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1Introduction

Extracellular vesicles (EV) are 50 – 1000 nm sized nanoparticles, composed of lipid 
membranes, proteins and RNA, which are released by virtually all cells in the body 
(1,2). EV are also released by ‘lower’ organisms including bacteria and fungi, although 
we will focus on EV from mammalian cells in this thesis. EV are abundantly present in 
a wide range of body fluids, such as milk, urine, seminal fluid, and blood plasma (3,4). 
The intercellular exchange of EV constitutes a recently discovered route of cell-cell 
communication that exists next to receptor-ligand interactions and communication via 
cytokines and chemokines (3,5). The collective term ‘EV’ refers to both exosomes and 
microvesicles, which are formed via distinct pathways at different locations in the cell. 
Exosomes are formed as intraluminal vesicles by inward budding of the multi-vesicular 
endosomes (MVE), and are released upon fusion of the MVE with the plasma membrane. 
Microvesicles are generated by direct outward budding of the plasma membrane (2). 
Several sorting machineries are involved in the recruitment of molecular cargo (e.g. 
proteins and RNA) into exosomes and microvesicles. Exosome biogenesis is mediated 
by clustering of molecular cargo by components of the endosomal sorting complex 
required for transport (ESCRT)(6), or through ESCRT-independent pathways involving 
tetraspanins (7) or the formation of ceramide by neutral sphingomyelinase (nSMase) 
(8). Although a number of proteins involved in exosome biogenesis are additionally 
involved in the formation of microvesicles, such as ESCRT proteins and nSMase, the 
exact mechanisms underlying microvesicle biogenesis need to be elucidated further 
(2,9). What determines which proteins and RNAs are selected for incorporation into EV 
is a major question in the field. 
 EV can influence the function of target cells via different routes: EV can directly 
stimulate target cells by binding to receptors, they can transfer receptors to target 
cells, and they can furthermore deliver intraluminal proteins and RNA molecules into 
recipient cells (10). It is known that the molecular composition of EV depends on the 
(patho)physiological status of the EV-producing cell. The resultant alterations in the 
composition of EV can lead to changes in the functional effect that these EV have 
on recipient cells. Furthermore, because EV contain molecular information about the 
(patho)physiological status of the EV-producing cell, and are abundantly detected 
in body fluids, EV are intensively investigated for their potential application as non-
invasive biomarkers for the diagnosis and monitoring of diseases. 
 The RNA cargo of EV has received a great deal of attention in the last few years 
(11–13). First of all, the EV-mediated transfer of RNA may play an important role in 
intercellular communication. Furthermore, there is accumulating evidence that EV-
associated RNA in biofluids has great biomarker potential for a wide range of diseases. 
Important questions in the EV-RNA research field include how RNA cargo is selected for 
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incorporation into EV, how these processes are controlled by the status of the cell, and to 
what extent the EV-transcriptome reflects the cellular transcriptome. Answering these 
questions is not only important to further elucidate the role of EV-RNA in intercellular 
communication, but is also an important prerequisite to correctly interpret  changes in 
the RNA content of EV present in body fluids for biomarker purposes. In this thesis, we 
will predominantly focus on the small non-coding RNAs present in EV. Of these non-
coding RNA species, microRNAs (miRNAs) are most intensively studied because their 
role in gene regulation is well understood. Numerous studies have addressed changes 
in miRNA profiles in EV due to changes in cell signaling, oncogenic transformation, or 
other disease-related processes (14–20). Besides miRNAs, EV contain a wide range of 
other small non-coding RNA species, such as tRNAs, snRNAs, snoRNAs, Y-RNAs, Vault 
RNAs, and 7SL, many of which are more abundantly present in EV than miRNAs (16,21). 
Whether the abundance of these other RNA species in EV can change as a result of 
changes in the (patho)physiological status of EV-producing cells is largely unexplored. 
In this thesis, we critically evaluated and optimized technologies to characterize and 
quantify non-coding RNA species in EV released in in vitro cell cultures and in EV 
present in blood plasma. In addition, we explored how the incorporation of a broad 
range of non-coding RNA species into EV is modulated by environmental stimuli.  
 Below, we will introduce the different types of RNA that have been detected 
in EV. Next, we will  explain how commonly used methods to purify EV from 
culture medium and biofluids can influence EV-RNA analysis. In addition, 
we summarize possibilities and limitations of RT-qPCR and RNA sequencing, 
techniques that were extensively used in our studies, for characterization and 
quantification of EV-RNA. Finally, we give an overview of how EV-RNA can play 
a role in intercellular communication and how EV-RNA in body fluids may be used 
as biomarkers of disease.

Non-coding RNAs in EV

Since it was discovered in 2007 that EV contain miRNA and mRNA, the concept emerged 
that EV mediate horizontal transfer of genetic messages between mammalian cells 
(22–24). Later, it was discovered that the EV-transcriptome was much more diverse than 
initially thought. EV contain various types of non-coding RNA, such as miRNAs, tRNAs, 
snRNAs, snoRNAs, Y-RNAs, Vault RNAs, and 7SL (16,21). Many of these RNAs are RNA 
polymerase III transcripts which are found in RNP complexes involved in housekeeping 
functions in cells (25,26). Furthermore they have been implicated in various diseases, 
either in full-length or fragmented form (27,28). The presence of these non-coding 
RNAs in EV suggests that they also serve functions in EV-mediated communication 
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1between cells. Per RNA type (Figure 1), we will discuss their cellular functions, the 
proteins with which they interact, their potential involvement in diseases, and what is 
known about these RNAs in relation to EV.

Figure 1 – Overview of the structure, size and functions of various small non-coding RNAs 
in EV and cells

microRNA
MicroRNAs (miRNAs) are a family of 21 – 25 nucleotide sized RNAs that negatively 
regulate gene expression at the transcriptional and translational level (29). The 
first discovered miRNA, which was called lin-4, was shown to cause changes in the 
embryonic development of C.elegans (30). A decade later, miRNAs were additionally 
discovered in other species such as mice and humans (31,32). All miRNAs are transcribed 
by polymerase II as long pri-miRNA transcripts that are processed by Drosha into a 
pre-miRNA hairpin. After nuclear export by Exportin-5, the pre-miRNAs are processed 
by Dicer into miRNA duplexes, after which one of the two strands is assembled into 
Argonaute (AGO), an essential component of the RNA-induced silencing complex 
(RISC). The maturation of miRNAs is tightly regulated, as pre-miRNA precursors were 
found to interact with 180 different RNA binding proteins (RBP) that are involved in 
their maturation (33). MiRNAs function by basepairing with complementary regions 
on mRNAs, which may either lead to translational repression or to mRNA cleavage, 
thereby downregulating gene expression (29). Because the function of miRNAs relies 
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on base pairing with target mRNAs, binding sites of miRNAs can be computationally 
predicted (34). Furthermore, this allows the design of luciferase reporter constructs that 
contain miRNA target sites in their 3’-untranslated regions (UTR). These constructs are 
a commonly used tool to validate the miRNA-mediated repression of gene expression. 
Almost two decades of research have demonstrated the importance of miRNAs in 
fine-tuning gene expression in a wide range of physiological and pathophysiological 
processes (27,35–39). Accumulating evidence has shown that many miRNAs are 
selectively expressed in specific cells and tissues (40,41). Furthermore, aberrant 
expression of miRNAs is correlated with and/or functionally involved in a wide range 
of diseases, such as Alzheimer’s disease (17,39), cancer (42), autoimmune disorders 
(43), and cardiovascular diseases (44).
 The mechanisms by which miRNAs exert their functions inside cells have been 
intensively studied. This knowledge provided a basis to investigate the functions 
of miRNAs in EV-mediated communication. The presence of miRNAs in EV was first 
discovered in EV from mast cells (22). These EV also contained mRNAs, which could be 
delivered to recipient cells and subsequently be translated into proteins, proving that 
RNAs could be functionally transferred via EV (22). Subsequent studies have shown 
that EV can also mediate functional transfer of miRNAs between cells. For example, T 
cells which overexpressed miR-335 could transfer this miRNA via EV into B cells which 
normally do not express miR-335 (45). Similarly, EV released by primary dendritic 
cells (DC) were shown to transfer miR-148a into a DC cell line which did not express 
this miRNA (15). To demonstrate functionality of miRNA transfer, both of these studies 
showed that luciferase reporter constructs fused to miRNA target sites expressed in 
the recipient cells could be suppressed by the miRNAs transferred via the EV (15,45). 
Besides luciferase repression, repression of endogenous miRNA targets was shown (46). 
Addition of EV from wildtype DC, which contained miR-155 and miR-146a, into cells 
deficient for these miRNAs, resulted in repression of their respective target genes (46). 
Apart from these ‘classical’ functions of EV-miRNAs in repression of gene expression, 
triggering of endosomal RNA sensors in recipient cells has been described as alternative 
function of EV-associated miRNAs. It was shown that miR-21 and miR-29a in EV released 
by lung cancer cell lines could stimulate Toll-like receptors (TLR) 7 and 8, which triggered 
the expression of inflammatory cytokines TNFα and IL-6 (47). It is unclear whether this 
TLR-activating function is specific within the context of cancer, as these miRNAs have 
also been abundantly detected in EV from DC and T cell co-cultures (21). Besides their 
presence in EV, miRNAs have additionally been detected in ribonucleoprotein complexes 
(RNP) and associated with lipoprotein particles (LPP) in plasma (48–50). 
 Interestingly, the miRNA composition of EV can change in response to environmental 
cues imposed on the EV-producing cells. This has been shown for a wide range of 
conditions, such as prion infection, oncogenic mutations, metabolic stress, virus 
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1infection, and immune-related stimuli (4,11,15,16,18,20,51–53). Longstanding 
questions within the field of EV research are which molecular mechanisms underly 
sorting of RNAs into EV and how this process is influenced by the activation- or 
differentiation status of the EV producing cell. Cell stimulation-induced changes in 
EV-associated miRNA levels are potentially controlled by the total levels of miRNA 
inside cells (54). It is known that cellular miRNA levels robustly and dynamically 
respond to external stimuli (55). Furthermore, overexpression of miRNAs inside cells 
was shown to increase the levels of these miRNAs in EV due to an increased availability 
of these miRNAs for packaging (54). Although this suggests that the incorporation of 
miRNAs is a passive process that is mainly driven by the sheer abundance of a miRNA 
in the cytoplasm, several other reports have shown the involvement of RNA binding 
proteins in the recruitment of cytoplasmic miRNAs into EV (11). For instance, human 
ribonucleoprotein A2B1 (hnRNP A2B1) was found to shuttle miRNAs containing 
specific nucleotide motifs into T cell-derived EV (56). In liver cells, the related protein 
hnRNP Q (SYNCRIP) was implicated in miRNA shuttling into EV through recognition of a 
different nucleotide motif than the motif recognized by hnRNP A2B1 (57). Additionally, 
Y-box protein 1 (YBX1) was found to mediate the packaging of miR-223 in EV released 
by HEK293T cells (58). In liver cells, the protein embryonic-lethal abnormal vision like 
(ELAVL, also known as HuR) was shown to mediate the displacement of miR-122 from 
mRNA/AGO complexes and drive its subsequent export via EV (51). Furthermore, AGO2 
has been implicated in miRNA shuttling (59,60), although this point is controversial 
since other studies have reported that AGO2 is not associated to EV in culture medium 
or plasma (48,49,61). It is possible that the incorporation efficiency of AGO2 may 
differ extensively between cell types (59,61) and has been shown to depend on the 
mutational status of cells (60). Based on the current literature, the incorporation of 
miRNAs into EV seems to depend on the cellular context, with specific miRNA-binding 
proteins being active in specific cell types. It is likely that more cell-specific RNA 
shuttling proteins will be discovered in the future. Furthermore, it is largely unknown 
how cellular activation signals modulate the activity of these proteins and how this 
affects RNA-shuttling. 

Transfer RNA
Transfer RNAs (tRNAs) are historically known for delivering amino acids to ribosomes 
during the translation of mRNA into proteins. However, various studies have revealed 
that tRNAs are involved in various other functions (62). tRNAs are approximately 73-
95 nucleotides long and fold into a typical cloverleaf structure, which is stabilized 
through posttranscriptional modifications at multiple bases (63–65). tRNA is 
transcribed by RNA polymerase III as a precursor (pre-tRNA) containing a 5’-leader and 
3’-trailer sequences. During tRNA maturation, the 5’-leader is cleaved off by RNase P, 
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and the 3’-trailer is removed by RNase Z, after which the bases ‘CCA’ are added to the 
3’-end (66). Ten percent of the human tRNA genes contain introns which are spliced 
out by a tRNA-splicing endonuclease complex to form mature tRNA (66). Conjugation 
of a cognate amino acid to the 3’ end of a tRNA is achieved by an amino acid-specific 
aminoacyl tRNA synthetase, of which 20 exist, each specific for one amino acid/
tRNA pair (67). Accumulating evidence suggests that the relative abundance of tRNA 
subtypes in cells influences protein expression. As a result, expression levels of human 
tRNA subtypes are tissue specific and mirror the codon bias of tissue-specific proteins 
(68). Aberrant expression levels of tRNAs have been detected in human breast cancers 
and it was shown that this alters the expression of specific proteins (69). Together, this 
suggests that the relative abundance of specific tRNAs shapes protein translation (70).
 Besides full-length tRNA, various fragmented forms of tRNA have been discovered, 
such as tRNA halves and tRNA-fragments (tRFs). During cell stress, for instance induced 
by UV-irradiation, arsenite or heat shock, mature tRNAs are cleaved at specific sites in 
the anticodon loop by the ribonuclease angiogenin, which leads to the formation of 
5’- and 3’-tRNA halves. Specifically the 5’-tRNA-halves inhibit protein translation by 
displacement of initiation factors from the mRNA m7G cap (71,72). In addition, 5’-
tRNA halves promote the assembly of stress granules, in which untranslated mRNAs 
are sequestered (73). This implicates 5’-tRNA halves and angiogenin as effectors of 
stress-induced translational repression. It is currently unknown whether 3’-tRNA 
halves have any function. Interestingly, angiogenin-mediated cleavage is controlled 
by tRNA methylation (74). Loss of the cytosine-5 methyltransferase NSun2, which 
methylates tRNA at specific nucleotides, leads to accumulation of 5’-tRNA halves, 
because angiogenin has a higher affinity for unmethylated tRNAs (74). Consequently, 
NSun2 knockout cells were more sensitive toward oxidative stress (74) and exhibited 
reduced protein synthesis (75). Furthermore, certain neurological and developmental 
abnormalities in mice and humans are caused by mutations in NSun2 (74,76). 
Together, this exemplifies that posttranscriptional modifications are essential for tRNA 
folding and stability (65,77). Consequently, tRNA instability and the ensuing tRNA 
fragmentation makes cells more sensitive to environmental stress. Nevertheless, as 
5’-tRNA halves have been detected in hematopoietic and lymphoid mouse tissues in 
homeostatic conditions, 5’-tRNA halves may have additional physiological functions 
that are yet to be uncovered (78).
 Besides the generation of tRNA halves, tRNA can also be cleaved into 12 – 30 nt 
tRNA fragments (tRFs) (66). 5’-tRFs can be generated through Dicer-dependent (79) 
and Dicer-independent mechanisms (80–82). The formation of Dicer-dependent tRFs 
is controlled by the Lupus autoantigen La (83), which is required for correct folding 
of tRNAs into cloverleaf structures by binding to their 3’ oligo-uridine motifs (84,85). 
Knockdown of La increased mis-folding of tRNAs into hairpin structures. These mis-
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1folded tRNAs were translocated by Exportin-5 from the nucleus into the cytoplasm, 
where they were processed into tRFs by Dicer (83). Whether the methylation status 
of tRNAs influences its processing into tRFs, similar to angiogenin-mediated tRNA 
processing into tRNA-halves, is not known. Because tRFs are comparable in size to 
miRNAs, and have been found in association to AGO, tRFs were initially thought to 
mediate gene silencing (86–88). However, there is no experimental evidence that 
AGO-associated tRNA mediates mRNA repression (83). Instead, tRFs may serve distinct 
functions. For example, tRFs may regulate the translation of mRNAs encoding ribosomal 
proteins. It was recently found that a specific fragment of tRNA-LeuCAG (LeuCAG3’-
tsRNA) binds mRNAs that encode two ribosomal proteins (RPS28 and RPS15), thereby 
enhancing their translation efficiency (89). Other specific 3’-tRFs were shown to protect 
against retrotransposition of endogenous retroviruses (ERV) in developing stem 
cells (90). Like retroviruses, retrotransposon RNA transcripts need a tRNA fragment 
to prime their reverse transcription into cDNA, which is then re-integrated into the 
host genome. An 18nt 3’-tRF was shown to compete for tRNA-primer binding sites on 
the retrotransposon RNA, thereby prohibiting the formation of cDNA products and 
subsequent retrotransposition (90). These examples show that tRNA fragments are 
emerging as elements of translational control and may additionally confer protection 
against endogenous retroviruses. Notably, the mechanisms underlying these functions 
are markedly different from what is known from the well-studied class of miRNAs.
 tRNAs and various types of tRNA fragments have been found in EV from several 
biological sources (16,21,52,91–97). Not all extracellular tRNA has been found in 
association with EV. Instead, tRNAs have been abundantly detected in plasma LPPs 
(78,98) and occur as RNase-resistant RNA:RNA duplexes (99). Interestingly, the 
abundance of extracellular tRNAs differs greatly between biofluids (100,101), with 
high amounts of (fragmented) tRNA being present in urine, bile, seminal plasma and 
amniotic fluid (93,101,102). The functions of EV-associated tRNA are largely unexplored, 
but a few studies have suggested potential effects of tRNA shuttling via EV. First, the 
disposal of tRNA fragments via EV may be required for activation of T-cells (97). In 
EV from anti-CD3-activated T-cells, increased amounts of tRNA fragments 5’-tRNA-
Leu-TAA and -TAG were found relative to unstimulated conditions. The shuttling of 
3’-fragments was unaffected. To test whether increased tRF release influenced cellular 
5’-tRF levels, EV release was blocked by chemical inhibition of the nSMase protein, 
which is important for the formation of EV. This indeed reduced the release of EV and 
EV-associated 5’-tRFs, which led to the accumulation of this tRF in cells. To address the 
function of cellular 5’-tRF, their function was inhibited with antisense oligonucleotides. 
This resulted in higher T-cell activation and consequent release of the cytokine IL-2. This 
suggested that activated T-cells release tRF-containing EV to dispose of tRFs that can 
inhibit their activation and cytokine release (97). Second, tRNA enclosed within EV in 
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sperm were shown to repress endogenous retroelements in embryos, thereby affecting 
embryonic development (103). EV in sperm from mice consuming a low-protein diet 
contained EV with an increased level of 5’-tRF-Gly. Microinjection of 5’-tRF-Gly into early 
embryos resulted in repression of the endogenous retroelement MERVL. This effect was 
recapitulated in embryos generated with sperm containing EV with high amounts of 
5’-tRF-Gly versus low amounts of 5’-tRF-Gly. Besides repressing MERVL, 5’-tRF-Gly was 
shown to repress ribosomal protein expression. As a consequence, embryos generated 
with sperm from low-protein diet mice showed slower cell division during early 
embryonic development (103). Although the long term effects were not described, this 
indicates that the paternal diet may influence the tRNA content of EV in sperm, which 
may affect the phenotype of offspring (103). Summarizing, although tRNAs have been 
intensively studied in cells, relatively little is known about the functions of tRNAs and tRNA 
fragments in EV. The recent discoveries of multiple different functions of (fragmented) 
tRNAs in cellular processes may guide studies on the functional effects of tRNAs in EV. 

