1 3,0 0,0 4,6 101,5 93,9 61,4 117,2 171,6 63,4 

MIMAT0004767 117,2 0,0 0,0 42,8 63,2 44,9 0,0 0,0 0,0 

MIMAT0004774 3,0 12,5 4,6 57,6 105,6 164,5 0,0 171,6 0,0 

MIMAT0004775 0,0 0,0 0,0 0,0 0,0 30,4 21,7 0,0 0,0 

MIMAT0004776 0,0 0,0 0,0 11,9 40,5 16,5 0,0 0,0 0,0 

MIMAT0004792 0,0 0,0 0,0 86,1 24,6 51,6 0,0 130,7 0,0 

MIMAT0004796 0,0 0,0 0,0 4,8 8,4 8,8 0,0 8,2 0,0 

MIMAT0004797 0,0 0,0 0,0 0,0 22,3 0,0 0,0 155,3 0,0 

MIMAT0004799 0,0 0,0 0,0 19,0 0,3 25,8 4,3 0,0 4,0 

MIMAT0004808 3,0 0,0 235,8 216,7 197,6 184,7 8,7 0,0 170,5 

MIMAT0004810 3,0 0,0 4,6 105,7 211,2 69,6 151,9 8,2 0,0 

MIMAT0004813 0,0 0,0 0,0 0,0 17,8 21,7 0,0 0,0 0,0 

MIMAT0004814 3,0 0,0 554,8 37,4 52,8 44,4 0,0 0,0 4,0 

MIMAT0004819 387,8 25,0 4,6 68,3 109,8 77,9 0,0 8,2 0,0 

MIMAT0004920 0,0 0,0 0,0 0,0 16,2 16,0 0,0 0,0 0,0 

MIMAT0004921 0,0 12,5 0,0 11,3 29,5 19,6 0,0 0,0 0,0 

MIMAT0004928 0,0 0,0 0,0 0,0 20,7 0,0 0,0 0,0 0,0 

MIMAT0004945 21,0 50,0 411,5 408,5 406,8 362,6 4,3 269,7 7,9 

MIMAT0004947 0,0 0,0 0,0 0,0 13,0 15,5 0,0 0,0 0,0 

MIMAT0004949 0,0 0,0 50,9 13,7 13,6 11,9 0,0 0,0 31,7 

MIMAT0004954 336,7 474,9 32,4 979,7 850,1 859,8 243,1 24,5 0,0 

MIMAT0004957 3,0 0,0 4,6 72,4 1,9 69,1 0,0 0,0 0,0 

MIMAT0004959 0,0 0,0 0,0 0,0 20,1 0,0 0,0 0,0 0,0 

MIMAT0004976 0,0 0,0 0,0 0,0 29,5 0,0 0,0 0,0 0,0 

MIMAT0004982 0,0 0,0 351,4 0,0 13,0 16,0 0,0 0,0 0,0 

MIMAT0004984 3,0 12,5 0,0 22,0 29,8 30,9 0,0 8,2 35,7 

MIMAT0004984_1 3,0 25,0 0,0 23,8 31,1 27,3 0,0 0,0 39,7 

MIMAT0004984_2 0,0 50,0 0,0 19,6 26,6 32,5 0,0 8,2 39,7 

MIMAT0004984_3 0,0 50,0 0,0 18,4 30,1 30,9 0,0 0,0 27,8 

MIMAT0004984_4 3,0 62,5 0,0 17,8 32,4 35,6 4,3 0,0 39,7 

MIMAT0004985 0,0 0,0 0,0 66,5 59,3 28,4 4,3 0,0 0,0 

MIMAT0005458 0,0 0,0 0,0 13,7 0,0 13,9 0,0 0,0 0,0 

MIMAT0005580 0,0 0,0 0,0 0,0 21,4 0,0 0,0 0,0 0,0 

MIMAT0005582 174,3 0,0 448,5 35,6 20,4 34,0 0,0 0,0 0,0 

MIMAT0005792 0,0 12,5 37,0 80,2 110,1 150,6 17,4 228,8 83,3 

MIMAT0005792_1 0,0 0,0 27,7 85,5 99,8 163,0 13,0 237,0 75,3 

MIMAT0005793 0,0 0,0 0,0 46,9 55,4 73,2 4,3 24,5 35,7 

MIMAT0005793_1 0,0 0,0 4,6 45,1 54,4 78,9 4,3 8,2 27,8 

MIMAT0005797 0,0 0,0 9,2 73,0 88,7 1,5 0,0 204,3 0,0 

MIMAT0005825 0,0 25,0 13,9 149,6 139,9 80,5 199,7 0,0 154,6 

MIMAT0005874 0,0 0,0 0,0 0,0 24,6 0,0 0,0 0,0 0,0 

MIMAT0005884 0,0 0,0 4,6 23,8 21,7 14,4 0,0 0,0 0,0 

MIMAT0005919 0,0 0,0 0,0 0,0 13,9 11,3 0,0 8,2 0,0 

MIMAT0005919_1 0,0 0,0 0,0 0,0 15,2 7,2 0,0 0,0 0,0 

MIMAT0005933 0,0 0,0 0,0 0,0 27,9 0,0 0,0 0,0 0,0 

MIMAT0005936 0,0 0,0 0,0 28,5 35,3 15,5 52,1 0,0 71,4 

MIMAT0005943 0,0 0,0 0,0 0,0 12,3 18,6 0,0 130,7 4,0 



MIMAT0005948 3,0 0,0 18,5 0,0 25,3 16,5 0,0 0,0 0,0 

MIMAT0005950 0,0 37,5 0,0 16,6 21,1 0,0 0,0 0,0 0,0 

MIMAT0005951 330,7 762,4 32,4 530,8 302,8 417,3 199,7 220,6 222,0 

MIMAT0006764 0,0 0,0 0,0 25,5 11,3 15,0 8,7 24,5 7,9 

MIMAT0006764_1 0,0 0,0 0,0 25,5 11,0 13,4 0,0 8,2 11,9 

MIMAT0006789 0,0 0,0 4,6 0,0 21,4 17,5 65,1 204,3 0,0 

MIMAT0007881 0,0 0,0 0,0 5,3 15,5 0,0 0,0 0,0 0,0 

MIMAT0010133 468,9 0,0 0,0 24,9 49,2 37,1 134,6 8,2 4,0 

MIMAT0015006 0,0 0,0 0,0 0,0 0,0 45,4 0,0 0,0 0,0 

MIMAT0015032 315,6 0,0 4,6 87,9 78,4 134,6 4,3 49,0 249,8 

MIMAT0015032_1 321,6 0,0 0,0 78,4 80,0 133,6 4,3 65,4 297,4 

MIMAT0015043 51,1 75,0 203,4 12,5 9,7 22,7 91,2 130,7 138,8 

MIMAT0015050 0,0 0,0 4,6 87,3 268,8 69,6 0,0 0,0 230,0 

MIMAT0016888 0,0 12,5 0,0 0,0 23,0 19,6 0,0 0,0 0,0 

MIMAT0017981 0,0 0,0 0,0 0,0 13,9 36,6 0,0 0,0 0,0 

MIMAT0017982 0,0 0,0 9,2 42,8 81,9 21,7 0,0 0,0 0,0 

MIMAT0017990 0,0 0,0 0,0 58,2 17,8 36,6 99,8 8,2 0,0 

MIMAT0017994 174,3 399,9 32,4 410,3 256,8 415,7 182,3 539,3 186,4 

MIMAT0018104 0,0 0,0 0,0 5,3 16,5 32,5 0,0 0,0 0,0 

MIMAT0018187_1 0,0 0,0 0,0 0,0 11,3 0,0 43,4 65,4 0,0 

MIMAT0018965 0,0 325,0 0,0 12,5 21,1 97,0 0,0 16,3 4,0 

MIMAT0019000 0,0 0,0 0,0 0,0 17,8 0,0 143,3 0,0 0,0 

MIMAT0019210 0,0 0,0 0,0 0,0 21,7 0,0 0,0 0,0 0,0 

MIMAT0019214 0,0 0,0 0,0 0,0 17,5 0,0 0,0 0,0 0,0 

MIMAT0019226 2002,0 0,0 0,0 0,0 0,0 0,5 0,0 0,0 0,0 

MIMAT0019743 0,0 0,0 0,0 0,0 16,8 0,0 0,0 0,0 0,0 

MIMAT0019772 0,0 0,0 0,0 0,0 17,5 0,0 0,0 0,0 0,0 

MIMAT0019855 3,0 0,0 0,0 3,6 0,3 34,0 0,0 0,0 198,3 

MIMAT0019856 0,0 0,0 166,4 0,0 37,9 11,9 34,7 24,5 0,0 

MIMAT0019880 0,0 0,0 0,0 0,0 21,4 17,0 0,0 0,0 0,0 

MIMAT0020924 0,0 0,0 0,0 0,0 24,0 6,2 0,0 0,0 0,0 

MIMAT0021043 0,0 0,0 0,0 0,0 18,1 16,5 0,0 0,0 0,0 

MIMAT0022693 0,0 0,0 0,0 12,5 16,2 17,5 0,0 416,7 0,0 

MIMAT0022710 0,0 0,0 0,0 0,0 19,4 0,0 169,3 0,0 0,0 

MIMAT0022714 3,0 0,0 4,6 10,7 16,8 0,5 0,0 0,0 0,0 

MIMAT0022727 0,0 0,0 0,0 19,6 12,6 0,0 0,0 0,0 174,5 

MIMAT0026482 0,0 0,0 0,0 0,0 23,3 0,0 0,0 0,0 0,0 

MIMAT0027369 0,0 0,0 0,0 0,0 46,0 15,0 0,0 0,0 154,6 

MIMAT0027384 0,0 0,0 0,0 52,3 0,0 23,7 0,0 0,0 210,2 

MIMAT0027395 0,0 0,0 0,0 16,6 42,4 0,0 0,0 0,0 0,0 

MIMAT0027445 0,0 0,0 0,0 20,8 0,0 12,4 0,0 0,0 0,0 

MIMAT0027513 0,0 0,0 0,0 0,0 20,1 0,0 0,0 0,0 0,0 

MIMAT0027530 0,0 0,0 0,0 20,2 10,4 0,0 0,0 0,0 0,0 

MIMAT0027539 0,0 0,0 0,0 0,0 21,1 0,0 0,0 0,0 0,0 

MIMAT0027587 0,0 437,4 4,6 27,9 104,3 82,5 0,0 0,0 0,0 

MIMAT0027616 0,0 0,0 0,0 0,0 18,5 0,0 0,0 0,0 0,0 

MIMAT0027637 291,6 0,0 0,0 0,0 25,9 0,0 0,0 0,0 0,0 

MIMAT0027689 0,0 0,0 0,0 20,8 0,0 9,3 99,8 0,0 0,0 



MIMAT0030021 0,0 0,0 0,0 21,4 19,8 5,2 156,3 0,0 0,0 

MIMAT0030413 0,0 12,5 0,0 54,6 56,7 64,0 0,0 0,0 0,0 

MIMAT0030414 1509,0 1424,8 1262,2 989,2 1203,5 1256,0 473,2 49,0 83,3 

MIMAT0039764 0,0 0,0 0,0 102,1 9,7 99,5 4,3 212,5 0,0 

MIMAT0044657 0,0 0,0 0,0 7,1 21,1 3,1 0,0 0,0 0,0 

 

a Accession number of miRNAs in miRbase (the microRNA database) (https://www.mirbase.org/index.shtml)  

b Size exclusion chromatography. 

c Isopycnic ultracentrifugation using iodixanol gradients. 

d Size exclusion chromatography and isopycnic ultracentrifugation using iodixanol gradients. 

https://www.mirbase.org/index.shtml
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Although the number of new HCV positive infections has been greatly reduced 

since the introduction of DAAs-based treatments, about 58 million people 

worldwide are still chronically infected and close to 290.000 patients died of 

chronic HCV infection in 2019. Therefore, HCV infection and its repercussions 

continue to be a global public health problem nowadays.  