Y-RNA
Y-RNA was discovered because it is associated to the Ro60 autoantigen, which is a 
clinically important target of autoantibodies in Systemic Lupus Erythematosus (SLE) and 
Sjögren’s Syndrome (SS) patients (104). Y-RNAs are 83 – 110 nucleotide long RNAs which 
fold into stem-loop structures and are evolutionary conserved in vertebrates (105,106), 
nematodes (107), and bacteria (108). Four different Y-RNA subtypes (Y1, Y3, Y4 and Y5) 
exist in the human genome, while only two (Y1 and Y3) exist in mice (109). Y-RNA interacts 
with several proteins. The conserved stem region is bound by Ro60 protein and the 
3’-oligouridine tail is bound by La. Ro60 is required for stabilization of Y-RNA, since Ro60 
knockout leads to an almost complete loss of Y-RNA (110). The loop regions differ between 
Y-RNA subtypes and are known to interact with various other RNA-binding proteins 
(111,112). Y-RNA is implicated as chaperone for interacting proteins, thereby influencing 
the localization and the activity of these proteins (113,114). In this way, intracellular Y-RNA 
is involved in a number of housekeeping functions, such as DNA replication (115) and 
quality control of misfolded non-coding RNA (116,117). For example, Ro60 is known to bind 
misfolded non-coding RNAs in its central cavity, which can be sterically blocked by Y-RNA 
(116,118). Furthermore, Y3-RNA in neuronal cells regulates the localization of enhancer 
protein HuD, which enhances the translation of mRNAs encoding proteins involved in 
neuronal development (119). Y3-RNA binding counteracts the translation enhancer 
activity of HuD by dissociating it from bound mRNAs (119). The functional consequences 
of the interactions between Y-RNA and other proteins remain to be further investigated.
 Y-RNA has been detected in EV from various biological sources, and multiple studies 
have shown a strong enrichment of Y-RNA in EV relative to cellular levels (16,21,52,91–
93,95,120,121). In line with this, Y-RNA is among the most abundant non-coding RNAs 
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1in human plasma (100,101). In addition to full-length Y-RNA, Y-RNA fragments derived 
from the stem regions have been detected in EV (reviewed in (112)). Currently, there is 
inconsistency in the EV-field over the actual abundance of full-length versus fragmented 
Y-RNA in EV. We further address this in Chapter 4, 5, 6 and in the General Discussion 
(Chapter 8). Y-RNA has also been found complexed to RNP in plasma of SLE and SS 
patients (104), and in culture supernatant of glioblastoma cells (61,122). Importantly, we 
discovered that Y-RNA levels in EV are not static, but can be regulated by external signals 
imposed on cells ((52), Chapter 4, 6 and 7). This suggested that Y-RNAs, in addition to 
miRNAs, contribute to the unique molecular identity of EV. The function of Y-RNA in EV is 
largely unknown, although a number of reports suggested that Y-RNAs in EV may have 
immune regulatory functions ((94,112,121,123) Chapter 5). An extensive review of the 
literature on the presence of Y-RNAs in EV, their function in intercellular communication, 
and biomarker potential can be found in Chapter 6 (112).

7SL (SRP-RNA)
7SL is the RNA component of the signal-recognition particle (SRP), which consists of six 
signal-recognition proteins (SRPs). This RNP complex recognizes signal sequences on 
nascent polypeptides and mediates translocation of nascent secretory proteins across the 
ER membrane (124). Besides this essential function in the production of secretory proteins, 
7SL is mainly known for its involvement in the development of cancer. 7SL is highly 
expressed in cancer tissues, and its repression resulted in a significant reduction of cell 
proliferation (125). It was shown that 7SL dissociates the enhancer protein HuR from the 
3’-untranslated region of tumor suppressor gene p53 (125). This leads to downregulation 
of p53 expression, thereby favoring tumor growth (125).
 7SL has been abundantly detected in EV released by various cell types (16,21,52,95,126). 
Nevertheless, its function in intercellular communication is largely unexplored. Interestingly, 
recent data indicate that 7SL triggers the production of the antiviral cytokine interferon in 
breast cancer cells (126). Indeed, interferon production is a characteristic of certain types 
of breast cancer that are resistant to radiation therapy (127). Interferon production can be 
induced by the activation of the intracellular RNA sensor RIG-I, which specifically detects 
(viral) 5’-triphosphorylated RNA (128). In the case of breast cancer, EV from activated 
stromal cells were shown to contain non-protein bound, 5’-triphosphorylated 7SL, which 
triggered RIG-I in breast cancer cells resulting in interferon production which stimulated 
the outgrowth of radiation therapy resistant tumor cells (126,129). This illustrates the 
important role that RNA-binding proteins have in EV, which prevent the activation of 
RNA sensors by the transferred EV-RNA. Whether EV-associated 7SL has other functions 
remains to be investigated.
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Vault RNA
Vault RNA (vtRNA) is the RNA component of the largest known RNP complex, i.e. the 
13 MDa Vault particle (130). This large, barrel-shaped RNP consists of three proteins; 
the major vault protein (MVP), telomerase-associated protein (TEP1), and the vault 
poly(ADP)ribose polymerase (vPARP) (131). The majority of vtRNA is found in the 
cytoplasm and is associated with the vault particle through interaction with TEP1 
(132). What kind of physiological functions the vault particles fulfill is a longstanding 
question in the field. Upregulation of vault particles has been reported in different 
disease-related conditions, such as in drug-resistant cancer cell lines (132), in cancer 
cells responding to IFNy (133), and in DC activated with LPS (134), although the exact 
consequence of this upregulation has not been resolved. Functions of vtRNA are even 
less well understood, although it was recently discovered that vtRNA has a role in 
the regulation of autophagy (135). A key step in the initiation of autophagy is the 
oligomerization of p62, which was shown to be controlled by the interaction between 
vtRNA and p62 (135). Furthermore, it has been shown that vtRNA can be upregulated 
by viruses such as Epstein Barr virus (EBV) (136) and Influenza A (137). In the case of 
influenza, vtRNA was shown to bind and suppress the viral dsRNA sensor PKR, thereby 
promoting viral replication (137). 
 Like many other small non-coding RNAs, vtRNA can be cleaved into multiple 
fragments, which are referred to as small vtRNAs (svRNAs) (28,138). Cleavage of vtRNA 
is mediated by Dicer (139), and may additionally depend on RNA methylation, as 
NSun2 knockout cells contained strongly reduced levels of svRNAs (140). Similar to 
miRNAs, svRNAs can interact with AGO and functionally repress mRNA translation. 
One of these fragments, named svRNA-b,  downregulates expression of cytochrome 
P450 3A4 (CYP3A4), which has an important role in metabolizing various drugs (138). 
A fragment that was strongly reduced in Nsun2 knockout cells, svRNA-4, was shown 
to repress levels of voltage-gated calcium channels (140). This may to some extent 
explain neurological defects which were reported in NSun2-deficient mice (74).
 VtRNA has been detected in EV from cultured cells and in serum (21,52,95,120,141–
143). Lässer et al. have reported that vtRNA is predominantly found in high-density 
particles in culture medium of mast cells (92). This is supported by a recent report 
that predominantly detected vtRNA in high-density particles (61). Moreover, intact 
vault particles were observed by electron microscopy in high-density fractions (61). 
In our own experiments, we predominantly detected vtRNA in high-density particles, 
although a minor amount of vtRNA could additionally be detected in high-grade 
purified EV (Driedonks, unpublished data). The amount of EV-associated vtRNA may 
depend on the used cell type, as Jeppesen et al. detected vtRNA in glioblastoma-EV, 
but not in breast cancer-EV (61). Functions of EV-mediated transfer of vtRNA or vtRNA 
fragments have not yet been addressed.
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1snoRNA
SnoRNAs (small nucleolar RNAs) reside in the nucleolus and aid in processing and 
modification of ribosomal RNAs. There are two families of snoRNA, the ‘C/D box’ 
and  ‘H/ACA’ snoRNAs. Both groups of snoRNAs use antisense complementarity to 
ribosomal RNAs to guide methyltransferases or pseudo-U-synthetases to specific 
sites on the rRNAs that need to be methylated and pseudouridylated, respectively 
(144,145). These base modifications are essential for normal ribosomal function, as 
loss of rRNA methylation causes slower rates and lower accuracy of mRNA translation 
(146). Most snoRNAs are encoded in introns of ribosome-related genes, indicating 
that snoRNA expression and ribosomal gene expression are tightly co-regulated (147). 
Thus, snoRNAs have an important role in the modification of rRNA which is required for 
normal ribosomal function. In addition, aberrant snoRNA expression levels have been 
associated with carcinogenesis (reviewed in (148)). Additionally, a defect in a genetic 
locus that encodes SNORD116 and SNORD115 is implicated in Prader-Willi syndrome 
(149). The mechanisms by which aberrant snoRNA expression results in disease are not 
understood, and may be unrelated to the functions of snoRNA in rRNA modification. 
Similar to other small non-coding RNAs, snoRNAs can be processed into small RNAs 
by Dicer-dependent and -independent mechanisms (139,150). Some of these snoRNA 
fragments have been shown to influence gene expression. The snoRNA fragment 
ACA45, for example, was shown to repress expression of CDC2L6, which is part of a 
protein complex involved in the regulation of polymerase II transcription (151).
 SnoRNAs are predominantly retained in the nucleus of cells, and therefore the 
detected snoRNA levels in EV are low (21,52,91,142). It is not clear whether EV-
associated snoRNAs are fragmented or full length. Nevertheless, it was reported 
that detection of snoRNAs in plasma was feasible, which highlighted their potential 
in minimally invasive liquid biopsies (152). It remains to be investigated whether 
snoRNAs in plasma are EV-associated or complexed to different macromolecular 
structures, such as LPPs.

snRNA
snRNAs (small nuclear RNAs) are an important component of the spliceosome, which 
is a complex macromolecular machine that catalyzes mRNA splicing (153,154). This 
complex is composed of multiple RNP subunits, each of which consists of a snRNA 
molecule (U1, U2, U4, U5, U6, U11 and U12) complexed with multiple spliceosomal 
proteins named snRNPs. The snRNAs carry out various essential functions during 
mRNA splicing. This multi-step process starts with the recognition of 5’ and 3’ splice 
sites by U1 and U2 snRNPs, respectively. The U1 and U2 snRNPs then interact with each 
other to fold the intron into a loop. Subsequently, the U4-U6-U5 snRNP is recruited, 
which catalyzes the reaction that excises the intron and mediates ligation of the exons 
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(reviewed in (154)). Appropriate processing and folding of snRNAs is important for cell 
survival (155). Defects in snRNA function may underlie various diseases such as spinal 
muscular atrophy (156) and growth defects (157). Therefore cells are employed with 
various surveillance mechanisms that ensure snRNA quality by mediating degradation 
of aberrant snRNAs (155–158). 
 Various studies have reported the presence of snRNAs in EV (18,52,91,92,95). Not all 
snRNA subtypes are equally abundant in EV, as we have found that U2, U5, U1 and U6 
are the most abundant snRNA in EV, based on counts in our RNA sequencing datasets 
(52). Besides its association with EV, a considerable amount of snRNA may additionally 
be associated with high density protein complexes (92). Furthermore, snRNA have 
been found in plasma, and U2 was proposed as biomarker potential for pancreatic 
and colorectal adenocarcinoma (159). The relatively abundant presence of snRNA 
in EV and/or RNP seems to contradict their predominant nuclear localization in cells. 
However, snRNA maturation involves a number of processing steps that take place in 
the cytoplasm (154). Additionally, snRNAs have been shown to localize to cytoplasmic 
RBP granules, called ‘U-bodies’ (160). It was suggested that these U-bodies have a role 
in the assembly of snRNPs, or serve in storage of snRNPs before their re-import into 
the nucleus. Cytoplasmic localization of snRNAs was further confirmed by results of the 
GENCODE project, which reported that snRNAs were equally abundant in the cytosol as 
in the nucleus of 15 different cell lines (161). Functions of EV-mediated snRNA transfer 
have not yet been addressed.
 Together, this illustrates that extracellular RNA consists of a highly heterogeneous 
group of non-coding RNA classes. These RNA species serve different roles in the cell 
and aberrant expression of these RNAs may lead to development of disease. A limited 
number of studies has indicated that not only miRNAs but also other non-coding RNA 
types present in EV may serve a role in cellular communication. There is emerging 
evidence that many of the non-coding RNAs in the extracellular space can be associated 
to both EV, RNP and LPP particles. Because these different RNA carriers have distinct 
physical characteristics, the methods that are applied to concentrate extracellular RNA 
may greatly impact the outcomes of an experiment.

Commonly used methods for the separation of EV from other RNA-
containing structures
One of the challenges in EV-research is the isolation and concentration of EVs from 
culture supernatant or biofluids. Various EV purification methods are being used, all of 
which aim to separate EV from other bioactive structures (such as protein complexes 
and lipoprotein particles) and/or concentrate EVs from a large volume of liquid (162,163) 
(summarized in Table 1). These methods differ in the purity and yield of recovered EV (sub)
populations, and in the type of contaminating structures remaining in the EV preparation. 
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1Because these contaminating structures may contain extracellular RNA, the purity of EV 
will greatly affect the composition of the isolated RNA. Indeed, EV preparations isolated 
by different methods show differences in protein and RNA composition (164–167). Great 
efforts have recently been made to identify experimental and reporting requirements 
for the isolation and characterization of EV (168) and to improve accurate reporting of 
methodological details of EV-purification and characterization in publications (163). 

Table 1 – Overview of the processing time and pros/cons of commonly used EV-
purification methods
Method Typical starting 

volume
Typical 
processing time

Pro Con

Differential 
ultracentrifugation

10 mL – 250 mL 0.5 days hands-on 
time

Straightforward - Contamination with RNP 
-  Advanced equipment required

Density gradient 
centrifugation

10 mL – 250 mL 1.5 day hands-
on time plus 
overnight 
centrifugation

High purity - Long processing time
-  Advanced equipment required
-  Loss of EV by sticking to 

centrifugation tubes

SEC < 0.5 mL 60 min hands-on 
time

Quick, no 
advanced 
equipment 
required

- Contamination with large LPP
- Requires concentrated sample 
-  Loss of EV by sticking to 

column

Precipitation-based 
methods

10 – 250 mL < 60 min 
hands-on time, 
plus overnight 
precipitation

Cheap, scalable -  Co-precipitation of 
contaminant proteins and LPP

Differential ultracentrifugation
Differential ultracentrifugation is the most commonly used EV-isolation technique 
for isolation of EV from culture supernatant (162,163). First, low-speed centrifugation 
steps are carried out to deplete cells, apoptotic bodies and cell debris from culture 
supernatant, after which EV are pelleted at very high g-forces, typically 100,000 – 
200,000 g (Figure 2A). Although this is a straightforward technique to concentrate 
EV, one must be aware that other high-density structures may be co-isolated, such 
as ribonucleoprotein complexes (RNPs) and high-density lipoprotein particles (HDL) 
(11,52,165). In contrast, low-density lipoprotein particles (LDL) are not pelleted by 
ultracentrifugation (169). Furthermore, particles are pelleted less efficiently from 
viscous fluids (170,171). 
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Size exclusion chromatography
Size-exclusion chromatography (SEC) is used to separate macromolecular structures 
based on size. This method is quickly gaining popularity in the EV research field 
(172–176). A SEC column consists of a porous resin through which a buffer is run. A 
concentrated EV-containing sample is loaded onto the column, and differently sized 
structures are collected in different eluate fractions (Figure 2B). Smaller particles 
can access the pores in the resin and thus have a long retention time, eluting in the 
later fractions, while large particles do not enter the pores and elute in the early 
fractions. SEC can be performed in any lab since it does not require any specialized 
equipment such as ultracentrifuges. SEC columns can be manually prepared (172) or 
purchased commercially (173). Furthermore, processing times are shorter than with 
ultracentrifugation, and there is some indication that the function of EV purified by 
SEC may be better preserved than after using ultracentrifugation (177). Disadvantages 
of SEC are that only small sample volumes can be loaded, and that EV will become 
considerably diluted in the eluted fractions. Therefore, concentration before SEC and/
or after SEC may be required, depending on the downstream application. Notably, 
SEC is a crude separation method that only separates structures based on size, which 
is not sufficient to completely separate EV from other RNA-containing structures in 
complex biofluids. For example, EV-containing fractions will additionally contain large 
lipoprotein particles (such as chylomicrons, VLDL and LDL) because of the overlap in 
size. Additional techniques, such as density gradient centrifugation, are required to 
further separate EV from contaminant structures ((176) and Chapter 6).

Density gradient centrifugation
Density gradient centrifugation can be used to separate particles based on their buoyant 
density (Figure 2C). Concentrated particle samples are either loaded on top of a density 
gradient (top-down), or are added to the bottom of a tube and are subsequently 
overlaid with a gradient (bottom-up). These density gradients may be prepared from 
highly concentrated sucrose solutions or iodixanol (Optiprep), which each have 
their advantages and disadvantages. Iodixanol is capable of forming self-generating 
gradients, is iso-osmotic at all densities, has a low viscosity, and is non-toxic when added 
to cells. However, efficient pelleting of EV from iodixanol fractions requires at least 15-
fold dilution of the fractions (Driedonks, unpublished data). In contrast, sucrose is more 
viscous, has a high osmolarity, and is toxic to cells. Lower dilution factors are required 
to pellet EV from sucrose fractions (4-fold dilution is sufficient). Generally speaking, the 
choice for a density medium depends on the intended downstream application; sucrose 
is optimal for characterization of the protein / RNA content of EV because of the lower 
dilution factors required for EV-pelleting from sucrose, whereas iodixanol is preferred 
when studying the function of EV because of its low toxicity on cells. Density gradients 
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1are centrifuged at high speeds (100,000 – 200,000 g) for long periods of time (15-18 
h) to allow the particles to migrate to their equilibrium density. The density of EV is 
typically 1.11 – 1.18 g/mL. Since most LDL have densities of 0.93 - 1.06 g/mL, and RNP  
> 1.25 g/mL, they can be separated from EV using a gradient. In contrast, the density of 
HDL (1.06 – 1.21 g/ml) overlaps with the density of EV, and HDL particles may therefore 
contaminate EV-containing fractions (169,176). It was shown that a combination of size-
based and density-based separation methods can to a large extent separate EV from LPP 
and RNP ((176) and Chapter 6).

Figure 2 – Schematic representation of commonly used methods for EV enrichment or 
purification
A)  EV (pink) and other dense particles (black) are pelleted by applying high g-forces during 

ultracentrifugation
B)  In size-exclusion chromatography, a concentrated EV sample (brown drop) is applied onto a 

size-exclusion column through which a buffer is run. Particles with a large diameter elute in 
early fractions (pink line) while particles with a small diameter elute in later fractions (black line)

C)  Differential density gradient centrifugation separates EV from other structures by differences in 
buoyant density

D)  In precipitation, water soluble polymers such as PEG are added to the EV-containing liquid to 
reduce the solubility of EV, which allows pelleting at low g-forces.
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Precipitation-based methods
Precipitation-based methods have frequently been used to concentrate EV from 
large volumes of fluid (Figure 2D) (165,178). Most precipitation methods use soluble 
polymers and low temperatures to reduce the solubility of proteins (and EV), which 
can subsequently be pelleted at low centrifugation speed. Several commercial EV 
isolation kits are available, such as the miRCURY Exosome Isolation Kit, ExoQuick and 
Invitrogen Total Exosome Isolation Reagent (179). In-house prepared poly-ethylene-
glycol (PEG) solution have also been used as precipitation agent (178). This method is 
relatively inexpensive, does not require advanced equipment, and can be used in large 
scale applications. However, co-precipitation of contaminant proteins and LPP is an 
important caveat (165,178,179). Despite the high the protein and RNA yields obtained 
by precipitation, the purity is low. Furthermore, co-precipitated proteins and LPP greatly 
affect the protein and RNA composition of samples (165), which biases the outcomes of 
EV-RNA characterization or studies on the functional effects of EV. 

Contaminant RNAs derived from cell culture medium supplements
It has been known for a long time that bovine serum that is used to supplement 
cell culture medium contains EV (170), and that these EV contain bovine RNAs 
(180). Depletion of bovine EV from fetal calf serum (FCS) is commonly employed, for 
instance by prolonged ultracentrifugation, before using this medium to culture cells 
for EV-production. Depletion of FCS-EV is important in studies aiming to characterize 
the molecular content of EV. This is particularly important in studies addressing 
the RNA content of cell culture EV because of the sequence similarity of non-coding 
RNAs in various mammalian genomes. In 2016, it was reported that even prolonged 
ultracentrifugation does not remove all bovine RNA from culture medium (181). Since 
then, several studies by us and others have determined the extent to which bovine RNAs 
contaminate RNA preparations of cell culture EV (180–186). Most of these studies agree 
on the point that ultracentrifugation does not deplete all RNA-containing carriers from 
FCS (180,181,183,185,186). Nevertheless, an important unanswered question is to what 
extent residual FCS-RNA in EV-depleted medium affects analysis of the RNA content 
of cell culture-derived EV. In Chapter 3 (185) we addressed the efficiency with which 
different types of non-coding RNAs can be depleted from FCS and how the influence of 
these bovine RNAs on the characterization of RNA in cell culture EV can be minimized.

Technical aspects of EV-RNA quantification and characterization
Research interest in characterization and quantification of EV-RNA has strongly 
increased, because EV-RNA potentially plays an important role in intercellular 
communication, and can be exploited as biomarker for disease. The most commonly 
used methods for characterization and quantification of cellular RNA and EV-RNA are 
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1RNA-sequencing (RNA-seq) and reverse-transcriptase quantitative polymerase chain 
reaction (RT-qPCR). RT-qPCR relies on a priori selection of genes of interest and does not 
allow the discovery of novel transcripts. In contrast, RNA-seq is a high-end technique 
which determines the nucleotide sequences of thousands of unique RNA molecules 
in parallel, thereby providing a comprehensive overview of the transcriptome of a 
cell or EV. Nevertheless, each method comes with its own difficulties. Biases in RNA 
sequencing are a common challenge for both cellular and EV-RNA characterization. In 
addition, a specific challenge in EV-RNA analysis is the lack of known reference genes 
that can be used to normalize RT-qPCR data. In this paragraph, we will elaborate on 
these technical challenges and propose strategies to deal with them.

Analysis of EV-RNA by small non-coding RNA sequencing and sources of 
sequencing bias
Analysis of the highly complex and dynamic eukaryotic transcriptome has been 
revolutionized by the RNA-seq methodology (187). In RNA-seq, all transcripts in 
a sample are converted to cDNA in a series of processing steps (sequencing library 
preparation), after which the nucleotide sequence of all transcripts is determined in a 
next-generation DNA sequencer (NGS). The sequencing data are then computationally 
processed, in which the abundance of each transcript is counted. Sequencing libraries 
may vary in the absolute number of read counts per library, therefore the abundance 
of individual transcripts is usually expressed relative to the total read counts of the 
library, so-called counts per million (cpm). Various specialized protocols exist to 
convert the input RNA transcripts into cDNA. The studies in this thesis employed 
small RNA-seq analysis of non-coding RNAs. Most small RNA libraries are prepared 
via ligation of oligonucleotide adapters to the 5’- and 3’-ends of the RNA transcripts. 
These adapters allow annealing of a reverse-transcription primer, which allows the 
reverse transcriptase to generate cDNA from the RNA templates. The next steps 
include PCR amplification, library cleanup (and optional size-selection) and next-
generation sequencing. Although small RNA sequencing library preparation methods 
are generally reproducible among laboratories (188,189), different commercially 
available library preparation kits differ in the exact types of enzymes, adapters and 
other reagents that are employed. Due to differences in the specificity of RNA ligases 
from different kits, different transcripts may be captured with variable efficiency (190). 
Other biases may arise from 5’ and 3’-end modifications, differences in G/C content, 
and secondary structure of transcripts (191,192). Although, RNA sequencing data 
obtained using the same library preparation kit are generally reproducible (188,189), 
not much was known about the comparability of results obtained using different kits, 
about whether these kits allow accurate quantification of all different RNA molecules 
in a sample, and on how well quantitative differences in RNA transcripts are reflected 
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in the final RNA-seq dataset. To investigate this, we took part in a multicenter study 
in which an equimolar pool of 1152 synthetic miRNAs was analyzed by RNAseq 
using a number of different protocols by various labs (Chapter 2). Identification of 
methodological limitations of RNA sequencing is a step into the right direction and 
may guide experimental design to circumvent biases, or may help in setting up 
computational approaches to reduce bias (189). 

Analysis of EV-RNA by RT-qPCR and normalization of data
While RNA sequencing is a powerful technology to measure the expression of a wide 
range of RNAs in parallel, reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) allows for relatively simple, quantitative measurement of selected target 
genes of interest. For the analysis of small RNA by RT-qPCR, small RNA molecules 
are poly-adenylated and reverse-transcribed into cDNA. Alternatively, stem-loop 
primers can be used for reverse transcription, which circumvents poly-adenylation 
(193). Subsequently, qPCR is performed to quantify the transcripts of interest. In this 
reaction, target cDNA products are exponentially amplified in a PCR reaction using 
oligonucleotide primers and DNA polymerase. Each PCR cycle typically results in a 
duplication of the gene product, and this amplification can be measured in real-time 
using a fluorescent dye that intercalates into the double-stranded DNA products (194). 
The fluorescent signal is low during the first amplification signals and does not exceed 
the background, but as the amount of PCR product accumulates, the fluorescent signal 
increases exponentially. The more copies of a specific transcript were initially present, 
the fewer cycles are required to reach the quantification threshold, which is termed 
the Cq value (quantification cycle). Therefore, differences in Cq value (dCq) between 
samples reflect differences in transcript abundance. This illustrates that RT-qPCR data 
are not absolute measures of the abundance of a transcript. Nevertheless, RT-qPCR is 
a useful method to compare the relative abundance of transcripts in different samples 
over a wide dynamic range.
 Reliable comparison of gene expression in different samples requires normalization 
to compensate for differences in the amount of biological material in the tested 
samples, and for technical variability in RT-qPCR. For quantification of cellular gene 
expression, ‘reference genes’ are generally used as internal controls to normalize for 
differences in RNA input and technical variation between samples. It should be noted 
that there is no universal reference gene that exhibits invariable expression levels 
under all conditions (195). This also holds true for non-coding RNAs (196)). Therefore, 
the stability of expression of an internal reference gene under the given experimental 
conditions should be validated. Various software tools have been developed to assess 
the suitability of reference genes (geNorm (197), NormFinder (198), BestKeeper (199), 
RefGenes (200)). Finding suitable reference transcripts to normalize RT-qPCR data of 



29

1RNAs in EV or body fluids is even more complicated (201). In contrast to cells, there 
are no known housekeeping processes in EV that can guide the search for stable 
reference genes. Even RNAs that are stably expressed in cells may be differentially 
sorted into EV and are therefore not necessarily reliable for EV-RNA normalization (11). 
The current consensus on strategies to normalize EV-RNA data is that the stability of 
putative reference genes should be extensively validated, for instance by making use 
of publicly available data (202) or by testing the stability of transcripts over multiple 
biological replicates of isolated EV (203). Furthermore, normalization to the mean of 
multiple reference genes may improve the normalization accuracy, by reducing biases 
from inherent technical variability in the assessment of single reference genes (197). 
In addition, synthetics spike-in miRNAs have been used to normalize for RNA isolation 
efficiency between samples (11,49,204). In contrast to internal reference genes, spike-
ins cannot correct for technical variability in the efficiency of EV purification before 
RNA isolation. Furthermore, a workaround to circumvent the reliance on EV reference 
transcripts would be to quantify relative differences in RNA transcripts released by 
equal numbers of cells in equal volumes of supernatant. This may be useful approach 
when working with limited numbers of cells. Of course, the MIQE guidelines for 
transparent reporting of qPCR values should be followed to ensure reproducibility of 
results (205). The increasing availability of EV-RNA-seq data may be utilized for the 
identification of universal EV-reference transcripts to be used in the normalization of 
RT-qPCR data obtained from EV-RNA (12,206).

Utilization of knowledge of EV-RNA characterization to study 
intercellular communication and biomarker potential
The fundamental knowledge of the strengths and limitations of EV-purification 
techniques and EV-RNA characterization is instrumental to study the role of EV-RNA in 
intercellular communication, and to correctly utilize EV-RNA as disease biomarker. We 
will discuss the involvement of EV-RNA in immune-regulation to illustrate the role of 
EV-RNA in intercellular communication. Furthermore we will discuss how the profiling 
of EV-RNA in biofluids can be employed to diagnose and monitor diseases

The role of EV-enclosed RNA in immune cell communication
Intercellular communication is essential to coordinate effective immune responses 
to invading pathogens (5). Well-known means of cellular communication include 
direct cell-cell contact via membrane bound receptors and their ligands, paracrine 
signaling via soluble molecules (cytokines and chemokines) which act on nearby cells, 
and endocrine signaling via hormones acting on distant cells. Over the last decade, 
EV have emerged as an additional route of immune-cell communication (4,207–210). 
EV contain a subset of lipids, proteins and RNA from their parental cells that can be 
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functionally transferred to recipient cells. EV from immune cells have been implicated 
in antigen presentation, immune activation and immune suppression. For example, 
dendritic cell-derived and B cell derived EV carry functional MHC complexes which 
display antigenic peptides to T cells, thereby inducing antigen-specific T cell responses 
(211,212). EV have also been implicated in ‘cross-presentation’, in which peptide-MHC 
complex-bearing EVs bind to the surface of non-professional APCs, thereby presenting 
their peptides to T cells (213). Such a mechanism may increase the number of cells 
that display particular peptides, thereby amplifying the initiation of adaptive immune 
responses. Immune-activating and immune-suppressive effects of EV are highly 
specific and depend on the type of EV-producing immune cell, the type of stimulus 
/ environmental conditions and the type of recipient cell. For instance, EV from M1 
polarized macrophages induced the release of proinflammatory cytokines in DC and 
macrophages (214). In contrast, EV from DC treated with the anti-inflammatory cytokine 
IL-10 were shown to suppress inflammation in a collagen-induced arthritis model (215). 
Some immune-related effects of EV are clearly mediated by EV-associated proteins, for 
example antigen presentation via EV. Other reported immune-regulatory effects of EV 
may be mediated by EV-associated lipids, RNAs, or a combination of EV-cargo. 
 The roles that miRNAs play in fine-tuning of immune-activation in cells have been 
intensively investigated. Pro- and anti-inflammatory stimuli greatly influence the 
cellular miRNA transcriptome, which fine-tunes immune responses (55,216,217) and 
steers immune cell development and function via complex regulatory mechanisms 
(218). Furthermore, ongoing research has highlighted the functional involvement of 
EV-associated miRNAs in EV in communication between immune cells. Various studies 
have shown that immune-related stimuli cause changes in the RNA composition of EV 
(15,52,219,220). As noted previously, the functional transfer of miRNAs has been shown 
by various studies (45,46,219). For example, overexpressed miR-335 in Jurkat T cells 
was shown to be transferred via EV to Raji B cells which do not endogenously express 
this miRNA (45). Functional transfer of miR-155 and miR-146a was also demonstrated 
by Alexander et al., who used miR-155-/- and miR-146a-/- knockout DCs as recipient 
cells to assess the transfer of these miRNAs via EV released by wildtype DC (46). The 
data in this study indicated that incubation of knockout DC with wildtype EV resulted 
in repression of target genes for miR-155 and miR-146 in the recipient cells. In miR-155-
/- and miR-146a-/- mice injected with EV from wildtype or knockout DC, these miR-155 
and miR-146 were taken up by the spleen and the liver. Furthermore, injection of WT EV 
in miR-155-/- mice resulted in an elevated inflammatory response, whereas injection 
of these EV in miR-146a-/- mice resulted in repression of inflammation induced by 
LPS injection. The authors concluded that the transfer of these two miRNAs can alter 
the ability of recipient cells to respond to inflammatory stimuli (46). It remains to be 
investigated to what extent the transfer of these miRNAs influence inflammatory 
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1processes in a wildtype recipient cell. Other EV-enclosed miRNAs have also been 
implicated in the induction of tolerance to inflammatory stimuli. For instance, miR-
10a-5p containing endothelial-cell derived EV suppressed LPS-activation in THP1 
cells through repression of IRAK4, which is an effector molecule that activates NF-kB 
(220). Furthermore, EV-mediated transfer of miRNAs let-7b and let-7d by regulatory 
T cells was shown to suppress helper T cells and reduce systemic inflammation in 
mice (221). Besides effects on inflammation and immune cell activation, EV-miRNA 
can also affect cell differentiation. For example, the differentiation of naïve monocytes 
to macrophages was induced by miR-223-containing EV from macrophages (222). 
Furthermore, EV-associated miRNAs can also influence cell migration. EV from LPS-
stimulated macrophages, for example, were shown to contain elevated levels of miR-
150. Uptake of these EV by endothelial cells enhanced their migratory capacity via 
suppression of c-Myb (219). Together, these examples highlight that EV-associated 
RNAs should be considered as important players in immune cell communication and 
immune regulation. 
 While the studies described above strongly suggest that miRNA can be functionally 
transferred between cells via EV, they largely relied on artificial systems (knockout/
overexpressing cell lines) to enable discrimination between miRNAs transferred by 
EV from miRNAs that were endogenously expressed in the recipient cell. However, 
knockdown of miRNAs may lead to changes in the phenotype and/or function of 
recipient cells, because miRNA knockdown leads to increased expression of the 
mRNAs it normally suppresses. However, testing the effects of miRNA transfer 
between non-modified cells is a lot more difficult. For example, the miRNA-of-interest 
may be endogenously expressed by the recipient cells, which decreases the detection 
window in which the transfer of the miRNA-of-interest can be measured. Furthermore, 
treatment with EVs may induce the expression of the miRNA-of-interest in the recipient 
cells, instead of transferring this miRNA via EV. Hence, the currently available data 
have not yet provided undisputed evidence that individual miRNAs transferred via EV 
can induce changes in target cell function. Additionally, there is an ongoing debate on 
how many copies of individual miRNAs are present per EV, and how many EV should 
be transferred to target cells to allow for miRNA-mediated effects on the function of 
these cells (223–225). It has been proposed that single cells may take up hundreds of 
EV over a period of time, which may be sufficient to induce a regulatory effect (46). 
In addition, multiple different miRNAs that affect the same signaling pathway may 
be co-transferred via EV. Proteins and lipids in EV may further enhance the targeting 
efficiency and act synergistically with the RNA components. Future studies addressing 
the function of EV-associated RNAs should consider this multi-component nature of 
EV, e.g. by applying integrated omics approaches for parallel assessment of proteins, 
lipids and RNAs in EV. In addition, there should be increased awareness of alternative 
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functions that RNAs transferred via EV may perform in target cells, e.g. TLR stimulation 
by miRNAs. Finally, the function of EV-associated RNA types other than miRNAs should 
be addressed in more detail. Summarizing, EV from various types of immune cells have 
been implicated in immune-regulatory effects, which exemplify the biological roles of 
EV in intercellular communication.

Biomarker potential of EV-associated RNAs in biological fluids
EV are abundantly present in biofluids and contain molecular information about the 
(disease) status of their parental cells. This has put EV and EV-RNA in the limelight as 
biomarkers for a wide range of diseases, including Alzheimer’s disease, rheumatoid 
arthritis, various types of cancer, and (auto)inflammatory diseases (17,226–232). 
Especially the RNA content of EV is interesting for biomarker purposes, since RNA can 
be characterized and quantified via highly sensitive methods such as RNA sequencing 
and RT-qPCR. The basis for using EV-RNA as biomarkers for disease is that changes in 
the transcriptional profile of diseased cells are reflected in the RNA content of EV. It 
is expected that monitoring extracellular RNA in samples of biological fluids, the so-
called ‘liquid biopsies’, will provide significant benefits over current disease monitoring 
strategies. Taking cancer as an example, the (geno)type of the tumor can be deduced 
from regular tissue biopsies. For tumors that are difficult to access, such as brain tumors, 
taking tissue biopsies imposes significant risks on patients. Less invasive techniques to 
monitor cancer progression in patients, such as MRI, have a limited resolution and will 
thus not detect small tumors (233). Ideally, tumor-specific mRNAs or miRNAs detected 
in plasma may be used for diagnosis and classification of the type of cancer, and to 
monitor the response of the tumor to treatment. Various candidate RNA biomarkers for 
diagnosis and monitoring of cancer have been identified (14,234–236). Furthermore, a 
number of miRNAs are frequently reported by multiple studies on cancer biomarkers 
(237). Besides applications in cancer, liquid biopsies may prove useful for the diagnosis 
of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease. These 
diseases are characterized by a long preclinical phase before the onset of dementia, 
which presents a challenge for early diagnosis. RNA profiling in plasma may provide a 
cost-effective alternative to current detection methods, such as detection of Alzheimer-
associated Aβ in cerebrospinal fluid or PET-scans. Furthermore extracellular RNA-based 
patient stratification will benefit drug development allowing the inclusion of more true-
positive AD cases in patient cohorts (17). Candidate biomarkers have been identified for 
diagnosis of Alzheimer’s disease ((17,238) and reviewed in (239)). Nevertheless, there is 
inconsistency between different studies in the types of miRNAs that are identified and 
their differential expression (239). Thus, although RNA biomarkers provide a significant 
advantage for diagnosis of neurodegenerative diseases over currently available 
methods, much more work is required to increase the consistency and reliability of 
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1results for clinical application. Analysis of circulating RNA may also provide opportunities 
for detection of inflammatory conditions, such as autoimmune- and infectious diseases 
(231,240–242). For example in sepsis, inflammation caused by bacterial infections is 
currently diagnosed by overnight microbial culture (231,242), while circulating RNA 
may allow for a more rapid diagnosis. Furthermore, EV are thought to be both mediators 
and markers of sepsis, which enables their use as diagnostic, therapeutic or both (242). 
A number of miRNAs have been identified which are related to sepsis (166,243–247). 
Of these markers, miR-150 has been identified in two studies and appears to correlate 
well with levels of inflammatory cytokines (243,247). Nevertheless, there is striking 
variability in dysregulated miRNAs reported by different studies (248,249). Of note, the 
etiology of sepsis is very heterogeneous with regard to the site of infection, causative 
organism and health status of the patient (250), which may in part explain the inter-
study variability.  
 Although these examples illustrate the great opportunities that RNA profiling in 
biofluids provides for diagnosis and monitoring of various diseases, many fundamental 
questions remain to be answered before assessment of EV-RNA can be accurately 
and reliably applied in a clinical setting. Importantly, biofluids are highly complex 
and contain various other macromolecular structures that may co-purify with EV and 
contain additional pools of non-coding RNA (48–50). There is strong evidence that the 
methods selected for EV-enrichment and RNA purification method heavily influence 
the composition of the isolated pool of extracellular RNA (166,167). Furthermore, 
standardization of biofluid collection and accurate reporting of technical details is 
required to improve data comparability between studies and between laboratories 
(168,251). In addition to these technical points, we still lack fundamental understanding 
on how disease-related changes in cells cause changes in the RNA content of EV. It 
must be noted that most plasma RNA biomarker studies to date compared the 
extracellular transcriptome of healthy versus diseased individuals. While this approach 
may yield sufficient information for diagnosis of individual patients, it does not provide 
information on whether the altered RNA profiles represent ‘cellular snapshots’ derived 
from the diseased cells, or whether the alterations are caused by the collective response 
of multiple cell types. Conversely, analysis of the transcriptome of EV released by in 
vitro cultured cells may not be representative for RNA profiles observed in biofluids, 
which additionally contain other RNA-containing structures and EV that are derived 
from other tissues. Although much work remains to be done to bridge the gap between 
in vitro studies and patient cohort studies, increasing our understanding of how 
circulating RNA profiles in biofluids are altered during disease will lead to significant 
improvements in disease monitoring, and may provide cost-effective means to screen 
the population for early disease detection.
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Outline of this thesis

The research in this thesis explores whether the incorporation of various small 
non-coding RNA species into EV is regulated by external stimulation imposed on 
immune cells in in vitro and in vivo systems. While the field of research on EV-RNA 
has centered its attention on the miRNA content of EV,  we have mainly focused on 
other non-coding RNA species present in EV. We analyzed which non-coding RNA 
types were differentially incorporated into EV upon cell stimulation as a first step in 
uncovering their function in EV-mediated signaling processes and to address their 
biomarker potential. To technically support this research, we evaluated and optimized 
technologies to characterize and quantify non-coding RNA species in EV released in  
in vitro cell cultures and in EV present in blood plasma. We first performed a systematic 
assessment of the reliability and reproducibility of various small non-coding RNA 
sequencing protocols on pools of synthetic RNA with a defined composition (Chapter 
2). Furthermore, we compared various protocols to deplete EV from fetal calf serum 
(Chapter 3), as residual bovine EV-RNA may cause biases in RNA-seq datasets of EV-
RNA from cultured cells. This resulted in an optimized protocol to deplete FCS-EV 
from culture medium and a method to assess the levels of background RNA levels in 
purified EV samples, which we employed in our further studies on EV from cultured 
cells. In these studies, we made use of the capacity of dendritic cells and macrophages 
to strongly respond to exogenous stimuli, which leads to changes in the molecular 
cargo and function of EV released by these cells. First, we investigated how immune-
activating (LPS) or -suppressing (VitaminD3) stimuli imposed on primary dendritic 
cells affected the RNA composition of EV (Chapter 4). We discovered that besides 
miRNA, the levels of Y-RNA in EV can be regulated by these exogenous stimuli. This 
suggested that Y-RNA may be involved in communication between immune cells and 
may also be explored as biomarker in immune-related conditions. Interestingly, Y-RNA 
is abundantly detected in EV in various studies and has been functionally implicated 
in immune-regulatory processes, which we have reviewed in Chapter 5. In Chapter 
6 we investigate whether the different Y-RNA subtypes in plasma are associated to 
EV or other RNA carriers. Moreover, we provide proof-of-concept that Y-RNA levels 
in the pool of plasma EV are indicative of neutrophil responses during endotoxemia, 
and may therefore be candidate biomarkers for inflammatory conditions, such as 
sepsis. Finally, we designed an experimental approach to investigate which Y-RNA 
binding proteins drive enhanced shuttling of Y-RNA into EV released by TLR-activated 
macrophages. In this approach, we performed parallel analysis of the colocalization 
of Y-RNA and various Y-RNA binding proteins in various cellular organelles and in EV 
(Chapter 7). Based on the acquired data, we speculate on the potential role of EV-
mediated removal of Y-RNA in balancing the activity of mRNA stability enhancing 
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1proteins in EV-producing cells. Our work provides support for a role of non-miRNA 
species in immune-cell communication, and highlights advantages of these RNA 
species for biomarker purposes.
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2. Accuracy, reproducibility and bias of miRNA profiling by RNA-seq

Abstract 

RNA-seq is increasingly employed for quantitative profiling of small RNAs (e.g., 
microRNAs, piRNAs, snoRNAs) in diverse sample types including isolated cells, tissues 
and cell-free biofluids. The accuracy and reproducibility of the multiple small RNA-
seq library preparation methods in use, however, have not been systematically 
assessed. We report systematic results obtained by a consortium of nine labs that 
independently sequenced reference, ‘ground truth’, samples of synthetic small RNAs 
and human plasma-derived RNA. Three commercially available library preparation 
methods employing adapters of defined sequence and six methods using adapters 
with degenerate bases were assessed. Both protocol- and sequence-specific biases 
were identified, including biases that reduce the ability of small RNA-seq to accurately 
measure adenosine-to-inosine editing in microRNAs. We report that these biases were 
mitigated by library preparation methods that incorporate adapters with degenerate 
bases. MicroRNA relative quantification between samples using small RNA-seq was 
found to be accurate and reproducible across laboratories and methods.