In long-time chronic HCV infection with end-stage liver disease (chronic liver 

failure), LT is the only solution patients have to survive. In the patients with 

detectable circulating viral RNA before surgery, reinfection of the engrafted liver 

is universal after LT, and an active infection is reestablished in all of them due to 

the immunosuppression treatment they have to endure203. After the primary 

HCV target organ is removed, there is a substantial reduction in the overall VL, 

because the main factory of viral production (the liver) is removed, and the 

transfusions using blood from uninfected donors. However, reinfection of the 

new liver graft is achieved by viral particles remaining in the bloodstream. 

Moreover, liver replacement causes a drastic change in the environment in 

which the virus was adapted to replicate and therefore changes would be 

expected to occur in the composition of the quasispecies following LT. Thus, the 

number of viral particles (population size) that initiate the reinfection, the 

differences in the liver graft, the immunosuppression status, and patient 

characteristics, may influence the evolutionary outcome and affect the viral 

quasispecies composition43,44,204. 

 

5.1 Quasispecies dynamics before and after LT, and parameters that would be 

predictive of fibrosis progression at one year after LT 

In this scenario, during graft reinfection, a genetic phenomenon known as 

“bottlenecking” is expected205, in which a subset of virions is selected in the 

absence of an effective immune response, with still limited heterogeneity206. 

Conversely, based on the results of the unidimensional and principal component 



5 DISCUSSION  
 

210 
 

analysis of our first study, we could not confirm changes towards lower viral 

complexity after transplantation, as HCV dynamics varied between patients 

without resulting in a consistent viral complexity pattern after LT. In addition, 

the phylogenetic studies revealed three different patterns of viral behavior after 

liver graft reinfection.  

In the first pattern, observed in most of the patients, the master 

sequence was conserved, but the mutant spectra differed. Only some 

sequences were the same as the pre-LT ones, suggesting that the reinfection of 

the liver was caused by the most prevalent pre-LT sequences. 

In the second pattern, observed in two patients, the master sequence 

differed from the pre-LT one, and the mutant spectra were completely different, 

suggesting that reinfection of the liver graft was caused by a minor genome from 

the pre-LT quasispecies.  

In the third pattern, observed in one patient, the pre-LT quasispecies 

was maintained after liver transplantation, suggesting massive reinfection of the 

liver graft by most of the pre-LT virions.  

The small sample size does not allow us to reach conclusions on a possible effect 

of viral subtype in the quasispecies behavior after LT. However, pattern one has 

been found in patients with subtype 1a and 1b, suggesting that in most of the 

cases, and independently of the liver damage progression, HCV reinfection 

follows this particular pattern in which the master sequence remains after LT 

but with different mutant spectra. Interestingly, in the patient that had a 

cholestatic fibrosis hepatitis (P10), the master sequence remained dominant 

after LT as previously reported by Gambato et al. in which 62% of cholestatic 

patients showed the remaining of master sequence compared with the 11% in 

the patients with mild recurrence207. 

Even so, we cannot ignore the reduced patients with which we work as the main 

limitation of this study and a possible bias of the results. Most patients were 
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efficiently treated with DAAs before or soon after LT, thus limiting the number 

of samples fulfilling inclusion criteria for our study that required patients with 

at least one year of follow-up in the absence of treatment.  

 

Although DAA treatment before LT would be the best option, drug-to-drug 

interactions between some DAAs and various immunosuppressive agents may 

jeopardize this approach. Furthermore, some DAAs should be avoided in 

patients with severely impaired liver function and renal dysfunction because of 

complications, the most common being renal failure. An alternative protocol is 

to apply the treatment soon after the LT or when the risk of rejection has 

decreased and immunosuppressive rejection medication is stable208. Hence, the 

question arises as to when would be the best time to start DAA treatment.  

It is widely recognized that liver fibrosis rapidly progresses in some patients, 

leading to cirrhosis at one year post-LT (fast-progressors), whereas others show 

minimal changes in the transplanted graft at the same time point (slow-

progressors). A parameter that would be predictive of fast fibrosis progression 

at one year after LT would be useful to decide the time to start a DAA therapy. 

In general, fast progressors should be treated earlier after LT than slow 

progressors, once the patient's health status has improved.  

In this situation and having as precedent studies in which quasispecies 

composition has been related to viral persistence, disease progression, and 

response to antiviral agents, we hypothesized that virological factors such as 

viral complexity and viral load might predict fast progression of liver damage in 

liver-transplanted patients209–211. Furthermore, reports have shown that some 

amino acid signatures in the NS5B region of HCV, that is the region we have 

amplified in our first study, are specific to patients developing cholestatic 

fibrosis hepatitis, which is a severe variant of HCV infection recurrence after 
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LT207. Therefore, our hypothesis was that complexity studies based on this 

region will reveal some clues of fibrosis progression. 

After conducting an exhaustive analysis of changes in the HCV quasispecies 

complexity measures (qD, Mfmax, and π) obtained before LT and 15 days 

following LT, none of the measures studied were significantly associated with 

progression to more aggressive liver damage at one year following the 

procedure. This may be because the viral quasispecies is a highly variable and 

dynamic population that fluctuates over time, and the results may vary 

according to the moment at which the sample is collected and analyzed. Hence, 

we cannot exclude that the analysis of samples taken at a later point after LT 

might have led to the identification of a complexity index predictive of fast liver 

damage progression. 

Interestingly, we observed a significant increase in VL values from pre-LT to 15 

days post-LT in all patients who had an advanced stage of fibrosis one year after 

the procedure, in accordance with previous findings212. Our results support the 

notion that the difference in VL before and after LT may be of value in predicting 

fibrosis progression. Thus, VL changes may be a useful criterion to determine 

whether to administer DAA-treatment as soon as possible after LT or delay it 

until the patient is clinically stable. 