Key words: RNA-seq, small RNAs, microRNAs, exRNAs, accuracy, bias, reproducibility, RNA editing



5353

2

Introduction

RNA-seq has transformed transcriptome characterization in a wide range of biological 
contexts1,2. RNA-seq can be used to sequence long reads (long RNA-seq; for example, 
messenger RNAs and long non- coding RNAs) and short RNAs (small RNA-seq; for 
example, small non-coding RNAs such as microRNAs). These applications differ in 
terms of the size of the targeted RNAs and by the technical methods used and the 
resulting biases in the quantitative data that are produced3. For example, preparation 
of libraries for long RNA-seq, by virtue of having sufficiently long target RNA lengths, 
commonly utilizes primers for direct generation of cDNA from RNA. In contrast, small 
RNA-seq library preparation methods typically require RNA ligation or poly-A tailing 
steps to overcome the challenge of performing reverse transcription and subsequent 
PCR amplification from extremely short (for example, 16–30 nt) target RNA sequences. 
Multiple approaches have been developed to overcome the challenge of uniformly 
and robustly generating cDNA from small RNAs for the purpose of small RNA-seq4–9. 
Protocols in use for small RNA-seq therefore vary more widely than those used for long 
RNA-seq, creating greater potential for variation from different library preparation 
protocols and different labs. In addition, small RNA-seq is increasingly used to study 
samples with very low RNA concentration, such as biofluids containing exosomes, 
other extracellular vesicles (EV)10–16 and RNA-protein complexes17–21. Normalization 
methods22–24 that have been developed to correct for variation in long RNA-seq data are 
typically not well-suited for small RNA-seq data. Although performance characteristics 
such as reproducibility and quantitative accuracy have been well-studied for long 
RNA-seq25,26, only the reproducibility of a single library preparation protocol has been 
evaluated for small RNA-seq25. 
 Furthermore, the performance of different small RNA-seq methods for quantifying 
single-nucleotide changes in RNA sequence, such as those seen with microRNA 
(miRNA) editing, for example, has not been systematically examined. Yet, with the 
rapid accumulation of small RNA-seq data (such as, the US National Institutes of Health 
(NIH) short-reads archive27,28, EV-associated small RNA sequencing databases29–31, The 
Cancer Genome Atlas (TGCA) TCGA32, the exRNA Atlas33, etc.), meaningful, quantitative 
interpretation of results, especially across studies, would benefit from a systematic 
examination of technical bias, its effects on accuracy and of the reproducibility of 
small RNA-seq. 
 Here we report the results of a study led by investigators from the NIH-funded 
Extracellular RNA Communication Consortium34 involving nine laboratories, in which 
a systematic multi-protocol, multi-institution assessment was carried out to assess 
the accuracy, reproducibility and technical bias of small RNA-seq using standardized, 
synthetic reference reagents as well as biologically derived reference RNA. We also 
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evaluated the performance of different protocols with respect to characterizing 
miRNA editing and identified a library preparation approach that reduces technical 
bias and improves the accuracy and comparability of small RNA-seq results.

Results

Study design and standard reference materials for miRNA 
quantification
To evaluate the performance of small RNA-seq library preparation protocols across 
multiple laboratories, we developed standard reference samples as well as a 
standardized study design (Fig. 1). We distributed detailed instructions for library 
preparation and sequencing to each lab, along with four reference RNA samples (Fig. 1 
and Supplementary Tables 1 and 2): one equimolar pool comprising 1,152 synthetic 
RNA oligonucleotides, corresponding predominantly to human miRNA sequences, 
as well as a small set of non-miRNA oligonucleotides of varied sequence and length 
(15–90 nt); two synthetic small RNA pools, called ratiometric pools SynthA and SynthB, 
each containing the same 334 synthetic RNAs, but in which subsets of RNAs vary in 
relative amount between pools A and B by 15 different ratios, ranging from 10:1 to 
1:10; and an RNA pool isolated from human blood plasma from 11 individuals. 
 The common materials were distributed to nine participating research groups (L.C. 
Laurent, University of California at San Diego; D.J. Erle, University of California at San 
Francisco; I. Ghiran/ Y.E. Wang, Beth Israel Deaconess Medical Center/Dana-Farber 
Cancer Institute (BIDMC/DFCI); E.N.M. Nolte-’t Hoen, UUTR; J.E. Freedman, University 
of Massachusetts; K.Wang, Institute for System Biology (ISB); D.J. Galas, Pacific 
Northwest Research Institute (PNRI); K. Van Keuren-Jensen, TGen; M. Tewari, University 
of Michigan). Nine library preparation protocols were evaluated (Online Methods), in 
which at least one group prepared and sequenced quadruplicate libraries from each 
of the reference samples. Three of the protocols, TruSeq (Illumina), NEBNext (New 
England BioLabs) and CleanTag (Trilink Biotech), are commercial kits that employ 
adapters with invariant sequences. The remaining protocols make use of adapters 
with four degenerate nucleotides at the ligation ends as a strategy to reduce the bias, 
and we collectively refer to these as ‘4N’ protocols. These six 4N protocols included: 
a commercial kit, NEXTflex (Bioo Scientific); a recently published protocol (4N_Xu)35; 
and four variants of a protocol developed by members of the consortium (protocols 
4N_A, 4N_B, 4N_C and 4N_D) that we collectively refer to as ‘inhouse’ 4N methods. 
The TruSeq kit served as the common reference kit for this study and was evaluated 
by all the groups using Illumina sequencing platforms (eight of nine groups). In 
addition, multiple laboratories generated libraries using the NEBNext kit (six labs) and 
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the in-house protocol 4N_B (four labs), thereby allowing for standardized cross-lab 
comparisons for these two protocols, as well as to the Illumina TruSeq protocol. Figure 1 

Figure 1. Overview of study design. (Top) The four primary RNA pools used as common reference 

samples in the study. (Please note that additional RNA pools were generated for analysis of miRNA 

editing, which are described in Figure 6a). Equimolar and Ratiometric pools were prepared using 

chemically-synthesized RNA oligonucleotides to establish “ground-truth” knowledge of absolute and 

relative abundances, respectively. The Equimolar pool consisted of 1,152 synthetic RNAs (15-90 nt) 

mixed at equal concentration. Downstream analyses focused on the subset of 977 RNAs 16-25 nt in 

length and with 5’-phosphate modifications. The two Ratiometric Pools, A and B, consisted of 334 

synthetic RNAs, in which subsets of RNAs were varied in relative abundance between the two pools. The 

Figure 1. Overview of study design. Top, the four primary RNA pools used as common reference 
samples in the study are shown. Equimolar and ratiometric pools were prepared using chemically 
synthesized RNA oligonucleotides to establish ‘ground-truth’ knowledge of absolute and relative 
abundances, respectively. The equimolar pool consisted of 1,152 synthetic RNAs (15–90 nt) mixed 
at equal concentration. Downstream analyses focused on the subset of 977 16–25-nt-long RNAs with 
5′-phosphorylation. The two ratiometric pools, A and B, consisted of 334 synthetic RNAs, in which 
subsets of RNAs were varied in relative abundance between the two pools. The RNAs were divided 
into 15 ratiometric subgroups. The subset of 290 16–25-nt-long RNAs were used for downstream 
analyses, and the number of RNAs in each ratiometric subgroup is indicated. The plasma RNA pool 
comprised RNA from 11 healthy males that was centrally isolated and distributed to the participating 
labs. Middle, nine different library preparation protocols were tested. Three commercially available 
kits with ‘invariant’ adapters and six 4N degenerate-end protocols were tested. Bottom, common 
reference RNA pools were distributed to nine participating labs for sequencing in quadruplicate, using 
a standardized common protocol (TruSeq) and at least one additional method of their choice. The 
breakdown of the resulting libraries is depicted in the colored grid, with the Lab IDs indicated by columns, 
and the replicates and pools shown in rows. Solid gray blocks indicate libraries that were not attempted. 
Gray blocks with a diagonal red line indicate samples in which library preparation and sequencing were 
attempted, but were unsuccessful. Sequencing was performed by each lab independently.
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In total, the nine participating groups prepared 384 libraries for miRNA quantification 
analysis, of which 377 (98%) were successfully sequenced and submitted for central 
analysis. The seven libraries that were not successfully prepared and sequenced 
included four plasma pool libraries (Lab8 4N_NEXTflex), two equimolar pool libraries 
(Lab7 NEXTflex) and one SynthB library (Lab8 TruSeq). Together, the nine participating 
groups collectively contributed 5.45 billion small RNA-seq reads to the analysis (Fig. 1). 
These sequencing data were centrally analyzed using the Genboree Workbench and its 
implementation of the Extracellular RNA Communication Consortium’s exceRpt Small 
RNA-seq pipeline, which is specifically designed for the analysis of small RNA-seq data 
and uses its own alignment and quantification engine to map and quantify a range 
of RNAs represented in small RNA-seq data (see Supplementary Table 3 for pipeline 
quality control (QC) metrics). Of the 377 samples analyzed, 364 (>96%) satisfied the 
minimum quality criteria (Online Methods) and were included in the analyses.

Characterization of sequence-specific bias of small RNA-seq 
protocols
Of the 1,152 synthetic RNAs in our equimolar pool, we focused on 977 5′-phosphorylated 
16–25-nt-long RNAs, which can be captured with standard small RNA-seq protocols. 
The efficiency of recovery of RNA sequences varied by multiple orders of magnitude 
depending on the protocol, confirming that small RNA-seq protocols are associated 
with prominent sequence-dependent bias4,25,36–38 (Fig. 2a,b) and that the bias is greater 
than that in long RNA-seq26. This was highly reproducible in a given protocol, both 
across technical replicates and laboratories using the same protocol (Fig. 2a). Libraries 
prepared by different labs clustered first into two groups, corresponding to methods 
with invariant (TruSeq, NEBNext and CleanTag) or degenerate (4N) adapters. In each of 
these two larger groups, the libraries then formed distinct clusters corresponding to 
the different protocols included in the study, indicating that the effect of the protocol 
bias is potentially greater than that of lab-to-lab variation. Consistent with this 
result, the ten most overrepresented and underrepresented sequences varied widely 
between protocols (Supplementary Fig. 1).
 Although all of the protocols exhibited some bias, it was reduced in those using 
degenerate adapters (Fig. 2b and Supplementary Fig. 2). As one measure of this, 
we calculated the median percentage of sequences with a number of reads in counts 
per million (CPM) more than ten times above or below the expected value, for each 
protocol. This ranged from 41.6 to 61.5% for protocols using adapters with defined 
sequences (TruSeq, 41.6%; CleanTag, 53.9%; NEBNext, 61.5%), and from 2.8 to 22.4% 
for protocols using adapters with degenerate nucleotides (4N_A, 8.9%; 4N_B, 2.8%; 
4N_C, 12.1%; 4N_D, 22.4%; 4N_Xu, 7.1%; 4N_NEXTflex, 17%) (Fig. 2c). The in-house 4N 
protocols showed fewer missing sequences from the equimolar pool (Supplementary 
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Figure 2. Equimolar pool sequencing results across multiple labs and protocols. (a) The heatmap 
shows expression levels for each synthetic RNA sequence (rows) across all replicate equimolar pool 
libraries (columns). Expression levels represent log2-scaled CPM calculated for 977 equimolar pool 
sequences, 16–25 nt in length and 5′-phosphorylated. Hierarchical clustering for rows and columns 
represents complete linkage clustering on Euclidean distances (the default setting for the R package, 
pheatmap, used for plotting). Columns are labeled at the bottom to identify replicate samples. Library 
size indicates the sequencing depth for each library (log2 scaled). (b) Violin plots summarize the mean 
CPM observed for each of the 16–25-nt, 5′-phosphorylated equimolar pool sequences (y axis, log10 
scaled), as measured from equimolar pool libraries prepared by different institutions and using different 
library preparation protocols (x axis). The width of the violins is proportional to the density of data points 
at each position. The horizontal lines in each violin represent the 25th, 50th and 75th percentiles. The 
dashed horizontal line shows the expected CPM for each sequence in the equimolar pool (106 / 977 
miRNAs = 1,023.5 CPM). Each violin plot and corresponding quantile lines summarize mean CPM 
values for n = 977 distinct equimolar pool sequences. The mean CPM values were calculated from n 
= 4 technical replicate libraries for each lab/library preparation method shown, with the exception of 
4N_NEXTflex.Lab7 (n = 2). (c) The percentage of equimolar pool sequences sequenced at levels 10× 
higher (>10,235 CPM) or 10× lower (<102.35 CPM) than expected (y axis) are plotted for each lab. 
The dots and whiskers indicate the median and range of values, respectively, measured across the 
technical replicates for each lab. n = 4 technical replicate libraries per lab/library preparation method, 
with the exception of 4N_NEXTflex (n = 2).
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shows expression levels for each synthetic RNA sequence (rows) across equimolar pool libraries 

(columns). Expression levels represent Relative Log Expression (RLE)-normalized, log2-scaled CPM 

calculated for 977 equimolar pool sequences which are 16-25 nt in length and 5’-phosphorylated. 

Hierarchical clustering for rows and columns represents complete linkage clustering on Euclidean 

distances (the default setting for the R package, pheatmap, used for plotting). Columns are color-coded 
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Table 4) and when downsampling to compare the same number of total mapped 
reads across protocols at varying sequencing depths (Supplementary Fig. 3). We 
found that, with the in-house 4N_B protocol, even when downsampling to 10,000 
total mapped reads, >90% of the miRNAs had a high probability of detection (median, 
92%; range, 78–95%). In contrast, even with the best-performing invariant adapter 
protocol, TruSeq, <50% of miRNAs had a high probability of detection (median, 46%; 
range, 40–55%) at the same depth, indicating that the 4N_B protocol may require 
lower read depth to yield similar coverage as other library protocols.
 We also assessed the reproducibility of small RNA cloning biases across labs 
by examining the rank-order of RNA sequence abundance. To do so, we calculated 
Spearman rank correlations for the equimolar synthetic pool counts between labs 
and protocols. As expected, the strongest correlations were found between technical 
replicates from the same lab and method (Supplementary Fig. 4). Correlations were 
also strong between samples generated by different labs using the same protocol 
(Supplementary Table 5). The somewhat lower correlation value observed for 
4N_B (combined Rho value: 84%; top/bottom 2%: 0.66/0.95) can be attributed to 
the overall lower variation in read counts across miRNAs resulting from less cloning 
bias with this protocol. The reduced spread in the data limits the maximum absolute 
correlation coefficient values that can be obtained. This limitation notwithstanding, 
comparison across labs using different protocols showed much weaker correlations 
(Supplementary Table 5).
 To dissect the source of observed bias, we evaluated the effect of several variables 
(5′ or 3′ terminal bases, %GC of the four 5′ or 3′ end bases, overall %GC, dG [free 
energy], dH [enthalpy], dS [entropy] and Tm [melting temperature]) on the number 
of obtained reads with different library preparation protocols (Supplementary Figs. 
5–13). However, none of these variables substantially explained the observed bias.

Accuracy and cross-protocol concordance for relative 
quantification
To investigate the accuracy of relative quantification of the same small RNAs 
between different samples, we designed two ratiometric pools, SynthA and SynthB, 
each containing the same 334 synthetic RNA sequences, but varying the relative 
abundance of sequences between the two pools for 15 expression ratios (Fig. 1 
and Supplementary Table 2). All of the protocols that were tested showed close 
concordance between observed and expected ratios (Fig. 3a). We also analyzed the 
data using standard differential expression workflows from three commonly-used R 
packages (EdgeR39,40, DESeq241 and limma/voom42) to determine the smallest difference 
in abundance that could be distinguished using small RNA-seq methods. We observed 
that for most protocols and for the majority of miRNAs, a difference in levels of as little 
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Figure 3 

Figure 3. Small RNA-seq accuracy and cross-protocol concordance in measuring relative expression 
levels between samples. (a) Boxplots show the observed ratio (y axis; log2 scale) versus expected ratio (x 
axis) for miRNAs present in each of the SynthA and SynthB synthetic RNA subpools. Observed ratios for each 
miRNA were calculated as mean CPM of SynthA / mean CPM of SynthB across technical replicates for each 
lab and library prep method. Boxes show the median + IQR; upper/lower whiskers indicate the smallest/largest 
observation less than or equal to 1st/3rd quartile ± 1.5 * IQR; outliers are calculated as being <1st quartile – 1.5 * 
IQR or >3rd quartile + 1.5 * IQR. Mean CPM ratios were calculated from n = 4 SynthA and n = 4 SynthB technical 
replicate libraries for each lab and library preparation method shown, with the exception of TruSeq Lab8 SynthB 
(n = 3). Those miRNAs with a mean CPM of 0 in SynthA or SynthB are not plotted. The numbers of miRNA 
not plotted are as follows: Truseq Labs, 1, 2, 3, 4, 5, 6 and 8: 1; Lab9: 0; CleanTag Lab5: 0; NEBNext Labs, 1, 
3, 5 and 9: 0; Lab4: 1; Lab2: 3; 4N_NEXTflex Lab7: 1; other 4N: 0. The number of sequences represented in 
each boxplot is provided in Supplementary Table 10. (b) Heatmaps show the pairwise, squared Spearman rank 
correlation coefficients from sequencing the SynthA and SynthB pools. Pairwise correlation coefficients were 
calculated on the basis of the mean CPM across technical replicates for SynthA samples (left), SynthB samples 
(middle) and the ratio of SynthA: SynthB (right). The mean CPM value for each ratiometric pool sequence was 
calculated from n = 4 technical replicate libraries per lab, library preparation method and pool. Mean CPM values 
for n = 290 ratiometric pool RNAs were used for calculating each pairwise correlation coefficient. Hierarchical 
clustering for rows and columns is the same for all heatmaps, and is based on the average pairwise Euclidean 
distances calculated from the SynthA CPM and SynthB CPM correlation matrices. Column labels indicate the lab 
ID and library prep method; row labels indicate only lab ID, but are presented in the same order (top to bottom) 
as columns (left to right).
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as 1.5-fold between the two samples could be detected (Supplementary Fig. 14). As 
shown in Supplementary Table 6, all of the evaluated protocols performed relatively 
well in detecting miRNA abundances.
 We examined the rank-order of RNA sequence abundance and found that, in 
general, the Spearman rank correlations results obtained for the SynthA and SynthB 
samples were similar to those obtained for the equimolar pool: the correlation was 
strong when using the same protocol, but weaker across different protocols (Fig. 3b). 
In contrast, when we analyzed the concordance of the SynthA/SynthB ratios (Fig. 
3b), we found a very strong correlation between labs not only when using the same 
protocol, but also across different protocols, confirming that relative quantification is 
resilient to variation in the protocol used (Supplementary Table 5).

Reproducibility of small RNA-seq protocols  
To quantify intra-lab variation for each sequence, we used two metrics: the 
coefficient of variation (CV, 100* s.d./mean) and the quartile coefficient of dispersion 
(QCD, interquartile range/ average of the first and third quartile). The median CV 
for the equimolar pool libraries ranged from 6.18% (TruSeq) to 23.92% (CleanTag) 
for the different library preparation methods (Fig. 4a and Supplementary  
Table 5). In addition, the median QCD was <0.1 for all the protocols/labs (Fig. 4a 
and Supplementary Table 5). We also evaluated the intra-lab variation from technical 
replicates of sequencing the SynthA and SynthB libraries. The calculated CV and QCD 
values were similar to those observed for the equimolar libraries (Supplementary 
Fig. 15). 
 To characterize the reproducibility of small RNA-seq libraries across laboratories, we 
focused on the three protocols (TruSeq, NEBNext and 4N_B) for which libraries were 
generated by at least three groups. In addition, of the six labs that generated libraries 
using the NEBNext protocol, two of the labs used somewhat modified conditions 
based on options provided by the manufacturer and were excluded from the analysis 
(Online Methods). 
 Using the results for the equimolar pool and treating each laboratory’s results as 
one trial of the experiment, we calculated the CV and QCD for the mean CPM values 
for each RNA sequence across laboratories. The median CV across labs ranged from 
30.42 (4N_B) to 35.28% (NEBNext) and the median QCD from 0.13 (4N_B) to 0.18 
(TruSeq and NEBNext) (Fig. 4b and Supplementary Table 5). We confirmed that the 
choice of pseudo-counts for calculating CPM did not appreciably alter the CV and QCD 
distribution (Supplementary Fig. 16). In addition, repeating the inter-lab CV and QCD 
calculations using all combinations of n = 3 labs from the TruSeq, NEBNext and 4N_B 
equimolar pool libraries showed that results from analysis of subsets of the data were 
comparable to those from analysis of the full data sets (Supplementary Fig. 17a,b). 
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We also calculated across lab variation for the SynthA and SynthB pools individually 
and obtained median CV and QCD values that were comparable to those described for 
the equimolar libraries (Supplementary Table 5).Figure 4 

Figure 4. Reproducibility of small RNA-seq within- and between-labs. (a) Violin plots show 

sequence-wise percent coefficient of variation (CV; top) and quartile coefficient of dispersion (QCD; 

bottom) for equimolar pool samples, calculated across technical replicates (n=4 replicates per 

lab/method). Plots are grouped and color-coded by library preparation method (Truseq – pink; CleanTag 

– green; NEBNext – turquoise; 4N-type protocols – purple). Horizontal lines within each violin indicate

the 1st, 2nd and 3rd quartiles.  (b) Boxplots show between-lab reproducibility of quantification for

individual sequences from the equimolar pool using TruSeq (n=8 labs), NEBNext (n=4 labs) and 4N_B

(n=4 labs) library preparation protocols. Each dot represents CV (top) and QCD (bottom) calculated

across all labs for an individual sequence in the equimolar pool. The mean CPM for each sequence across

Figure 4. Reproducibility of small RNA-seq within and between labs. (a) Violin plots 
summarize the technical reproducibility of quantification for all equimolar pool sequences, as 
calculated from each lab and library preparation method. Reproducibility measurements, CV (top) 
and QCD (bottom) were calculated from CPM values. Horizontal lines in each violin indicate the 
25th, 50th and 75th percentiles, calculated from the mean CPM values of n = 977 equimolar pool 
RNA sequences. Mean CPM values were calculated from n = 4 technical replicate libraries for 
each of the lab/library preparation methods shown, with the exception of TruSeq Lab1 (n = 3). (b) 
Boxplots summarize the sequence-specific reproducibility of quantification measured in equimolar 
pool libraries generated by different labs using the same protocol. CV (top) and QCD (bottom) 
values were calculated for each equimolar pool sequence across TruSeq (n = 8 labs), NEBNext  
(n = 4 labs) and 4N_B (n = 4 labs) library preparation protocols. The mean CPM for each sequence 
across technical replicates (n = 4 technical replicates per lab/ library preparation method) was 
used to calculate the between-lab CV and QCD plotted here. Boxplot statistics and outliers were 
calculated from CV or QCD values for n = 977 equimolar pool sequences. The overlaid boxes 
indicate the median and IQR. Whiskers represent the 1st/3rd quartile ± 1.5 * IQR. Outliers are <1st 
quartile – 1.5 * IQR or >3rd quartile + 1.5 * IQR.
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Figure 5. Small RNA-seq of reference plasma RNA by multiple laboratories using multiple library 

preparation protocols.  (a) The heatmap shows CPM (log2 scale) for each sequence (rows) across 
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Performance of small RNA-seq protocols using biological samples
We also sought to characterize the performance of small RNA-seq protocols across 
labs using standard reference RNA derived from biological material to assess the 
reproducibility and the diversity of miRNA sequences recovered. 
 To perform this analysis, we shipped aliquots of RNA extracted from a pool of human 
blood plasma from 11 donors to the participating labs for sequencing in quadruplicate 
(Fig. 1). We focused our analysis on miRNAs because they are well-characterized and 
have been extensively studied in human plasma43. Hierarchical clustering generally 
mirrored that from the synthetic pools, with technical replicates of the same protocol 
clustering most closely together (Fig. 5a), and with samples also broadly clustering 
according to library preparation protocol. 
 To evaluate the intra-lab reproducibility of plasma small RNA-seq, we calculated 
the CV and QCD for individual miRNA sequences across technical replicates in each 
lab (Fig. 5b). After applying minimum CPM filtering criteria as before, to focus on 

Figure 5. Small RNA-seq of reference plasma RNA by multiple laboratories using multiple 
library preparation protocols. (a) The heatmap shows CPM (log2 scale) for each sequence 
(rows) across plasma pool libraries (columns). Only mature miRNAs with a high confidence of 
detection are shown, requiring a minimum of 100 CPM in 90% of samples from at least one 
protocol (TruSeq, CleanTag, NEBNext or 4N). Hierarchical clustering for rows and columns 
represents complete linkage clustering on Euclidean distances. Library size indicates the sum of 
the mature miRNA-mapped read counts before filtering for the individual libraries (log2 scaled). 
(b) Violin plots summarize the technical reproducibility of quantification for miRNAs expressed in 
plasma pool libraries, as calculated from each lab and library preparation method. Reproducibility 
measurements, percent CV (top) and QCD (bottom), were calculated from CPM values. Horizontal 
lines within each violin indicate the 25, 50 and 75th percentiles, calculated from the mean CPM 
values of n = 977 equimolar pool RNA sequences. For TruSeq Lab1 n = 3 technical replicates; for 
all other lab/protocols n = 4. (c) Boxplots summarize the between-lab reproducibility for miRNAs 
expressed in the plasma pool libraries using TruSeq (n = 6 labs), NEBNext (n = 4 labs) and 4N_B 
(n = 4 labs) library preparation protocols. Each dot represents CV or QCD calculated across labs 
for a single miRNA. The between-lab CV and QCD were calculated using the mean CPMs for 
each sequence across technical replicates for each lab. The underlying boxes show the median 
and IQR. Whiskers represent the 1st/3rd quartile ± 1.5 * IQR. Outliers are <1st quartile – 1.5 * 
IQR or >3rd quartile + 1.5 * IQR. (d) Boxplots show the number of mature miRNAs detected by 
each protocol based on downsampling of data sets to the indicated sequencing depths. Each box 
summarizes number of miRNAs detected by each lab for the indicated protocol. The probability of 
each miRNA being detected was estimated for every sample randomly downsampled to 104, 104.5, 
105 or 105.5 total read counts. A miRNA was only counted as detected if the probability of detection 
was at least 90%. Libraries with total counts less than the indicated sample size were excluded. 
Boxplots for 4N include only in-house 4N protocols (4N_A, 4N_B, 4N_C and 4N_D). The number 
of libraries summarized by each boxplot is as follows: 105.5: TruSeq = 19; CleanTag = 4; NEBNext 
= 12; 4N = 28; 105, 104.5 and 104: TruSeq = 23; CleanTag = 4; NEBNext = 16; 4N = 28. The 
underlying boxes show the median and IQR. Whiskers represent the 1st/3rd quartile ± 1.5 * IQR. 
Outliers are <1st quartile – 1.5 * IQR or >3rd quartile + 1.5 * IQR.
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reliably detected miRNAs (Online Methods), we found that the median CV across the 
miRNAs analyzed ranged from 7.7 (TruSeq) to 24.9% (CleanTag) for different protocols. 
Although this degree of reproducibility seems comparable to that observed with the 
synthetic reference pool RNA (Fig. 4 and Supplementary Table 5), it is important to 
note that the filtering criteria used for plasma sequencing data were different (and 
generally more stringent) than for the synthetic RNA sequencing data. In addition, the 
median QCD was ≤0.1 for all the protocols (Supplementary Table 5).
 Unsupervised clustering of the plasma miRNA expression data revealed clear 
groups separated by preparation protocol (TruSeq, NEBNext and 4N_B), with results 
obtained from different labs using the same protocol clustering together (Fig. 5a). The 
median variability across labs measured using CV ranged from 25.7 (4N_B) to 32.9% 
(TruSeq) and using QCD was <0.3 for all protocols. (Fig. 5c and Supplementary Table 
5). The overall reproducibility of small RNA-seq using RNA isolated from biological 
samples was therefore comparable to that observed using the synthetic reference 
RNA samples.
 To assess differences between protocols in the diversity of miRNA sequences 
recovered from the standard reference plasma RNA, we performed an analysis of the 
number of miRNAs detected by each protocol in which we plotted data from different 
in-house 4N protocols as one group for the sake of comparison. This was done using 
downsampled datasets so the same total number of mature miRNA-mapping reads 
could be compared across protocols, at varying sequencing depths. The in-house 4N 
protocols recovered a larger number of miRNAs than those using defined adapter 
sequences (Fig. 5d). In addition, an indirect assessment of miRNA diversity (that is, 
percent of total reads accounted for by the ten most abundant miRNAs) was consistent 
with the conclusion that 4N protocols generate a more diverse profile of miRNAs 
(Supplementary Fig. 18).

Evaluation of small RNA-seq in miRNA A-to-I editing
We extended our study to evaluate the performance of different protocols for 
quantifying sequences exhibiting adenosine to inosine (A-to-I) miRNA editing. This 
naturally occurring RNA modification can alter both miRNA biogenesis and regulatory 
functions44,45. We designed six synthetic RNA pools, each containing ten miRNAs that 
have previously been reported to undergo A-to-I editing46,47. Each pool combined the 
unedited (A) and edited (I) miRNA variants in different ratios (that is, 0, 0.1, 0.5, 5, 50 
and 100% edited). Each of these mixtures was then combined with a background of 
277 different, unedited human miRNAs to increase complexity in the pools (Fig. 6a and 
Supplementary Table 7). The six pools were sequenced by three different labs, each in 
triplicate, using TruSeq, NEBNext and in-house 4N_B protocols (Fig. 6a). The resulting 
162 libraries yielded 1.42 × 109 reads aligned to editing pool sequences in total, with 
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a median library size of 8.22 × 106 (range: 1.74 × 106 to 29.01 × 106). All 162 libraries 
satisfied minimum quality criteria (Online Methods and Supplementary Table 3).
 To determine the accuracy of quantifying miRNA editing in our six synthetic 
pools, we compared the number of reads observed for the A and I variant oligos in 
each library with the expected abundance based on the known composition of the 
pools. Inaccurate and widely varying estimates of editing levels were apparent for 
many miRNAs using the NEBNext and TruSeq protocols, especially for the 1, 5 and 
50% editing pools (Fig. 6b and Supplementary Table 8). In contrast, the in-house 
protocol, 4N_B, proved more accurate for detecting editing levels ≥1%. For example, 
in the 50% editing pool, where the edited and unedited forms of each miRNA are 
present at equivalent levels, the mean percent editing observed ranged from 19–98% 
and 5–95% for the TruSeq and NEBNext libraries, respectively, whereas estimates were 
all within 10% of the expected value (43–53%) for the 4N_B protocol.
 Aside from accuracy, we calculated across-lab reproducibility (that is, precision) of 
the measured edited fraction in each pool for each of the evaluated protocols using 
CV and QCD, which are most meaningful where there are reads in both edited and 
unedited categories (Supplementary Table 8). We found that precision varied as a 
function of known percent editing, with greater precision being observed in the 5 and 
50% edited pools compared with the 0.1 and 1% pools, as expected from the higher 
number of edited read counts in the former pools. Across all of the tested protocols, 
for the majority of miRNAs, the precision of percent editing measurements was CV <5 
% in the 50% edited pool, <20% in the 5% edited pool and <25% in the 1% edited pool, 
and QCD < 0.3 in the 50% edited pool, <0.4 in the 5% edited pool and <0.6 in the 1% 
edited pool.
 We evaluated the specificity and limit of detection for identifying miRNA editing 
by downsampling each library to 106 reads to allow standardized comparisons across 
libraries. To calculate specificity, we first estimated the false positive frequency for 
each protocol by evaluating: the average percent edited reads observed in the 0% 
edited pool (that is, false positive edited read frequency) and the average percent 
unedited reads observed in the 100% edited pool (that is, false positive unedited 
read frequency). The overall median false positive rate was 0.1% across all protocols, 
all miRNAs, and both edited and unedited false positive calls (median false positive 
frequencies for individual protocols: TruSeq, 0.05% (edited) and 0.06% (unedited); 
NEBNext, 0.30% (edited) and 0.14% (unedited); 4N_B, 0.10% (edited) and 0.08% 
(unedited); Supplementary Table 8). This corresponds to an overall specificity across 
all three protocols of 99.88% for calling unedited sequences and 99.91% for calling 
edited sequences (Supplementary Table 8). To calculate the limit of detection (LOD), 
we defined detection of editing as an observed edited count that is more than 3 s.d. 
above the observed edited count in the 0% edited synthetic pool. For all three protocols, 
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the majority of miRNAs had a limit of detection at or below the 1% edited fraction, 
with a few miRNAs being detectable in the 0.1% edited pool (Supplementary Table 
8). It is worth noting, however, that the LOD is expected to vary based on sequencing 
depth, sample complexity, relative abundance of the miRNA being studied and the 
pipeline used for analysis.

Figure 6 
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Discussion

Our results quantitatively confirm that small RNA-seq is highly affected by sequence-
related bias4,36–38,48, which is largely protocol dependent. The observed biases were as 
large as 104-fold with some commonly used commercial library preparation protocols. 
This sequence-dependent bias is more severe than that previously reported for long 
RNA-seq26, highlighting differences between the technologies and unique challenges 
involved in small RNA sequencing. In addition, this bias can be particularly vexing when 
working with low RNA input samples such as biofluids, preventing the reliable detection 
of some low-abundance small RNAs. The in-house 4N protocols that we evaluated, which 
employ adapters containing degenerate bases in the ligating ends, reduced the bias on 
the order of 100-fold and achieved better coverage at a lower sequencing depth than the 
widely used commercial library preparation kits with invariant adapter sequences. The 
magnitude of the bias observed for some sequences when using fixed adapter protocols 
was so high that it is unlikely to be overcome simply by increasing sequencing depth. 
There were, however, differences in the results of different 4N methods, suggesting 
that not only the use of adapters with degenerate bases, but also other factors in the 
protocols, such as the concentration of polyethylene glycol in ligation reactions, the time 
and temperature of ligations, etc., may also affect the bias. Our computational analyses 
of a range of sequencerelated variables (for example, 5′ or 3′ terminal nucleotides, %GC 
of the four 5′ or 3′ end nucleotides, overall %GC, dG [free energy], dH [enthalpy], dS 
[entropy] and Tm [melting temperature]) did not reveal strong associations, suggesting 
that the mechanistic basis of the bias may be complex.

Figure 6. Library protocol performance in measuring miRNA A-to-I editing events. (a) A 
schematic depicting the experimental design for the miRNA A-to-I editing experiments. Left, ten 
miRNAs were synthesized with either an adenosine or inosine at a single position previously shown 
to be edited in human cells. The position, relative to the 5′ end of the mature miRNA, is indicated to 
the right of the respective miRNA IDs, along with the identity of the nucleotide. 277 other unedited 
human miRNAs were added at a fixed concentration to increase the background complexity of 
the pools. Middle, six different editing subpools were generated, using a constant amount of 
the background (Bk) pool and varying percentages of unedited (Un; adenosine) and edited (Ed; 
inosine) oligos in each pool. Right, the color-coded grid depicts the library design used in the A-to-I 
editing experiment. Specifically, the six editing pools were sequenced by three participating labs, 
using three different library preparation protocols, with each lab generating libraries in triplicate. (b) 
The observed percent editing (y axis) is shown for each miRNA in the six A-to-I editing pools, as 
measured by each of the three labs, using TruSeq, NEBNext and 4N_B protocols. The expected 
editing percent in each pool is both indicated to the right of each plot group and by the horizontal 
dotted line in each plot. The dots and whiskers represent the median and range of percent editing 
for each miRNA (x axis) as measured by the three labs. Individual miRNA percentage editing is 
shown for n = 3 technical replicate libraries for each lab and library preparation method.
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 Even using the best-performing 4N protocols, there is still considerable sequence-
related bias, which precludes the use of read counts alone for accurate quantification 
of different small RNAs in a given sample. However, despite the observed biases, we 
found that small RNA-seq was consistently accurate for relative quantification of a 
given miRNA between samples, as long as the same library preparation protocol 
was used for the two samples being compared, which is consistent with previous 
observations for mRNA sequencing26. In this sense, all of the evaluated protocols were 
able to distinguish samples with as little as a 1.5-fold difference in relative abundance 
of most sequences examined, although the design of our ratiometric pools was such 
that differences smaller than 1.5-fold could not be assessed. Reproducibility across 
laboratories is a crucial requirement for any experimental method used for research 
or clinical applications49,50. We found that for common commercial protocols as well as 
for our in-house 4N protocol, results were reproducible between labs with a CV ≤ 20% 
for most sequences. Moreover, when comparing relative quantification measurements 
obtained by small RNA-seq across labs, the results were highly concordant even when 
the centers were using different protocols.
 The use of a diverse pool of synthetic RNAs allowed us uniquely to evaluate 
sequence-specific biases and accuracy because the ‘ground truth’ is known. Since 
biological material, with a wide range of RNA species and other macromolecules, could 
behave differently from the synthetic RNA pools, we also characterized the diversity of 
miRNAs captured in a common biological sample by each protocol. We found that the 
in-house 4N protocols detected a greater diversity of sequences than protocols using 
defined-sequence adapters. In addition, for a given protocol, the profile obtained for 
the biological sample was very reproducible between laboratories. 
 We believe that the data sets generated in this study can also serve as a valuable 
resource for benchmarking computational tools designed to facilitate and improve 
on RNA-seq analysis. This is important both for developing new software and for 
evaluating the suitability of using existing mRNA-seq algorithms for the analysis of 
small RNA-seq data sets. This could be particularly useful for benchmarking software 
developed to account for various technical biases found in mRNA-seq data51–54, as our 
data suggest that such biases may be different in small RNA-seq data.
 We also hope that our data may facilitate the development of computational 
approaches for normalization of data sets generated using different library preparation 
protocols. Although normalization algorithms are generally not intended to account 
for cross-platform variation, our preliminary analysis suggests that small RNA-seq 
protocol-specific biases largely correlate across samples. This suggests that one may 
be able to account for the protocol-specific differences in sequencing bias individually 
for each sequence, raising the possibility of cross-protocol data normalization. 
We performed an initial exploration of this concept using a simple approach for 
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calculating correction factors (Supplementary Note 1, Supplementary Table 9, and 
Supplementary Figs. 19 and 20). Although this approach was able to make overall 
profiles from different protocols appear to be more similar to each other, its performance 
was not sufficient to be practically relevant at this time. We propose that synthetic RNA 
reference data, such as that generated here, can provide a foundation for the future 
development of more advanced computational approaches to enable accurate cross-
protocol comparisons
 We also assessed the ability of library protocols to measure miRNA A-to-I editing. Our 
results revealed that low bias protocols (that is, in-house 4N_B) quantify editing more 
accurately than protocol using defined adapter sequences (that is, TruSeq and NEBNext). 
It is worth noting that the accuracy of editing estimates can also be affected by low 
sequencing coverage. Indeed, some miRNAs had very low coverage by at least one of 
the protocols, which contributed to the inaccuracy and variation in editing estimates. 
However, this lack of coverage is a consequence of technical biases in small RNA-seq, as 
4N_B libraries all had sufficient coverage of each sequence and, at a minimum, all libraries 
had depth enough for ~6,000× coverage of each sequence in the pool. Thus, protocols 
with a higher degree of sequencing bias also have a greater potential for inaccurate 
estimates of editing levels, as a result of lower read coverage for some miRNAs and/
or differential preferences based on a single base difference. This is relevant to miRNA 
editing estimates reported in the literature, given that prior studies have commonly 
used the more biased protocols with fixed sequence adapters55.
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Online Methods

Experimental methods
Reference samples
A synthetic equimolar pool containing 1,152 synthetic RNA oligos was prepared in an 
RNase-free environment and working on ice to minimize degradation. The pool was 
prepared by combining (i) the miRXplore Universal Reference from Miltenyi Biotec Inc 
(Auburn, CA), which comprises 962 RNA oligonucleotides with sequences matching 
human and other miRNAs, and (ii) a set of 190 additional, custom-synthesized RNA 
oligonucleotides, to generate the pool in which each of the 1,152 RNA oligonucleotides 
is present at equimolar concentration. This latter set comprises miRNAs and non- 
miRNA sequences of varied length from 15 to 90 nt, which were synthesized, HPLC-
purified and quantified spectrophotometrically by IDT, Inc. (Coralville, IA). This 
latter set of  RNA oligonucleotides is available to qualified investigators seeking to 
reproduce the synthetic equimolar pool for non-commercial purposes, by request of 
the corresponding authors (as long as supplies last). The resulting equimolar pool was 
aliquoted in prelabeled DNA-, DNase-, RNase-, and pyrogen-free screw cap tubes with 
low adhesion surface and stored immediately at -80C. Aliquots were distributed to 
the participant laboratories in overnight shipments with an abundant supply of dry 
ice. The complete list of RNA sequences comprising the equimolar pool is provided in 
Supplementary Table 1. 