 

Thus, DAA-treatment is necessary to eliminate the virus in those chronic 

patients undergoing LT, but even after infection resolution many of them remain 

on transplant lists213. Much hinges on the sequels of long periods of silent and 

persistent antigen stimulation along with immunological factors that lead to 

fibrogenesis induced by chronic inflammation, and consequently has a direct 

effect on the development of advanced or end-stage liver diseases, even after 

infection resolution214. According, recent studies have demonstrated that DAA 

treatments reduce but do not eliminate the risk of developing HCC215. Indeed, 
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we observed that 2 out of 27 patients who received DAA regimens in our second 

study developed HCC at months 54 and 60 of follow-up, corresponding to a 5-

years cumulative HCC rate of 7.4%.  

Despite the lack of specific predictors of HCC, several host factors, including liver 

fibrosis stage, older age, elevated AFP levels, and comorbidities such as diabetes 

and steatosis, have been associated with HCC occurrence216–218. Remarkably, 

patients who developed HCC were the oldest in our patients’ cohort, suggesting 

that older age along with advanced fibrosis stage at baseline was a significant 

driving factor in the HCC development in these patients. Other host factors that 

may have contributed to the occurrence of HCC include the elevated AFP after 

DAA treatment in patient 7 and diabetes in patient 9. Moreover, dysregulations 

in the functions or expression of immunological components play a key role in 

HCC progression, as immune response is shift towards tumor tolerance219.  

 

5.2 Relevance of cellular immune response, liver inflammation and fibrosis 

regression, after HCV elimination mediated by DAAs  

In infectious diseases, an effective immune response is essential for viral control 

and disease’s outcome, whilst a dysregulated immune system leads to disease 

progression215. In an HCV infection context, spontaneous resolution infections 

are associated with expansion of HCV-specific CD8+ T cells, a broad CD4+ T cell 

responses, and a strong cytotoxic T lymphocyte response, while chronic 

infections leads to T cell exhaustion and dysfunction, resulting in varying 

degrees of functional impairment of the immune response100–105,220. The 

exhaustion of HCV-specific T cells is characterized by up-regulation of PD-1 and 

other inhibitory receptors, low proliferative capacity, dysfunctional CD8 

cytotoxicity, and impaired production of immunomodulatory cytokines123,221,222.  

With that in mind, in the second study we evaluated the degree of immune 

restoration by performing the analysis of phenotypic and functional changes in 
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T cells before, during and after HCV elimination by DAA therapies in patients 

with chronic HCV infection.  

Because host factors, including age and gender, can largely influence the 

immune response, the study cohort included both males and females in their 

middle age and elderly patients. Moreover, all patients achieved SVR 

irrespective of the specific DAA treatment.  

 

To study the restoration of immune response after DAA treatment, we first 

characterized the exhausted phenotype of CD4+ T cells before and FUW12 by 

analyzing the expression of immune response inhibitory markers PD-1, TIM-3, 

and LAG-3 at the cell surface. Interestingly, a significant decrease in cell surface 

expression of PD-1 was observed in FUW12 samples compared with its baseline 

pair in non-cirrhotic and treatment-naive patients, suggesting that the immune 

response in these patients might have partly recovered. However, no significant 

differences were found when considering cirrhotic and previous IFN-α treated 

patients, which is in concordance with previous studies133,223, indicating that CD4 

exhausted phenotype is not fully restored in all DAA-treated patients resolving 

infection. The fact that after HCV eradication, PD1 expression levels were 

significantly reduced in non-cirrhotic patients compared with cirrhotic ones, 

suggests that cirrhotic’s derived T cells show a deeper functional exhaustion 

than the non-cirrhotic ones, which may be associated with the difference in liver 

damage and more impaired HCV-specific immune response. Moreover, PD1 

expression level were also reduced in treatment-naive patients compared with 

IFN-α treated ones, therefore it is possible that treatment-naive patients might 

be more receptive to respond to new treatment than IFN-α treated ones, as IFN-

based therapies could have induced phenotypical changes towards T cells, 

making them to be less prone to switch off the exhausted phenotype. In 

addition, no significant differences in PD-1 levels at baseline and FUW12 were 
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observed among treatment-naive patients over 55 years of age, indicating that 

older patients may be less likely to reverse T cell exhaustion. Thus, failure to 

reverse the exhausted phenotype may have also contribute to HCC 

development in patients 7 and 9. 

In summary, a partial restoration of the CD4+ T cell exhausted phenotype in 

patients with low grade of fibrosis, in treatment-naïve and in treatment-naïve 

patients below 55 years old, was observed. This results shows that those with 

high grade of fibrosis and older than 55 should be subjected to a strict 

surveillance to prevent the development of an HCC.  

 

Regarding the pro-inflammatory cytokines, it has been reported that NK and T 

cells produce high quantities of IFN-Ɣ and other pro-inflammatory cytokines 

during acute infections, while production is decreased during chronic 

infections134,224,225. Interestingly, Sasaki et al. reported higher levels of pro-

inflammatory cytokines, including IFN- Ɣ and IL-2, in serum of rapid virological 

responders as compared with end of treatment responders, suggesting that 

enhanced host immune status may contribute in HCV clearance226. Here, we 

have measured IFN-Ɣ and IL-2 production of lymphocytes stimulated in vitro, 

comparing the baseline and FUW12 samples of each patient. We found that HCV 

clearance per se is not sufficient to revert the decreased production of IFN-Ɣ and 

IL-2 by HCV-specific T cells, suggesting that prolonged exposure to HCV antigens 

leads to long-lasting HCV-specific T cells that lack effector functions. Thus, we 

have shown that impaired HCV-specific CD4+ and CD8+ T cells responses during 

chronic HCV infection are not restored following successful HCV clearance, at 

least in the short-time after HCV elimination, which is in line with recent 

published studies133,223,225,227,228.  