Two ratiometric pools, SynthA and SynthB, containing 334 synthetic RNA 
oligonucleotides were designed in the coordinating lab (see computational methods) 
and synthesized by IDT. Subsets of these oligos were present in 15 different ratios 
between the two mixtures. These pools were also prepared, aliquoted and distributed 
to the participant centers following the same previously mentioned precautions to 
avoid RNA degradation. The complete list of sequences in the SynthA and SynthB 
pools, as well as their ratios, are provided in Supplementary Table 2. 
 Plasma samples from eleven healthy male donors with age ranging from 21-45 years 
were collected and pooled in one of the participating labs (Supplementary protocol 
1). The IRB of the institution approved the study protocol to consent participants and 
collect samples. Informed consent was obtained from all subjects, and the samples 
were subsequently anonymized before distributing to participating research groups. 
RNA was isolated from this plasma pool (Supplementary protocol 2) in a single 
lab and aliquots of the purified RNA were mixed and distributed to the rest of the 
participant centers. 
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Library preparation and small RNA-seq of reference samples 
A written guideline for library preparation and sequencing was distributed to all 
the participant centers. The input for library preparation was 10 femtomoles of RNA 
for synthetic pools and 2.1 ul of RNA for the plasma pool. Each group prepared four 
replicate libraries from each sample using the following small RNA library preparation 
protocols:  Lab1 (TruSeq, NEBNext and in-house 4N_D), Lab2 (TruSeq, NEBNext and in-
house 4N_B), Lab3 (TruSeq and NEBNext), Lab4 (TruSeq, NEBNext and in-house 4N_B), 
Lab5 (TruSeq, CleanTag, NEBNext, in-house 4N_A, in-house 4N_B and  4N_Xu), Lab6 
(TruSeq, in-house 4N_B  and in-house 4N_C), Lab 7* (NEXTflex), Lab 8* (TruSeq and 
NEXTflex) and Lab 9* (TruSeq and NEBNext). The labs marked with an asterisk did not 
contribute plasma libraries. The protocols for TruSeq, CleanTag, NEBNext and NEXTflex 
for Illumina were performed according to the manufacturer’s instructions in all labs 
except for NEBNext in Lab9 that performed 3’ overnight ligation. Note that some 
manufacturers recommended dilution of the adapters when working with low input 
RNA (for NEBNext, adapters were diluted, 1:2 in Lab3 and Lab9 and 1:6 in Lab1, Lab2, 
Lab4 and Lab5; for CleanTag 1:20 dilution of the adapters was performed). NEXTflex 
for Ion Torrent sequencing was performed as described in Supplementary protocol 3. 
In-house 4N protocols A, B, C and D were performed as described in Supplementary 
protocol 4-7. 4N_Xu protocol was performed as previously described48 35. Size 
selection was performed using Pippin Prep instruments (in Lab1, Lab2, Lab4 and Lab6 
for all protocols and Lab5 for in-house 4N_B only), 6% acrylamide gels (in Lab3, and 
Lab9 for all protocols, Lab 8 for TruSeq and Lab5 for TruSeq, NEBNext, CleanTag,4N_A 
and 4N_Xu) or Ampure XP beads (in Lab7 and Lab8 for NEXTflex). 
 Single-end libraries were sequenced using the Illumina HiSeq 2500 (Lab8 and Lab9 
for all the protocols and Lab5 for TruSeq, CleanTag, 4N-Xu and 4N_A), Illumina HiSeq 
4000 (Lab4 for all the protocols and Lab1 for TruSeq, 4N_D and Equimolar NEBNext), 
Illumina NextSeq 500 (Lab2, Lab3 and Lab6 for all the protocols, Lab5 for NEBNext 
and in-house 4N_B and Lab1 for Ratiometric and Plasma NEBNext) or Ion Torrent 
(Lab7) platforms (see Supplementary Table 3 which also includes information on 
miRNA editing libraries). All labs using Illumina sequencing performed runs specifying 
≥ 50 bp single-end reads. Details on read lengths for each library are included in 
Supplementary Table 3. Each laboratory was free to choose the number of samples 
to pool per lane, with a target of at least 8 million reads per library. FASTQ files were 
uploaded to the Genboree Workbench for central data analysis. 
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Evaluation of miRNA editing
Ten human miRNAs previously shown in the literature to undergo adenosine-to-inosine 
(A-to-I) RNA editing were selected to evaluate the performance of small RNA-seq in 
the detecting miRNA editing. To this end, we designed six pools containing different 
ratios of the selected synthetic edited miRNAs and their unedited counterparts (i.e. 
0%, 0.1%, 0.5%, 5%, 50% and 100% edited) plus 277 unrelated human miRNAs. All RNA 
oligonucleotides were synthesized by IDT (the complete list of sequences included 
in these pools is provided in Supplementary Table 7). The pools were prepared and 
aliquoted in the coordinating center and distributed to two additional labs following 
the same previously mentioned precautions to avoid RNA degradation. Each lab 
prepared three replicate libraries from 10 femtomoles of each pool using the three 
different small RNA library preparation protocols: TruSeq, NEBNext and in- house 
4N_B. The protocols for TruSeq and NEBNext were performed according to the 
manufacturer’s instructions (note that for NEBNext, adapters were diluted 1:2). In-
house 4N_B was performed as described in Supplementary protocol 5. Size selection 
was performed using the Pippin Prep. ≥ 50 bp single-end libraries were sequenced 
using the Illumina NextSeq 500.  

Computational methods 

Designing Ratiometric Pools
290 artificial sequences were assigned at random to 8 ratiometric groups (1, 1.5, 2, 3, 
4, 5, 8 and 10x) and to either ratiometric pool SynthA or SynthB. The ratio indicates the 
concentration in the assigned pool relative to the other pool. For example, a sequence 
in the 10x pool assigned to SynthA would be present at the base concentration in 
SynthB and at 10x the base concentration in SynthA. To make groups of approximately 
equal size, assigned 8 sequences to the 8 ratiometric groups randomly, without 
replacement. To ensure the total amount of oligonucleotide was approximately equal 
in SynthA and SynthB, an even number of sequences was assigned to each ratiometric 
group and were distributed equally between pools, using a similar method of equally-
distributed random assignment.  The random assignment was performed in Excel and 
the complete pool composition and ratios are shown in Supplementary Table 2. 

Barcode splitting, FASTQ generation and data coordination
High-throughput sequencing, demultiplexing and FASTQ file generation was 
performed by each participating group independently. FASTQ files were uploaded to 
the Genboree Workbench for centralized analysis using the ExceRpt small RNA analysis 
pipeline. (http://genboree.org/java-bin/workbench.jsp). 
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Preprocessing, mapping and read counting  
FASTQ files for the Equimolar, Ratiometric and Plasma pools were initially processed through 
the exceRpt small RNA-seq Pipeline (Version 4.6.2), using the batch submission tool. For 
details on the exceRpt pipeline and the associated processing steps, see the Genboree 
Workbench documentation (http://genboree.org/theCommons/projects/exrna-tools-
may2014/wiki/Small%20RNA-seq%20Pipeline). A brief description of parameters changed 
from the default settings or that differed between libraries is included below. 
 The exceRpt pipeline was used at the default settings whenever possible. The default 
for adapter trimming is “auto-detect” which identifies and trims the adapter sequence for 
multiple library types, and all samples were initially submitted using this functionality. For 
4N libraries (A, B, C, D, Xu and NEXTflex), an additional parameter was selected to indicate 
the degenerate sequence at the end of each adapter. The default random barcode settings 
were used, indicating that random 4nt sequences are present immediately 5’ and 3’ of 
the insert sequence. The sequence and identity of the adapter identified by the exceRpt 
pipeline was confirmed in the output files. Any library with a missing or incorrect adapter 
identified was re-submitted to the pipeline with the adapter sequence chosen manually, 
and a note was added to Supplementary Table 3. For Plasma Pool libraries, sequences 
shorter than 18 nt after adapter trimming were removed and not used for downstream 
analysis. For synthetic pools, the minimum length was changed to 15 nt, which corresponds 
to the length of the shortest sequences in the Equimolar and Ratiometric Pools. To quantify 
alignments to the full set of synthetic pool sequences, Equimolar, Ratiometric SynthA and 
Ratiometric SynthB libraries were mapped to a “Spike-In” sequence library uploaded to 
the Genboree Workbench. This spike-in library FASTA file contains a non-redundant set of 
sequences from the Ratiometric and Equimolar Pools (Supplementary Table 7). Adapter-
trimmed and filtered reads were mapped to the spike-in index with bowtie2 using the 
default Genboree Workbench alignment parameters, except that the minimum read length 
was reduced to 15. The number of reads aligning to each sequence was obtained from 
the “calibratormapped” output files.  At the time of writing, reads mapped to the spike-
in sequences are removed prior to genomic alignment, so any endogenous alignment 
information from these samples was ignored. To quantify alignments to endogenous 
miRNAs, Equimolar and Plasma pool libraries were also run through the exceRpt pipeline 
without mapping to spike-in sequences. The default minimum read length of 18 nt was 
used, along with all default alignment parameters. Reads were mapped to hg19 using the 
STAR alignment algorithm. Multi-mapping-adjusted read counts corresponding to mature 
miRNAs were used for all plasma pool analyses and for the Equimolar Pool correction 
factor analyses. For all other analyses with the Equimolar and Ratiometric pools, the spike-
in read counts from the “calibratormapped” files were used. 
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Sample Filtering
Unless specifically noted in the text, only libraries meeting minimum read count 
requirements were considered for analysis. For the synthetic pools, an average of 
one million reads mapping to the “spike-in” sequences (the unique set of sequences 
present in the equimolar and ratiometric pools), were required across all replicate 
libraries. The average was taken after filtering, such that the totals were based only 
on 5’-phosphorylated sequences 16-25 nt in length. For the Plasma Pool samples, 
replicate libraries with fewer than 100,000 miRNA-mapping reads were removed. The 
entire sample was removed if more than one of the replicate libraries failed to pass the 
minimum count threshold.  

Equimolar Pool Analysis
Read counts for the equimolar (and likewise for the ratiometric pools) were obtained 
from “calibratormapped.counts” files included in the exceRpt pipeline output for 
each sample file. Sample-specific information, including the contributing lab, library 
preparation method and replicate number were associated with the corresponding 
calibrator count file, and were loaded into R for analysis. A full list of equimolar and 
ratiometric sequences with additional sequence information was used as a reference 
to merge all input files and add zero counts, where needed. Unless specifically 
mentioned in the text, analysis of ratiometric and equimolar libraries was limited to 
sequences with a 5’-phosphate modification, 16-25nt in length. Read counts were 
scaled to counts-per-million (CPM) using the total counts from the filtered sequences. 
For plots and calculations using log-transformed values, a small count was added 
to avoid taking the log of zero. The adjusted CPM values were calculated using the 
method employed by the R package, EdgeR39,40. This scales the user-supplied prior 
count (0.25; the default setting) to be proportional to the library size. The scaled prior 
count is calculated by multiplying the raw prior count (0.25) by the sample library size 
divided by the mean library size across all equimolar samples and then adding this 
value to the raw counts for each miRNA. Library sizes are adjusted by adding 2 x the 
scaled prior count value. Adjusted CPM values are finally calculated as ( raw.count + 
adjusted.prior ) * 106 / adjusted.library.size. 

Determining Overrepresented and Underrepresented 
Sequences

Sequences in each Equimolar pool replicate library were ranked by abundance, 
assigning the minimum rank value in case of ties. The 10 top and bottom-ranked 
sequences were determined by arranging counts in descending and ascending 
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order, respectively. TruSeq, NEBNext, CleanTag and 4N libraries were each queried 
for sequences consistently found in the top or bottom 10, as defined by at least 75% 
agreement among the libraries of at least one method. 

Dissecting the source of bias
The CPM obtained for each sequence of the Equimolar pool was calculated from 
pseudocounts, as in the Equimolar Pool Analysis described above, except that the 
library sizes were calculated from all equimolar pool sequences prior to filtering for 
length and end modifications. Sequence length, 5’and  3’ terminal bases, %GC of the 
four 5’or 3’end base, overall %GC, dG [free energy], dH [enthalpy], dS [entropy] and 
Tm [melting temperature] were calculated from the annotated sequence. UNAFold56 
(http://unafold.rna.albany.edu/) was used to obtain the dG, dH, dS and Tm values of 
each of the sequences comprising the Equimolar pool. 

Ratiometric Pools Analysis
Ratiometric pool counts were initially processed as described above for equimolar 
pools, considering only counts for 16-25 nt sequences. The ratio of SynthA:SynthB was 
calculated as the ratio of the mean CPM across technical replicates in SynthA / SynthB.  

Ratiometric Pools: Differential Expression
Independent differential expression workflows were run for each lab and library prep 
method, following a standard two-group comparison between “A” and “B” ratiometric 
pools. Normalization, dispersion estimation and differential expression testing was 
performed using three different R packages: EdgeR39,40, DESeq241 and limma/voom42. 
For EdgeR,  normalization factors were calculated using the Relative Log Expression 
(RLE) method, and significance was calculated (after calculating common, trended and 
tagwise dispersion estimates) using the default settings, based on a likelihood ratio 
test on the null hypothesis that ratiometric sample B - A = 0. Default settings were 
used for DESeq2, and significance was calculated based on a Wald Test. Significance 
for the limma/voom workflow was based on an empirical Bayes moderated t-test.  

Plasma Pool Analysis
Comparison of plasma pool libraries was limited to mature miRNAs. Read counts for 
mature miRNAs were taken from “readCounts_miRNAmature_sense.txt” files provided in 
the exceRpt pipeline output. The read count files and associated metadata for all samples 
were loaded and merged in R for further analysis. Multi-mapping-adjusted read counts 
are calculated as part of the exceRpt pipeline and were used for all comparisons. The 
total number of unique reads mapping to miRNAs was taken from “.stats” files provided 
in the exceRpt pipeline output. 
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Downsampling Read Counts
The R package Vegan, was used to simulate random downsampling of Equimolar 
and Plasma pool count matrices. The Vegan function, drarefy, was used to estimate 
the probability of detection for each sequence based on random simulations of 
downsampling to specified levels. For the plasma pools, downsampling was performed 
to four different levels (104, 104.5, 105 and 105.5). Equimolar pools were downsampled to 
six different levels (106.5 down to 104 at half-log intervals). Libraries with read counts 
below the specified threshold were removed. A minimum probability of 0.9 was used 
as the threshold for detection.  

Inter-protocol Bias Correction Factors: Estimation
Equimolar pool samples were processed through the exceRpt pipeline using the 
same input parameters as the plasma pool libraries, in order to obtain multi-mapping, 
scaled read counts for mature miRNAs that were directly comparable to the plasma 
pool counts. Differential expression analyses were performed using the mature miRNA 
read counts for the equimolar pool samples, and scaling factors were calculated for 
each miRNA, and were taken from the resulting log2 fold-change estimates. Key 
assumptions used in these calculations were: that the median mapped read level 
calculated for a given protocol should match the median for the 4N results given the 
same RNA input; that the comparisons of the results from a given protocol and the 4N 
protocol are performed on data processed in the same way that biological samples are 
processed (i.e., using the exceRpt pipeline and its mapped read outputs). For details 
on limma and voom functionality and the parameters used, see the documentation 
for the limma package.  
 To summarize: correction factors were calculated for each pair of library prep. 
methods using the following workflow: 
1.  Filter out miRNAs with 0 counts in any library: For the subset of samples being 

tested, scaling factors are only calculated for miRNAs having at least one count in 
every sample of the two methods being tested.

2.  Prepare miRNA count matrices for linear modeling: Use the R package, voom, to 
calculate precision weight estimates and normalize data to allow count data to be 
analyzed appropriately using the limma package. Normalization is also performed 
between samples such that the median miRNA expression value is the same in all 
samples.

3.  Fit miRNA-wise linear models to account for batch (lab) effect: The lmFit function 
from the limma package is used to fit linear models for each miRNA, estimating 
coefficients for each lab+library prep method. The coefficients represent the 
differences in expression for each miRNA between each lab+library prep method.
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4.  Estimate the log fold change between the two methods for each miRNA: Use the 
fitted model to calculate for each miRNA the average expression estimated using 
the method A coefficients - the average expression estimate for the method B 
coefficients.

The R packages limma/voom were used for read count normalization and differential 
expression estimates, using standard workflows suggested for RNA-seq data to 
account for batch (lab) effects, and then testing for the main effect of the library prep 
methods. For each pairwise comparison of library preparation methods, equimolar 
pool counts matrices were extracted and only miRNAs with ≥ 1 read count in all 
samples of both methods were kept for analysis. After filtering, voom was used to 
normalize the count data and calculate precision weight estimates that allow count 
data to be appropriately tested with the linear modeling schema used in the limma 
package. Voom was run with the default parameters, except that read counts were 
additionally normalized between arrays using the “scale” method, which adjusts read 
counts such that the median miRNA expression value is the same in all labs. The voom-
transformed data was supplied to the limma lmFit function, along with a design matrix 
indicating the coefficients to be estimated. Initially, coefficients were estimated for 
each lab+library prep method in order to model batch/lab-specific effects. The main 
effect of the library prep method was then calculated as the average effect of method 
1 - method 2. A contrasts matrix was generated and supplied, with the fitted model, 
to the contrasts.fit function, followed by an empirical Bayes function to estimate the 
resulting statistics for each miRNA. Log2 fold-change estimates, along with 95% CI 
were obtained from these estimates. 

Inter-protocol Bias Correction Factors: Applying corrections
The equimolar pool-derived, inter-protocol bias correction factors were applied to 
the corresponding plasma pool samples for testing. To apply the correction factors, 
count matrices for the subset of plasma pool libraries being compared were selected 
and were then pre-filtered and normalized in the same way as the equimolar pools in 
generating the correction factors, described above. MiRNAs were filtered to include 
only those with a) a correction factor estimated from the equimolar pool and b) at 
least 5 counts in every library in the subset of methods being compared. Correction 
factors were applied to the appropriate samples. For example, if correction factors 
were calculated as the log2 fold-change between TruSeq and 4N samples (TruSeq - 4N), 
then the correction factors would be applied to the log2-transformed TruSeq plasma 
pool samples by subtracting the correction factor. For the heatmaps and density plots, 
corrected values were added to the original count matrix of untransformed values, 
and unless specifically noted in the text, normalized using quantile normalization. 
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miRNA Editing Analysis 
Editing libraries were trimmed of 5’ and 3’ adapters using cutadapt (version 1.9.1). 
Trimmed reads ≥ 16 nt were aligned to Editing Pool sequences using bowtie2 (version 
2.3.2) in local alignment mode. The first (5’) 4 nt were removed from 4N library reads 
during the alignment stage by adding the optional parameter “--trim5p 4”.  Read 
counts were calculated from alignments filtered to have a minimum MAPQ of 20 and 
0 mismatches to the reference sequence within the locally-aligned region. The sum 
totals of the filtered read counts for each library were used to calculate read Counts 
Per Million (CPM). Downsampling was performed using the R package Vegan.

Code and Data Availability
Sequencing data for all experiments can be obtained from the GEO Superseries, 
GSE94586. Accession numbers for the four subseries are: GSE94584 (Equimolar), 
GSE94585 (Ratiometric A/B), GSE94582 (Human Plasma Pool) and GSE108138 (A-to-I 
Editing). GEO records include raw FASTQ files and processed counts from the ExceRpt 
pipeline. All code, metadata and processed data files required for reproducing the 
figures, tables and in-text statistical summaries are freely available on GitHub (https://
github.com/rspengle/CrossU01_exRNA_Manuscript2017). The repository also 
includes a Packrat library with a snapshot of R package versions used.  
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Supplementary Results

Exploring protocol-specific bias correction for inter-protocol data 
normalization
The protocol-specific biases highlighted by our analysis of the equimolar synthetic 
RNA pool sequencing data represent a significant potential barrier to cross-platform 
data comparison and integration. Given that the sequence-specific bias is reproducible 
for each particular protocol across laboratories, we sought to determine whether 
between-protocol correction factors could be calculated and applied for inter-protocol 
data normalization. A detailed description of the approach for calculating these 
correction factors is provided in the online Methods section and a schematic is shown 
in Supplementary Figure 8a. Briefly, we used datasets from our equimolar synthetic 
pool generated with different protocols as training sets from which we calculated 
correction factors for each miRNA, using pairs of library preparation protocols tested 
in this study, setting one protocol as the “query” and the other as the “reference” 
(Supplementary Table 6). After applying the correction factors to the normalized read 
counts from the original query training set data, we found that the data much more 
closely approximated the reference than prior to correction (Supplementary Figure
17b-f). It is interesting that we could remove much of the sequencing bias from TruSeq 
and NEBNext abundance estimates for the synthetic pools by applying correction 
factors generated using 4N_B as a reference (Supplementary Figure 17b). We next 
applied the correction factors to our plasma sequencing datasets and found that 
the correction factors also made query plasma miRNA profiles much more similar 
to reference profiles (Supplementary Figure 18a-d). Subsequent analysis revealed 
that the improvement for individual miRNAs can be variable, including both over 
and under correction for a number of miRNAs (data not shown). More sophisticated 
computational and statistical approaches will need to be developed in the future 
to derive and apply correction factors to account for protocol-specific quantitative 
differences. The data included in this study can serve as a useful reference set for the 
development and testing of such methods.
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Supplementary Figure 1 
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Supplementary Figure 1. Examples of protocol-dependent bias in small RNA-seq.
Boxplots summarize the log2ratio of CPM measured: CPM expected (106/ 977 miRs = 1023.5 
expected) (y-axis) for the indicated sequences, for all replicate TruSeq (pink), CleanTag (green), 
NEBNext (turquoise) and all in-house 4N (purple) Equimolar Pool libraries (x-axis). The plotted 
miRNAs represent those that were found to be consistently (a) over-represented, or (b) under- 
represented, in at least one library preparation protocol. Individual points are overlaid representing 
the ratio for the individual replicate libraries. The over- and under-represented sequences plotted 
were among the 10 highest or 10 lowest-expressed, respectively, in ≥75% of TruSeq, CleanTag, 
NEBNext or in-house 4N libraries. For both panels, over- and under- represented sequences 
were determined for each protocol (i.e. TruSeq, NEBNext, CleanTag and 4N) separately. Over- 
and under- represented sequences for a particular library preparation protocol were selected 
on the basis of being among the top or bottom 10, respectively, in at least 75% of libraries for a 
given protocol.
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Supplementary Figure 2 

 

 

 

Supplementary Figure 2. Percentage of Equimolar Pool detected under different levels of 

simulated downsampling. The dot and whisker plots summarize the percent of sequences in the 

equimolar pool  detected across technical replicates for each lab and method combination, and 

are based on probability estimates of downsampling all samples to the same level. The dots and 

whiskers represent the median and range of sequences detected, respectively, where “detection” 

was defined as a probability of detection of at least 90%, as estimated using the drarefy function 

included in the R package Vegan.  Mapped reads were first filtered, as described, and then 

downsampled to six different levels–from 106.5 down to 104 at half-log intervals (indicated in the 

grey boxes above each plot). Probability plots are grouped and color-coded by library preparation 

Supplementary Figure 2. Percentage of Equimolar Pool detected under different levels of 
simulated downsampling. The dot and whisker plots summarize the percent of sequences in 
the equimolar pool detected across technical replicates for each lab and method combination, 
and  are based on probability estimates of downsampling all samples to the same level. The 
dots and whiskers represent the median and range of sequences detected, respectively, where 
“detection” was defined as a probability of detection of at least 90%, as estimated using the drarefy 
function included in the R package Vegan. Mapped reads were first filtered, as described, and then 
downsampled to six different levels–from 106.5down to 104at half-log intervals (indicated in the grey 
boxes above each plot). Probability plots are grouped and color-coded by librarypreparation method 
(Truseq – pink; CleanTag – green; NEBNext – turquoise; 4N – purple). “NA” labels indicate samples 
where all replicate libraries had fewer total miRNA-mapped read counts than the downsampling 
level indicated, and therefore, were not able to be evaluated at thatlevel.
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Supplementary Figure 3 

 

 
 

Supplementary Figure 3. Spearman correlation for the Equimolar pool libraries. Heatmap 

showing the squared Spearman rank correlation coefficients calculated pairwise between 

equimolar pool libraries, using CPM values. Rows and columns are color coded to indicate 

different labs and library preparation protocols, as well as the total library size (log2-scaled), 

after size and sequence modification filtering, as described in the text.  Hierarchical clustering for 

Supplementary Figure 3. Spearman correlation for the Equimolar pool libraries. Heatmap 
showing the squared Spearman rank correlation coefficients calculated pairwise between 
equimolar pool libraries, using CPM values. Rows and columns are color coded to indicate 
different labs and library preparation protocols, as well as the total library size (log2-scaled), after 
size and sequence modification filtering, as described in the text. Hierarchical clusteringfor rows 
and columns represents complete linkage clustering on Euclidean distances. Row and column 
labels indicate the library prep method, lab ID and replicate number.
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Supplementary Figure 4 

 

 

Supplementary Figure 4. Effects of 5’ and 3’ end nucleotide on sequence bias. Boxplots 

summarize (a) the 5’ terminal nucleotide and (b) the 3’ terminal nucleotide effects on mean 

replicate CPM  (y-axis) measured by each lab / library preparation protocol (x-axis) for 

Equimolar pool sequences considered in this study (5’ phosphorylated, length 16-25; N=977). 

Boxes are color-coded by library preparation protocol (TruSeq = pink, CleanTag = green, 

NEBNext = turquoise, 4N = purple), and shaded based on the end-nucleotide (Lightest → 

Darkest = A, C, G, U).  CPM values are plotted on a log10 scale.   

Supplementary Figure 4. Effects of 5’ and 3’ end nucleotide on sequence bias. Boxplots 
summarize (a) the 5’ terminal nucleotide and (b) the 3’ terminal nucleotide effects on mean replicate 
CPM (y-axis) measured by each lab / library preparation protocol (x-axis) forEquimolar pool 
sequences considered in this study (5’ phosphorylated, length 16-25; N=977). Boxes are color-
coded by library preparation protocol (TruSeq = pink, CleanTag = green, NEBNext = turquoise,  
4N = purple), and shaded based on the end-nucleotide (Lightest → Darkest = A, C, G, U). CPM 
values are plotted on a log10scale.
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Supplementary Figure 5. Effects of the combination of end nucleotides on sequence bias. 
Boxplots summarize the effect of every combination of 5’ and 3’ terminal nucleotides on the mean 
replicate CPM(y-axis) measured by each lab / library preparation protocol (x-axis) for Equimolar 
pool sequences considered in this study (5’ phosphorylated, length 16-25; N=977). The x-axis 
indicates the identity of the 5’ nucleotide, and the boxes are shaded based on the 3’ nucleotide 
(Lightest → Darkest = A, C, G, U). Boxes are color-coded by library preparation protocol (TruSeq 
= pink, CleanTag = green, NEBNext = turquoise, 4N = purple).
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Supplementary Figure 5 

 

 

Supplementary Figure 5. Effects of the combination of end nucleotides on sequence bias.  

Boxplots summarize the effect of every combination of 5’ and 3’ terminal nucleotides on the 
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Supplementary Figure 6 

S. Fig 6 (A) 
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Supplementary Figure 6. Effect of the GC% of the four end nucleotides on sequence bias. 
Boxplots summarize for each lab / library preparation method the mean replicate CPM obtained for 
Equimolar pool sequences (5’ phosphorylated, length 16-25. N=977) depending on the GC content 
of the (a) 5’ four end nucleotides (%GC = # sequences: 0% = 80, 25% = 339, 50% =381,
75%=164,100%=13)or(b)3’fourendnucleotides(%GC=nsequences:0%=26,25%=
250, 50% = 445, 75% = 226, 100% = 30). CPM values are plotted on a log10scale.
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S. Fig 6 (B) 

 
 

Supplementary Figure 6. Effect of the GC% of the four end nucleotides on sequence bias. 

Boxplots summarize for each lab / library preparation method the mean replicate CPM obtained 

for Equimolar pool sequences  (5’ phosphorylated, length 16-25. N=977) depending on the GC 

content of the (a) 5’ four end nucleotides (%GC = # sequences: 0% = 80, 25% = 339, 50% = 381, 

75% = 164, 100% = 13) or (b) 3’ four end nucleotides (%GC = n sequences: 0% = 26, 25% = 

250, 50% = 445, 75% = 226, 100% = 30). CPM values are plotted on a log10 scale.  

S. Fig 6 (B)
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Supplementary Figure 7. Effect of the combination of GC% of the four end nucleotides 
on sequence bias. Boxplots summarize the effect of every combination of %GC content in the 
four 5’ and 3’ end nucleotides on the mean replicate CPM (y-axis) measured by each lab / library 
preparation protocol for the Equimolar pool sequences used in the study (5’ phosphorylated, length 
16-25; N=977). The x-axis indicates the %GC content of the four 5’ end nucleotides, and the boxes 
are shaded according to the %GC content of the four 3’ end-nucleotides ( Lightest → Darkest = 0, 
25, 50, 75, 100%). Boxes are color-coded by library preparation protocol (TruSeq = pink, CleanTag 
= green, NEBNext = turquoise, 4N = purple). CPM values are plotted on a log10scale.
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Supplementary Figure 7 

 

 

Supplementary Figure 7. Effect of the combination of GC% of the four end nucleotides on 

sequence bias. Boxplots summarize the effect of  every combination of %GC content in the four 

5’ and 3’ end nucleotides on the mean replicate CPM (y-axis) measured by each lab / library 
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Supplementary Figure 8 

 

 

Supplementary Figure 8. Effect of the overall GC% on sequence bias. Scatterplots show, for 

each lab / library preparation protocol, the mean replicate CPM (y-axis) obtained for the 

Equimolar pool sequences used in this study (5’ phosphorylated, length 16-25. N=977) as a 

function of the sequence %GC content. CPM values are plotted on a log10 scale. 

 

 

Supplementary Figure 8. Effect of the overall GC% on sequence bias. Scatterplots show, for 
each lab / library preparation protocol, the mean replicate CPM (y-axis) obtained for the Equimolar 
pool sequences used in this study (5’ phosphorylated, length 16-25. N=977) as a function of the 
sequence %GC content. CPM values are plotted on a log10scale.
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Supplementary Figure 9 

 

 

Supplementary Figure 9. Effect of free energy (dG) on sequence bias. Boxplots summarize 

the effect of each sequence’s free energy (dG), binned into deciles, on the mean replicate CPM 

(y-axis) measured by each lab / library preparation protocol for the Equimolar pool sequences 

used in this study (5’ phosphorylated, length 16-25; N=977).   

 

 

Supplementary Figure 9. Effect of free energy (dG) on sequence bias. Boxplots summarize 
the effect of each sequence’s free energy (dG), binned into deciles, on the mean replicate CPM 
(y-axis) measured by each lab / library preparation protocol for the Equimolar pool sequences used 
in this study (5’ phosphorylated, length 16-25; N=977).
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Supplementary Figure 10 

 

 

Supplementary Figure 10. Effect of enthalpy (dH) on sequence bias.  Boxplots summarize the 

effect of each sequence’s enthalpy (dH), binned into deciles, on the mean replicate CPM (y-axis) 

measured by each lab / library preparation protocol for the Equimolar pool sequences used in this 

study (5’ phosphorylated, length 16-25; N=977).  

 

 

Supplementary Figure 10. Effect of enthalpy (dH) on sequence bias. Boxplots summarize the 
effect of each sequence’s enthalpy (dH), binned into deciles, on the mean replicate CPM (y-axis) 
measured by each lab / library preparation protocol for the Equimolar pool sequences used in this 
study (5’ phosphorylated, length 16-25; N=977).
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Supplementary Figure 11 

 

 

Supplementary Figure 11. Effect of entropy (dS) on sequence bias. Boxplots summarize the 

effect of each sequence’s entropy (dS), binned into deciles, on the mean replicate CPM  (y-axis) 

measured by each lab / library preparation protocol for the Equimolar pool sequences used in this 

study (5’ phosphorylated, length 16-25; N=977). 

 

 

Supplementary Figure 11. Effect of entropy (dS) on sequence bias. Boxplots summarize the 
effect of each sequence’s entropy (dS), binned into deciles, on the mean replicate CPM (y-axis) 
measured by each lab / library preparation protocol for the Equimolar pool sequences used in this 
study (5’ phosphorylated, length 16-25; N=977).
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Supplementary Figure 12 

 

 

Supplementary Figure 12. Effect of melting temperature (Tm) on sequence bias. Boxplots 

summarize the effect of melting temperature (Tm), binned into deciles, on the mean replicate 

CPM (y-axis) measured by each lab / library preparation protocol for the Equimolar pool 

sequences used in this study (5’ phosphorylated, length 16-25; N=977). 

 

 

Supplementary Figure 12. Effect of melting temperature (Tm) on sequence bias. Boxplots 
summarize the effect of melting temperature (Tm), binned into deciles, on the mean replicate CPM 
(y-axis) measured by each lab / library preparation protocol for the Equimolar pool sequences used 
in this study (5’ phosphorylated, length 16-25; N=977).
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Supplementary Figure 13 

 

 

 

Supplementary Figure 13. Differential expression analysis with synthetic ratiometric pools. 

Barplots show the fraction of miRNAs in each ratiometric subpool with significantly different 

CPM values (FDR < 0.01) measured between the SynthA and SynthB samples. The number of 

miRNAs included in each of the subpools is as follows: 1x: 34; 1.5x: 37; 2x: 37; 3x: 36; 4x: 37; 

5x: 36; 8x: 36; 10x: 37. Tests for significant differences in abundance were performed using 

three different R packages commonly used for RNA-seq differential expression analysis: 

DESeq2 (dark grey), EdgeR (medium grey), and limma/voom (light grey) (see Methods for 

details). P-values are calculated based on the default tests for each of the three algorithms: 

likelihood ratio test (EdgeR), Wald Test (DESeq2) or empirical Bayes moderated t-test (limma) 

(H0 = SynthB - SynthA = 0, FDR <= 0.01, n=4 per sample, except for TruSeq Lab8 SynthB 

where n=3). Each plot represents independent tests of differential expression for each lab + 

library prep method.  

 

 

Supplementary Figure 13. Differential expression analysis with synthetic ratiometric pools. 
Barplots show the fraction of miRNAs in each ratiometric subpool with significantly different CPM 
values (FDR < 0.01) measured between the SynthA and SynthB samples. The number of miRNAs 
included in each of the subpools is as follows: 1x: 34; 1.5x: 37; 2x: 37; 3x: 36; 4x: 37; 5x: 36; 8x: 
36; 10x: 37. Tests for significant differences in abundance were performed using three different 
R packages commonly used for RNA-seq differential expression analysis: DESeq2 (dark grey), 
EdgeR (medium grey), and limma/voom (light grey) (see Methods for details). P-values are 
calculated based on the default tests for each of the three algorithms: likelihood ratio test (EdgeR), 
Wald Test (DESeq2) or empirical Bayes moderated t-test (limma) (H0 = SynthB - SynthA = 0, 
FDR <= 0.01, n=4 per sample, except for TruSeq Lab8 SynthB where n=3). Each plot represents 
independent tests of differential expression for each lab + library prep method.
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Supplementary Figure 14 

 

 

 

Supplementary Figure 14.  Small RNA-seq accuracy in detecting differentially abundant 

miRNAs between ratiometric synthetic RNA pool samples SynthA and SynthB. Intralab 

reproducibility of CPM measurements in datasets from sequencing the SynthA and SynthB 

pools. Violin plots show the percent% Coefficient of Variation (CV) and quartile coefficient of 

Supplementary Figure 14. Small RNA-seq accuracy in detecting differentially abundant 
miRNAs between ratiometric synthetic RNA pool samples SynthA and SynthB. Intralab 
reproducibility of CPM measurements in datasets from sequencing the SynthA and SynthB pools.
Violinplotsshowthepercent%CoefficientofVariation(CV)andquartilecoefficientof dispersion (QCD) 
calculated across technical replicates of the SynthA and SynthB libraries. Plots are grouped and 
color-coded by library preparation method (Truseq – pink; CleanTag – green; NEBNext = turquoise; 
4N = purple), with SynthA and SynthB libraries shown as lighter or darker shades, respectively. 
Horizontal lines within each violin indicate the 1st, 2nd and 3rd quartiles.
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Supplementary Figure 15 

S. Fig 15 (A) 

 
 

 

 

 

S. Fig 15 (A)



101101

2

	   24	  

S. Fig 15 (B) 

 
Supplementary Figure 15. Assessment of inter-lab reproducibility in smaller subsets of 

equimolar samples. Boxplots summarize inter-lab estimates of a) CV and b) QCD calculated 

using equimolar data from all three lab combinations possible for TruSeq, NEBNext or 4N_B 

samples. The calculations were performed as in Figure 4. A boxplot for the full set of labs used 

in Figure 4 is presented as the top boxplot in each figure for comparison. The y-axis indicates 

the lab identities in each group. The boxes represent the median and IQR. Whiskers represent the 

1st/3rd quartile +/- 1.5 * IQR.  

Supplementary Figure 15. Assessment of inter-lab reproducibility in smaller subsets of 
equimolar samples. Boxplots summarize inter-lab estimates of a) CV and b) QCD calculated 
using equimolar data from all three lab combinations possible for TruSeq, NEBNext or 4N_B 
samples. The calculations were performed as in Figure 4. A boxplot for the full set of labs used in 
Figure 4 is presented as the top boxplot in each figure for comparison. The y-axis indicates  the 
lab identities in each group. The boxes represent the median and IQR. Whiskers represent the 
1st/3rdquartile +/- 1.5 *IQR.

S. Fig 15 (B)
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Supplementary Figure 16 

 

 

Supplementary Figure 16. Percent contribution of 10 highest-expressed miRNAs in the 

Plasma Pool samples. The bar plot shows the fraction of miRNA-mapping reads corresponding 

to the 10 miRNAs with the highest read counts sequenced in each sample. The y-axis shows the 

sum of the multi-mapping-scaled read counts for the top 10 mature miRNAs / sum of the multi-

mapping-scaled read counts for all mature miRNAs. The x-axis separates distinct samples, with 

each bar grouped and different shades of the same color representing different technical 

replicates. Samples are color-coded by library preparation protocol (TruSeq – pink; CleanTag – 

green; NEBNext – turquoise; 4N – purple). Technical replicates are shaded from darkest to 

lightest corresponding to replicate numbers 1 through 4.  

 

 

 

 

 

 

 

Supplementary Figure 16. Percent contribution of 10 highest-expressed miRNAs in the 
Plasma Pool samples. The bar plot shows the fraction of miRNA-mapping reads corresponding 
to the 10 miRNAs with the highest read counts sequenced in each sample. The y-axis shows 
the sum of the multi-mapping-scaled read counts for the top 10 mature miRNAs / sum of the 
multi- mapping-scaled read counts for all mature miRNAs. The x-axis separates distinct samples, 
with each bar grouped and different shades of the same color representing different technical 
replicates. Samples are color-coded by library preparation protocol (TruSeq – pink; CleanTag – 
green; NEBNext – turquoise; 4N – purple). Technical replicates are shaded from darkest to lightest 
corresponding to replicate numbers 1 through 4.
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Supplementary Figure 17 

S. Fig 17 (A) 
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S. Fig 17 (B) and (C) 
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S. Fig 17 (B, C)
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S. Fig 17 (D) 
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S. Fig 17 (E) 
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S. Fig 17 (F) 

 
 

Supplementary Figure 17. Calculation of correction factors in the Equimolar pool. (a) 

Schematic outlining the steps used to estimate correction factors. In Step 1, correction factors are 

estimated using the Equimolar Pool training set. In Step 2, the correction factors are applied to 

either the Equimolar Pool (Step 2a; middle) or to the Plasma Pool test set (Step 2b; bottom). 