During chronic infections, virus-induced transcriptional reprogramming 

contributes to the maintenance of exhausted T cells in hyporesponsive 
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states111,220,229,230. As we have shown, T cell functionality remains impaired 

despite SVR, suggesting persistent transcription factor or epigenetic changes in 

HCV-specific T-cell after infection resolution. Moreover, those alterations have 

been reported to be directly associated with advanced liver diseases as 

HCC231,232.  

The analysis of IFN-Ɣ ELISPOT results by HCV subtypes revealed that patients 

with HCV subtype 1b showed higher IFN-Ɣ restoration than those with HCV 

subtype 1a, which could be attributed to a different immunogenicity between 

subtypes233, or due to T-cell-mediated protective immunity against other viral 

strains to which the patient was previously exposed234. 

Various studies point to the fact that a restoration of HCV-specific CD8+ T cells 

proliferation after DAAs treatment occurs129,131,132. But others reported that CD8 

proliferation capacity was not restored after HCV elimination by DAAs in the 

majority of patients133,134. However, little data was reported about the 

proliferative capacity of HCV-specific CD4+ T cells until now. A published study 

showed limited CD4+ T cell proliferative capacity of HCV specific CD4+ T-cells 

following DAA therapy135.  

In our study, we have observed a partial restoration of the proliferative capacity 

of both CD4+ and CD8+ T cells after stimulation with NS3 Helicase protein and 

NS3 pooled peptides but not with structural HCV antigens (core), suggesting that 

restoration of T cell proliferation is HCV-epitope dependent. In accordance, core 

antigen has been related with the induction of T regs expansion and T cell 

exhaustion235,236, and NS antigens have been described to present a higher 

immunogenicity237–239. In conformity to our results, several studies confirmed a 

reinvigorated CD8+ T cell proliferative capacity after DAAs when stimulated with 

NS3 and NS4 peptides129,131,132. In addition, Burchill et al. also found a temporal 

increase in the proliferative response of CD4+ T cells when stimulating with NS3 

and NS5134. The discrepancies between our results and other studies pointing to 
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a non-restoration of the proliferative capacity could be explained by different 

clinic-pathological conditions, by different DAA regimen used or due to the 

differences on immunogenicity between peptides.  

Overall, our data suggest that clearance of persistent HCV antigens helps to 

partially increase the proliferative capacity of CD4+ and CD8+ T cells but is not 

sufficient to reverse T cell dysfunctionality, 12 weeks after finishing treatment.  

Regarding liver inflammation and fibrosis during and after HCV infection, most 

patients with advanced liver fibrosis had abnormal baseline levels of liver 

inflammation and fibrosis markers, including transaminases, FIB-4, AFP, and 

APRI, as expected after years of chronic injury216,240. Our results point that HCV 

clearance was associated with decreased levels of liver inflammation since all 

fibrosis markers studied were reduced after DAA-treatment. Furthermore, apart 

from a reduction in liver inflammation, a fibrosis stage regression was achieved 

in all patients after DAA regimens, suggesting that a liver regeneration was still 

ongoing in the majority of patients 12 weeks after treatment. However, we have 

observed that HCC was developed in two patients after 61 and 55 month of 

follow up.  

 

The fact that those T cells remain dysfunctional after HCV clearance might have 

serious clinical implications. Additional immunological therapy may reduce the 

risk of developing HCC and other extrahepatic manifestations after DAA 

regimen241. Unfortunately, patients who have overcome the infection and 

cleared the virus are not protected against reinfection242 and HCC. Moreover, 

no vaccine to prevent HCV infection is yet available, despite continuing efforts 

for its development243. Hence, our studies will provide information on the 

dynamics of HCV infection and immune response, which may be applicable to 

vaccine development and immunotherapy strategies, as well as on immune 

related liver remodeling that together with a correct diagnose and an early 
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treatment will help to improve clinical outcomes. Nonetheless, further 

investigations of HCV-specific T cell responses beyond 1 year of follow-up are 

needed to understand the long-term impact of HCV cure and their implications 

on HCV vaccine-design and HCV re-infections.  

 

5.3 Development of new strategies for biomarker-discovery to predict 

advanced liver diseases in patients after HCV infection 

Besides immune response dysregulation, HCV infection’s traces in the host, 

mentioned previously, makes evident the need of follow-up studies focused on 

biomarkers. Those studies may help clinicians to act in advance and improve the 

quality of life of the patients who in many cases received the medical discharge 

once the harmful stimuli was removed, but nevertheless continue having HCV 

infection-related diseases. In fact, late patient diagnosis reduces their 

therapeutic options and decrease the patients’ survival rate244.  

Finding new biomarkers for disease diagnosis and prognosis remains challenging 

despite considerable improvements. Recently, the use of miRNAs within EVs as 

clinical biomarkers has attracted increasing interest because EVs have been 

shown to provide an enriched source of miRNAs with higher diagnostic and 

prognostic potential than total cell-free RNA. Therefore, the analysis of EV-

miRNAs may allow to detect subtle disease-induced miRNA dysregulations that 

play significant roles in pathogenesis and can therefore influence the clinical 

outcomes. However, discrepancies on miRNA patterns are still frequent 

between studies, which hampers the validation of specific miRNA signatures 

with diagnostic and/or prognostic value. Hence, the choice of EV isolation 

method as well as library preparation kit should depend on the downstream 

application. Due to the large discrepancy between methods and the high 

variability between samples and diseases, it would be advisable to use specific 

methods that allow the isolation of EV-miRNAs, which are functionally secreted 
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as intercellular mediators and may therefore be more sensitive and specific 

biomarkers.  

 

Consequently, in the third work, we have conducted a study to compare 

different EV isolation methods in order to find the best approach for miRNA 

biomarker recovery and identification. By comparing three different methods, 

SEC, GRAD and the combination of SEC+GRAD, we have shown that the method 

used can influence the final result. Each method allows isolation of a diverse size 

range of vesicles, but it varies regarding lipoprotein and protein contaminants 

depletion, EVs recovery yield, miRNA profiles, cost-effectiveness, and clinical 

applicability. For that reason, it is important to choose the methodology 

depending on the forthcoming application of the purified EVs.  

The analysis of protein content showed that all three EV isolation methods 

removed most of the overabundant soluble plasma proteins, although SEC 

extractions are the ones recovering more impurities. As far as lipoproteins is 

concern, it is expected that SEC could not separate EVs from apoB-containing 

lipoproteins such as chylomicrons, LDL, IDL, VLDL and Lp(a) because of their size 

overlap (30-5000nm vs 18-1200 nm), whereas GRAD could not separate EVs 

from apoA-containing lipoproteins (HDL) because of their density overlap (~1.1 

g/mL vs 1.08-1.19 g/mL)245. Thus, by combining SEC+GRAD should provide the 

highest lipoprotein removal. However, all GRAD and SEC fractions tested 

negative for apoA and apoB in EVs-containing fractions, suggesting that the 

combination of initial centrifugations with fractioning methodologies eliminate 

the vast majority of lipoproteins. However, certain degree of lipoprotein 

contamination cannot be excluded based on the physical properties of these 

particles, which would explain the high quantity of particles detected in NTA and 

TEM analyses, and the low fluorescence intensity in CD9 analyses in SEC 

fractions.  
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According to CD9 fluorescent intensity in tagged EVs, GRAD provided a higher 

proportion of pure EVs than SEC. According to NTA measurements, the 

concentration of recovered particles by GRAD and SEC+GRAD was two orders of 

magnitude lower than that of SEC extractions, but showing the highest degree 

of purity by TEM and Cryo-TEM images. In consequence, GRAD is the 

methodology showing the best balance between EVs purity and yield.  

Next step was to study the cargo in miRNAs of the EVs isolated by the three 

methods. Firstly, when testing the efficacy of three commercial protocols of 

miRNAs library preparation, NEB, NEXT and SMARTer, NEB was the protocol that 

showed the highest reproducibility between replicas and resulted in the highest 

and different number of miRNAs followed by NEXT and SMARTer. Similar results 

were observed in other studies published with NEB kit when compared with 

other commercial kits166,184,246,247.  

Secondly, when testing the efficacy of the three EV isolation methods for 

miRNA-sequencing, GRAD method showed the highest reproducibility from 

replicas and detected the higher number and more different miRNAs than those 

obtained with SEC and SEC+GRAD. Conversely, Buschmann et al. conclude that 

less specific EVs isolation methods yielded more RNA and obtained higher 

number of miRNAs than more specific methods. This could be attributed to 

extreme alterations in miRNA expression as they work with sepsis patients, 

different subpopulations of vesicles isolated or a more abundant co-isolation of 

non-vesicular extracellular RNA that mask those miRNAs coming from EVs. 

Besides, highly abundant miRNAs are less affected by library preparation-

induced biases than low-abundance transcripts248. MiRNAs related to 

pathologies that induce small differences in their expression levels and/or are 

underrepresented in plasma samples can be enriched by isolating the miRNAs 

within EVs171. Thus, the study of miRNAs with GRAD method may allow 

detecting less abundant circulating miRNAs that nevertheless may play 
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significant roles in pathogenesis that would be concealed by more abundant 

miRNAs if other methods are used.  

In addition to miRNAs, EVs contain messenger RNAs, transfer RNA, long non-

coding RNAs, and circular RNAs, among others165. Depending on the EVs 

isolation methodology, different types of vesicles with different sizes and cargos 

are isolated. In our study, SEC proved to be the less discriminative method 

allowing to recover more different type of particles, and depending on the aim 

of the study this methodology could represent the best choice since despite 

showing lower miRNA abundance and diversity than GRAD, other RNA types 

might have been isolated and sequenced. Although further investigation would 

be required to confirm this hypothesis, the results obtained by SEC+GRAD are 

consistent with a pre-selection of less miRNA-enriched vesicles by SEC. 

In conclusion, all methods assessed in this study successfully detected miRNAs 

from plasma samples, although the number of mapped miRNAs varied 

considerably across EV isolation methods and library preparation kits. In our 

case, the method that provided the best balance between EV’s purity, yield and 

miRNA-sequencing was the GRAD. Hence, isopycnic centrifugation using GRAD 

methodology, followed by NGS sequencing using NEB kit should be considered, 

as a reliable protocol for the identification of clinical biomarkers. Finding new 

non-invasive biomarkers to predict HCC prognosis and other liver-advanced 

diseases is crucial in the actual era of hepatitis C infection. 
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6.1 Principal conclusions 

1. An increase in viral load 15 days after LT was associated with fast 

progression to liver fibrosis one year after transplantation. This suggests 

DAA-therapy should be started as soon as possible following LT. 

2. A partial restoration of the immune response is achieved in chronic HCV 

infected patients 12 weeks after viral clearance induced by DAAs. 

3. Isopycnic ultracentrifugation using iodixanol gradients is one of the most 

appropriate method to detect miRNAs within EVs, and should therefore be 

considered as a reliable method for the identification of new clinical 

biomarkers. 

6.2 Secondary conclusions 

1. HCV kinetics before and after LT differed among patients. Changes towards 

lower viral complexity or homogenization of the viral population were not 

generalized phenomena after liver graft reinfection. 

2. None of the viral diversity indices studied at 15 days after LT were 

significantly associated with liver damage progression one year after 

transplantation.  

3. An increase in viral load 15 days after LT shows predictive capacity of fast 

progression to fibrosis at one year of the LT.  

4. Restoration of CD4+ T cells exhaustion was achieved in non-cirrhotic 

patients, treatment-naive and treatment-naive below 55 years old. 

5. A partial restoration of the T cell functions was observed after viral 

clearance, since cytokine production by HCV-specific CD4+ and CD8+ T cells 

remained impaired after HCV elimination, whilst the proliferative capacity 

of HCV-specific CD4+ and CD8+ T cells was partly restored.  

6. A reduction in liver inflammation and a fibrosis stage regression was 

achieved in all patients after DAA regimens, suggesting that a liver 

regeneration was still ongoing. 
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7. GRAD method maintains a good balance between EVs purity and yield.  

8. NEB kit showed the highest reproducibility among replicas, provided a 

broader coverage of sequenced miRNAs, and better overall results 

regarding miRNA-detection than NEXT and SMARTer protocols. 

9. GRAD method showed the highest reproducibility among replicas, 

presented a higher number of miRNAs, and detected more different miRNAs 

than SEC and SEC+GRAD. Hence, GRAD is one of the most appropriate 

methods to detect miRNAs from EVs by next generation sequencing. 
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V. FUTURE PERSPECTIVES 

The studies included in this Doctoral Thesis open up new lines of research on 

long-term effects of Hepatitis C Virus infection as detailed below.  

V.I Multi-centric studies 

One limitation of this thesis is the reduced number of patients that were 

included in the first two studies. It would be interesting to increase the number 

of patients and extend to additional cohorts from other hospitals to make our 

results more robust and eliminate possible bias introduced by doing it with 

patients from a single hospital.  

V.II Epigenetic studies 

Some reports pointed to high rates of de novo HCC and HCC-recurrence in 

cirrhotic patients after DAA treatment249,250. It is well known, that apart from the 

direct involvement of the immune response, other mechanisms such as 

epigenetic dysregulations may also contribute to the progression towards 

advanced liver diseases and HCC development. In this line, it has been reported 

that HCV reprogram host’s gene expression through epigenetic modifications in 

the transcriptome of host cells that persist after virus eradication with DAAs-

based treatment231,251. Furthermore, it has been reported that epigenetic 

modifications affect the expression of tumor suppressor genes or oncogenes 

promoting tumor initiation and progression. Hence, these epigenetic 

modifications may contribute to the HCC risk despite HCV eradication232,252. 

The identification of epigenetic signatures will bring light to HCC prevention by 

serving as clinical strategies for early detection, and by identifying novel host 

targets for the development of drugs that may revert the epigenetic processes 

and consequently reduce HCC risk253.  
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To this end, RNA-seq together with DNA-seq methylation studies may give 

relevant, detailed and more in-depth information of the state of damage caused 

by long-term HCV infection. It would be interesting to study differential gene 

expression profiles, and epigenetic changes occurred in groups of genes with 

specific immunological functions by analyzing RNA and DNA extracted from pre-

treatment PBMCs and their respective follow-up, in a cohort of chronic infected 

patients with different stages of fibrosis.  

Until now, considering that global DNA hypomethylation has been associated 

with predictive capacity of cancer risk254, a first screening on the percentage of 

methylation and hydroxymethylation between pre-treatment DNA samples and 

their respective 2 years follow-up samples has been carried out. Preliminary 

results from a cohort of 20 HCV-chronic infected patients; 10 non-cirrhotic 

(elastography <12 KPa, F0-F1), and 10 cirrhotic (elastography >12 KPa, F3-F4), 

shown differences between the two groups. Cirrhotic patients showed lower 

levels of methylation and hydroxymethylation than non-cirrhotic ones, both in 

pre-treatment and follow-up, indicating that different epigenetic signatures 

may occurred within patients depending on the fibrosis stage. 

V.III EV’s effect in immune response 

As explained in the introduction section, EVs (especially exosomes), by 

transmitting information from cell to cell, have become functional vehicles of 

intercellular communication140. Moreover, exosomes are active mediators of 

the immune system. They have a pivotal role in immune stimulation, in immune 

suppression and maintenance of peripheral tolerance by inducing T cell anergy 

and activating induced cell death and Treg cells187,194. Additionally, EVs, mainly 

exosomes, have shown the ability to inhibit or induce the expression of 

chemokines and cytokines, modulate the activation and proliferation of T cells, 

upregulate the expression of inhibitory receptors in T cells and promote T cell 

exhaustion, accelerating, among other pathologies, HCC progression195,196,198. 
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In a situation of advanced liver damage such as the one that we have seen that 

occur in patients with advanced fibrosis after HCV infection resolution, and 

taking as a precedent the results obtained in the immune response study, we 

propose that EVs may be closely involved in T cell-exhaustion not only during 

active infection but also after SVR. Demonstrating a role of EVs in the generation 

and maintenance of an exhausted T-cell phenotype will help to understand 

immune response alterations caused by a chronic infection and to propose new 

therapeutic solutions.  

To study the role of EVs in T-cell exhaustion, the experiment will consist in 

isolating EVs from an active and chronic infection showing a T-cell exhaustion 

profile, and to co-culture these EVs with T-cells isolated from the same patient 

after recovering immune functionalities. The rationale is to study whether or 

not EVs from chronic samples will induce exhaustion in the recovered immune 

cells. For this purpose, a cell culture with purified EVs from plasma samples 

faced with post-treatment PBMCs should be done to test phenotypic and 

functional changes induced. With all the evidences presented about EV’s role in 

the induction of T cell exhaustion, we hypothesized that EVs most likely derived 

from exhausted cells, in contact with follow-up PBMCs would revert PD1 

expression levels of CD4 and CD8 T cells like in chronic infections.  

Preliminary results from a cohort of 30 HCV-chronic infected patients; 15 non-

cirrhotic (elastography <12 KPa, F0-F1), and 15 cirrhotic (elastography >12 KPa, 

F3-F4), have shown that FWU-PBMCs in contact with EVs increased their PD1 

levels to similar or higher values than those detected in Pre-TX PBMCs in the 

majority of patients. Those results suggest that indeed EVs induce phenotypical 

changes toward an exhaustion phenotype in both CD4 and CD8 T cells.  
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V.IV EVs-miRNAs to monitor HCV-patients follow-up 

It is widely known, and as explained in this thesis, that during HCV infection 

miRNAs content in EVs is closely linked to HCV infection outcome by promoting 

an efficient viral replication, liver damage progression, and HCC development199–

201. In addition, an active infection and/or liver damage induce a dysregulation 

of the endogenous miRNAs encapsulated in EVs. Moreover, viral eradication 

mediated by DAAs does not imply the cure of liver disease that can progress to 

a worsening state in patients with advanced fibrosis, still at risk of developing 

HCC255. Thereby, HCC prevention is the most efficient measure to reduce HCC-

related mortality.  

For that reason, as seen that patients with advanced cirrhosis may need 

exhaustive follow-up for surveillance of HCC is essential to establish diagnostic 

tools as a panel of biomarkers that may predict the risk to evolve towards 

advanced liver diseases and HCC despite viral eradication.  

To do so, once selected the most accurate approach for EVs isolation and 

miRNAs sequencing, GRAD method based on the results obtained from the third 

study of the thesis, the next step is to apply these methodologies in a cohort of 

cirrhotic and non-cirrhotic patients who have achieved SVR mediated by DAAs. 

By analyzing EVs-miRNAs present in pre-treatment and follow-up plasma 

samples with different stages of fibrosis, we can monitor the clinical evolution 

of HCV-patients after infection resolution with diverse degrees of liver damage. 

Hence, could be of clinical utility to perform a longitudinal study to analyze the 

expression changes of miRNAs in circulating EVs of HCV-infected patients before 

treatment, 12 weeks of the end of treatment and from one to four years of 

follow-up.  
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VI. ANNEX 

VI.I Isolation methods  

Apart from the EVs isolation-methods mentioned in the third article, lipid 

nanoprobes, precipitation and magnetic bead-based methods, were also tested 

and discarded for miRNA sequencing.  

VI.I.I Lipid nanoprobes 

- DSPE-PEG-Biotin MW2000 nanoprobe (Nanocs, Cat#PG2-BNDS-2k) with 

strepatividin-magnetic beads (Thermo Scientific™, Cat#88817) was used 

directly in purified EVs to test its effectivity. 100 µl of purified EVs diluted in 

500 µl of PBS 1X were tested against 50, 100 and 200 nmols of biotin- DSPE-

PEG. Sample was incubated with lipid-nanoprobe for 10 min, at 4ºC and 300 

r.p.m. In parallel, sample was incubated overnight, at 4ºC in rotation to test 

in which conditions lipid-nanoprobe works better. Magnetic beads were 

then added to the solution and incubated 30 min or 1 h at room 

temperature in rotation. Beads coated to the nanoprobe “containing EVs” 

were then washed, captured and resuspended in 100 µl of PBS 1X, therefore 

recovering 100 µl of concentrated EVs.  

- DSPE-PEG-Desthiobiotin MW5000 (Nanocs, Cat# 

PG2-DSDSB-5k) with Sera-Mag SpeedBeads™ Neutravidin-Magnetic Beads 

(Thermo Scientific™, Cat#GE78152104010350), 100 µl of purified EVs 

diluted in 500 µl of PBS 1X were tested the same way than with Biotin-

tagged DSPE-PEG. Beads were separated from EVs by adding biotin (Thermo 

Scientific, Cat#29129) to the sample, whom compete with desthiobiotin 

letting EVs release from lipid-nanoprobe and coated-beads and recovering 

100 µl of concentrated EVs.  

https://www.sigmaaldrich.com/ES/es/product/sigma/ge78152104010350
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No EVs recovery was detected in beads phase for any of the two lipid-

nanoprobes, indicating that this method was not specifically working so both 

were discarded for further experiments.  

VI.I.II Precipitation-based method 

- Total exosome isolation kit (Invitrogen™, Cat#4484450) was tested for 

plasma samples. After the two previously centrifugations specified in the 

third article, 300 µl of Invitrogen solution were added to 1 ml of sample, 

incubated 30 minutes at 4°C and centrifuged at 10,000 g for 5 minutes at 

room temperature, recovering 100ul of concentrated EVs.  

After total precipitation, 8.39 x 1012 +/- 2.54 x 1011 particles/ml with a mean 

size of 95 +/- 2.4 nm were recovered. 

However, TEM images showed a 

heterogeneous and cloudy solution (Figure 

19), demonstrating that this method was not 

pure enough and hence was not suitable for 

our purpose. Consequently, was discarded for 

further experiments.  

Figure 19. TEM images of EV’s concentrate extracted by precipitation-based 
method 

VI.I.III Magnetic bead-based method 

- MagCapture™ Exosome Isolation Kit PS (FUJIFILM Wako Chemicals U.S.A 

Corporation, Cat#293-77601) was tested for serum samples. After the two 

previously centrifugations mentioned in the third article, 60 µl of suspended 

streptavidin magnetic beads were added to 1 ml of sample. 500 µl of 

exosome capture immobilizing buffer and 10 µl of biotin-labeled exosome 

capture were added and incubated 10 minutes at 4ºC in rotation. 1:500 of 

exosome binding enhancer was added afterwards and incubated for 3 hours 
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at 4ºC in rotation. Then, beads were washed and eluted with 100 µl of 

exosome elution buffer, recovering 100 µl of concentrated EVs.  

By magnetic capturing, 1.01 x 1010 +/- 4.3 x 108 

particles/ml with a mean size of 155 +/- 4.8 nm 

were recovered. Moreover, TEM images, as seen 

in Figure 20, shown a pure and clean solution with 

vesicles that agree in size with those measured by 

NTA.  

Figure 20. TEM images of EV’s concentrate extracted by magnetic beads-based method 

Once confirmed a good balance between quantity and pureness, total RNA was 

extracted but without giving favourable results. Thereupon, as RNA quantity and 

quality were not good enough, magnetic beads-based method was discarded for 

miRNA sequencing.  
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