Supplementary figures summarizing the results for Step 2a (Supplementary Figures 8b-f) and 

Step 2b (Supplementary Figures 8a-c) are indicated. (b) Probability density plots summarizing 

the difference in abundance estimates between an indicated protocol before correction (ORIG; 

pink) and after correction (CORR; turquoise), as compared to the indicated reference. The x-axis 

represents the mean absolute log2-fold difference between the original or corrected miRNAs and 

S. Fig 17 (F)
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Supplementary Figure 17. Calculation of correction factors in the Equimolar pool. (a) 
Schematic outlining the steps used to estimate correction factors. In Step 1, correction factors 
are estimated using the Equimolar Pool training set. In Step 2, the correction factors are applied 
to either the Equimolar Pool (Step 2a; middle) or to the Plasma Pool test set (Step 2b; bottom). 
Supplementary figures summarizing the results for Step 2a (Supplementary Figures 8b-f) and 
Step 2b (Supplementary Figures 8a-c) are indicated. (b) Probability density plots summarizing 
the difference in abundance estimates between an indicated protocol before correction (ORIG; 
pink) and after correction (CORR; turquoise), as compared to the indicated reference. The x-axis 
represents the mean absolute log2-fold difference between the original or corrected miRNAs and 
the reference. The different plots show TruSeq versus the 4N_B reference (left); TruSeq versus 
the NEBNext reference (middle), and NEBNext versus the 4N_B reference (right). For NEBNext, 
all equimolar data in this figure were from the 4 labs which followed the most similar protocol. (c) 
Violin plots showing the improvement in sequence bias in the equimolar pool samples when 4N_B 
correction factors are applied to TruSeq (left) and NEBNext (right) libraries. The y-axis indicates 
the mean log2 counts-per-million (CPM) across technical replicates. The untransformed (ORIG) 
CPM values are shaded dark (pink-TruSeq; Turquoise- NEBNext; purple-4N_B). The light pink 
and light turquoise plots show the 4N_B-corrected TruSeq and NEBNext values, respectively. (d-f) 
Heatmaps showing the abundance (quantile- normalized log2CPM) of equimolar pool sequences 
before and after correction to the indicated reference, along with the untransformed reference 
samples. Correction factors were calculated from equimolar pools to correct (d) TruSeq to 4N_B 
(e) TruSeq to NEBNext and (f) NEBNext to 4N_B. Hierarchical clustering for columns (samples) 
represents complete linkage clustering on Euclidean distances. Rows (miRNAs) are sorted by 
mean miRNA abundance calculated from the untransformed source method samples (d- TruSeq; 
e-TruSeq; f-NEBNext), in descending order. Row-wise mean log2 abundance is provided in the 
heatmaps to the left of each plot, indicating the values measured for the reference method, and the 
source method with and without correction.
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Supplementary Figure 18 

S. Fig 18 (A) 

 
 

 

 

S. Fig 18 (A)
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S. Fig 18 (B) 

 
 

 

 

 

S. Fig 18 (B)
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S. Fig 18 (C) 

 
 

 

 

S. Fig 18 (C)
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Supplementary Figure 18. Application of computational correction factors to plasma small 
RNA-seq datasets. Three plots summarizing the performance of inter-protocol bias correction 
factors calculated from the Equimolar Pool training set and applied to the Plasma Pool libraries 
are provided. Plots are shown for three sets of correction factors: (a) TruSeq to a 4N_B reference
(b) TruSeq to NEBNext reference and (c) NEBNext to a 4N_B reference. The same type of 
three summary plots are used for each comparison, and are described as follows. Top: heatmap 
showing the expression (quantile-normalized log2 CPM) of Plasma Pool sequences before and 
after correction to the indicated reference, along with those of the untransformed reference 
samples. Hierarchical clustering for columns (samples) represents complete linkage clustering 
on Euclidean distances. Rows (miRNAs) are sorted by mean miRNA abundance calculated from 
the untransformed source method samples (a-TruSeq; b-NEBNext; c-TruSeq). On the far left, 
a summary heatmap is shown, depicting the row-wise mean log2 expression for the respective 
reference plasma pool libraries, and the respective source libraries before and after correction. 
Sample IDs and annotations corresponding to plasma data before or after correction factors were 
applied are marked as “ORIG” and “CORR”, respectively. Bottom left: probability density plots 
showing the distribution of average absolute log2 fold differences in miRNA CPM between the 
indicated reference plasma libraries and the source libraries before correction (pink line) and after 
correction (turquoise line) factors were applied. Bottom right: boxplots representing the average 
absolute log2 fold difference in CPM of RNA sequences between uncorrected (dark grey) and 
corrected (light grey) source plasma data, relative to the respective reference, as observed in data 
from each lab. For each lab, the average log2 CPM was calculated for every sequence before and 
after correction, and the absolute difference was calculated from the average log2 CPM measured 
across the respective reference libraries. Wilcoxon rank-sum tests were used to test whether the 
distribution of the untransformed values versus the respective reference was significantly higher 
than that of the transformed values versus reference. P-values for each test are indicated above 
each plot. The “Aggregate” plot is a boxplot representation and test corresponding to the aggregate 
data shown in the density plot to theleft.
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Abstract

Fetal calf serum (FCS) is a common supplement of cell culture medium and a known 
source of contaminating extracellular vesicles (EV) containing RNA. Because of high 
sequence homology between non-coding RNA of mammalian species, residual FCS-
RNA in culture medium may interfere in the analysis of EV-RNA released by cultured 
cells. Recently, doubts have been raised as to whether commonly used protocols for 
depletion of FCS-EV efficiently remove FCS-RNA. Moreover, technical details in FCS-EV 
depletion protocols are known to vary between labs, which may lead to inter-study 
differences in contaminating FCS-RNA levels. Here, we investigated how technical 
modifications of EV-depletion protocols affect the efficiency with which bovine RNAs 
are depleted from FCS, and determined the contribution of contaminating bovine 
RNA to EV-RNA purified from cell cultures. Our data show differences in depletion 
efficiency between various classes of small non-coding RNA. Importantly, we 
demonstrate that variations in FCS-EV depletion protocols affect both the quantity 
and type of residual FCS-RNAs in EV-depleted medium. By using optimized FCS-EV 
depletion protocols combined with methods for high-grade purification of EV, a large 
proportion of FCS-RNA can be eliminated. However, with illustrative datasets we 
also demonstrate that the abundance of a specific RNA in cell culture EV can only be 
determined if measured relative to background levels of this RNA in medium control 
samples. These data highlight the need for optimization and validation of existing and 
novel FCS-EV depletion methods and urge for accurate descriptions of these methods 
in publications to increase experimental reproducibility.

Keywords: Fetal calf serum, extracellular vesicles, small non-coding RNA, in vitro cell culture, culture medium
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Introduction

The characterization of EV-enclosed RNA has gained enormous interest over the last 
decade, because of its involvement in cell-cell communication and potential use as 
biomarkers for disease (1–5). For analysis of the RNA content of EV released by in 
vitro cultured cells it is particularly important to deplete (EV-associated) RNAs from 
Fetal calf serum (FCS), which is a common supplement of cell culture medium and a 
known source of contaminating EV (6–9). Residual bovine small non-coding RNAs in 
FCS may be erroneously mapped to human or murine genomes due to high sequence 
homology, thereby confounding sequencing analyses of EV-RNA (10). Additionally, 
the presence of homologous FCS-derived RNAs in culture medium may affect RT-qPCR 
based quantification of RNA in EV released by cultured cells.
 RNA in serum is not only enclosed in EV but can also be associated to other 
macromolecular structures, such as ribonucleoprotein particles (RNPs) and lipoprotein 
particles. These structures overlap in size and/or density with EV and may be co-
isolated in commonly used EV isolation procedures, such as ultracentrifugation (9,11–
13). A number of studies have addressed the removal of contaminating FCS-EV and 
FCS-derived RNA by ultracentrifugation and/or ultrafiltration (7,8,10,14), and doubts 
were raised on whether these methods allow effective depletion of extracellular RNA 
from bovine serum (10). However, it is also known that technical details in FCS-EV 
depletion protocols vary between labs. It is unclear to what extent differences in FCS-
EV depletion methods introduce unwanted variation in EV-RNA data. 
 Here, we investigated technical modifications of EV depletion protocols that affect 
the efficiency with which different classes of small non-coding RNAs are depleted 
from FCS. In illustrative experiments, we furthermore determined the extent to 
which residual FCS-RNA in EV-depleted medium affects analysis of the RNA content 
of cell culture-derived EV purified by density gradient ultracentrifugation. Our data 
show that variations in FCS EV-depletion protocols influence the quantity and type 
of residual FCS-derived RNA in culture medium. Additionally we show that accurate 
analysis of small non-coding RNAs in cell culture EV requires parallel assessment of 
residual levels of these RNAs in medium control samples. 

Materials and methods

FCS-EV depletion
Fetal Calf Serum (FCS, lot BDC-12270, Bodinco, Alkmaar, the Netherlands) was left 
undiluted (100%) or was diluted with Iscove’s Modified Dulbecco’s Medium (IMDM, 
Lonza, Verviers, Belgium) to 30% or 10% (vol/vol %) (Figure 1A, top panel). (Diluted) 
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FCS was spun overnight for 15-18 hrs at 100,000 x g in a SW28 rotor (k-factor 334.2) 
or SW40 rotor (k-factor 381.5) (Beckman Coulter, Brea, CA). Supernatant was collected 
using a pipette, leaving at least 5 ml (SW28 tubes) or 1.5 ml (SW40 tubes) of fluid on 
top of the pellet. The pellet was resuspended in the residual fluid by pipetting up and 
down. This ‘pellet fraction’ contained all material that was depleted from the FCS and 
which would normally be discarded. RNA was subsequently isolated from both the 
pellet and the EV-depleted supernatant.
 For preparation of EV-depleted medium, EV-depleted supernatant (30% FCS in 
IMDM) was collected with a pipette (as described above), subsequently diluted to 10% 
FCS, and supplemented with 2 mM Ultraglutamine (Lonza, Verviers, Belgium), 100 IU/
mL penicillin and 100 µg/ml streptomycin (Gibco, Paisley, UK). Where indicated, EV-
depleted supernatant (30% FCS in IMDM) was not recovered by pipetting (as described 
above), but instead by decanting the fluid (Figure 1A, middle panel). Non-depleted 
medium was supplemented with 10% non-depleted FCS and the above mentioned 
concentrations of ultraglutamine, penicillin, and streptomycin.

Cell culture 
Human Embryonic Kidney (HEK293T) cells (adherent) and murine B-lymphoblast 
(A20) cells (non-adherent) were grown in IMDM supplemented with 10% FCS, 2 mM 
Ultraglutamine, 100 IU/mL penicillin and 100 µg/ml streptomycin. HEK293T cells 
were passaged twice a week using 0.05% trypsin/EDTA for cell detachment (Gibco, 
Paisley, UK). A20 cells were passaged twice a week by dilution in medium. For EV-
production, HEK293T cells were seeded in complete medium (36 - 45 million cells per 
batch, divided over 6 T175 flasks), and incubated for 24h to attach to the flask surface. 
Subsequently, the monolayer was washed in 1x PBS (Gibco, Paisley, UK), after which 
cells were cultured in 210 mL EV-depleted medium per batch (prepared as described 
above) for 20 h. A20 cells (56 - 79 million cells per batch, divided over 2 T75 flasks 
placed upright) were spun down, medium was removed from the pellet and cells 
were cultured in 70 mL EV-depleted medium for 20h. Confluency of HEK293T cells 
was more than 80% at harvest. Cell viability at harvest of HEK293T and A20 cells was 
determined by Trypan blue exclusion, which was above 90% for all cultures. All cells 
were maintained at 37°C and 5% CO2 in a humidified incubator.

Isolation and fluorescent labeling of EV
EV were isolated from identical volumes of cell conditioned medium and non-
conditioned control medium (Figure 1A, bottom panel) via differential centrifugation 
and density gradient ultracentrifugation as described previously (15). In brief, 
supernatants were centrifuged 2x 200 x g for 10 min, 2x 500 x g for 10 min, 1x 10,000 
x g for 30 min. Subsequently, EV were pelleted by ultracentrifugation for 65 min at 
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100,000 x g in a SW28 rotor (k-factor 334.2) (Beckman Coulter, Brea, CA). EV pellets were 
resuspended in 50 µl PBS + 0.2% BSA (depleted from protein aggregates by overnight 
ultracentrifugation at 100,000 x g), mixed with 1.5 mL 2.5 M sucrose, after which a 
linear sucrose gradient (2.0 M – 0.4 M sucrose in PBS) was layered on top of the sample. 
Gradients were centrifuged 15 – 18 h at 192,000 x g in a SW40 rotor (k-factor 144.5) 
(Beckman Coulter, Brea, CA). EV-containing gradient fractions with densities of 1.12 
– 1.18 g/ml were diluted 6 times in PBS + 0.2% EV-depleted BSA after which EV were 
pelleted at 192,000 x g for 65 min in a SW40 rotor (k-factor 144.5). For EV quantification 
by high-resolution flow cytometry, 100,000 x g EV-pellets were resuspended in 20 µl 
PBS + 0.2% BSA and labeled with 1.5 µl PKH67 (Sigma, St. Louis, MO) in 180 µl Diluent 
C per pellet. Labeled EVs were purified by sucrose density gradient centrifugation as 
described above prior to analysis by high-resolution flow cytometric analysis (see 
below). 

RNA isolation 
For RNA isolation directly from solutions (non-depleted medium, EV-depleted 
supernatants and pellet fractions from 100% / 30% / 10% FCS dilutions), the Qiagen 
miRNeasy micro Serum/Plasma protocol (Qiagen, Hilden, Germany) was used. Prior to 
RNA isolation, supernatant samples of 30% and 100% serum conditions were diluted 3x 
or 10x, respectively, to prevent potential interference of serum proteins and/or lipids 
with RNA isolation efficiency. Input volumes were 1.2 mL for non-depleted medium 
and EV-depleted FCS supernatant (with FCS concentrations equalized to 10%), and 
0.2 mL for pellet fractions. Volumes of reagents (Qiazol, chloroform and 100% ethanol) 
that are used before binding of RNA to the miRNeasy spin columns, were adjusted 
to sample volumes as recommended by the manufacturer. Each sample was loaded 
onto one miRNeasy spin column, after which regular volumes of wash buffers were 
used. Elution of each sample was done in 15 µl RNAse free water. To isolate RNA from 
density gradient purified EV pellets, the miRNeasy micro kit was used according to the 
manufacturer’s instructions without modifications (Qiagen, Hilden, Germany). RNA 
yields and size profile were assessed using the Agilent 2100 Bioanalyzer with Pico 6000 
RNA chips (Agilent Technologies, Waldbronn, Germany).

RT-qPCR and cDNA synthesis 
Equal volumes of isolated RNA were used to quantify differences in specific RNA 
transcripts between samples. cDNA was prepared using the miScript RT2 kit (Qiagen, 
Hilden, Germany). Per qPCR reaction, 2 μl of 10 times diluted cDNA template was used 
with 100 nM primers (IDT, Leuven, Belgium) and 4 µl SYBR Green Sensimix (Bioline 
Reagents Ltd., United Kingdom) in an 8 µl reaction. No-RT-controls confirmed the 
absence of genomic DNA and non-specific amplification. Cycling conditions were 
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95°C for 10 min followed by 50 cycles of 95°C for 10 s, 57°C for 30 s and 72°C for 20s. 
Subsequently, a melting curve analysis was performed.
 All PCR reactions were performed on the Bio-Rad iQ5 Multicolor Real-Time PCR 
Detection System (Bio-Rad, Hercules, CA). Quantification cycle (Cq) values were 
determined using Bio-Rad CFX software using automatic baseline settings. Thresholds 
were set in the linear phase of the amplification curve.

List of DNA oligo probes
The following primers were used in RT-qPCR, primers 1 – 7 were used in combination 
with the miScript universal reverse primer, primers 8 – 15 were used as pairs of forward 
(F) and reverse (R) primers.

nr Primer name primer sequence 5’ to 3’

1 bY4-F GTGGGTTACCAGAACTTATTAA

2 7SL-F GGAGTTCTGGGCTGTAGTGC

3 miR-451-5p-F AAACCGTTACCATTACTGAGTTT

4 miR-1246-F AAATGGATTTTTGGAGCAGG

5 U1-F CCATGATCACGAAGGTGGTTT

6 miR-122-5p-F TGGAGTGTGACAATGGTGTTTG

7 miR-148a-3p-F TCAGTGCACTACAGAACTTTGT

8 hY1-F GGCTGGTCCGAAGGTAGTGA

9 hY1-R GCAGTAGTGAGAAGGGGGGA

10 hY3-F GGCTGGTCCGAGTGCAGTGG

11 hY3-R GAAGCAGTGGGAGTGGAGAA

12 hY4-F GGCTGGTCCGATGGTAGTGG

13 hY4-R TTAGCAGTGGGGGGTTGTAT

14 5S-F TCTACGGCCATACCACCCTGA

15 5S-R GCCTACAGCACCCGGTATTCC

High resolution flow cytometric analysis of EV
PKH67-labeled EV were quantified by high resolution flow cytometric analysis 
using a BD Influx flow cytometer (BD Biosciences, San Jose, CA) with an optimized 
configuration, as previously described (15,16). In brief, we applied threshold triggering 
on fluorescent signals from PKH67-labeled EV. Forward scatter (FSC) was detected 
with a collection angle of 15-25° (reduced wide-angle (rw) FSC). Fluorescence and 
rw-FCS settings were calibrated using fluorescent 100- and 200-nm polystyrene 
beads (FluoSpheres, Invitrogen, Carlsbad, CA). Sucrose gradient fractions containing 
PKH67-labeled EV were diluted 142x (for A20-derived EVs) or 20x (for all other EV 
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measurements) in PBS and vortexed just before measurement. This dilution factor was 
sufficient to avoid ‘coincidence’ (multiple EV arriving at the measuring spot at the same 
time), thereby enabling accurate quantification of EV numbers in different conditions. 
Moreover, samples were measured below 10,000 events per second, which is far below 
the limit of the electronic pulse processing speed of the BD Influx (17).

EV-TRACK:
Written details on experimental procedures have been submitted to the EV-TRACK 
knowledgebase (EV-TRACK ID: EV180039) (18).

Results and discussion

A range of different protocols for serum EV depletion are currently in use. To deplete 
EV from FCS, it was previously recommended to dilute serum prior to overnight 
ultracentrifugation. This reduces viscosity and increase EV depletion efficiency (6,19). 
However, the effects of serum dilution on the depletion efficiency of different classes 
of (EV-associated) serum RNA have not been assessed in detail. We addressed this 
point by overnight ultracentrifugation of 100%, 30%, and 10% dilutions of FCS at 
100,000 x g, followed by RNA isolation from supernatants and pellets. For reference, 
RNA was isolated from medium prepared with FCS not depleted of EV (‘non-depleted 
medium’) (Figure 1A, top panel). As expected, overnight centrifugation at 100,000 x g 
led to accumulation of RNA in the pellets, while the amount of RNA in the EV-depleted 
supernatant was reduced compared to non-depleted medium (Figure 1B). In line with 
earlier reports, we observed that not all FCS-derived RNA was depleted by overnight 
ultracentrifugation (10). We determined the distribution of FCS-RNA over EV-depleted 
supernatant and pellet fractions for each of the dilutions (with FCS concentrations 
equalized to 10% (v/v) before RNA isolation), and observed that FCS-derived RNA 
pelleted more efficiently in diluted FCS suspensions (Figure 1C). 
 Extracellular RNA in FCS can be associated to various macromolecular structures, 
such as EV, lipoprotein particles, and RNP (11–13), which likely differ in sedimentation 
efficiency during ultracentrifugation. Moreover, the different RNA carriers in serum 
may be preferentially associated to different classes of small non-coding RNA. By using 
RT-qPCR analysis, we therefore assessed the efficiency with which various types of 
small non-coding RNA could be depleted from FCS. We selected example miRNAs that 
have been detected in multiple studies on EV-associated RNA, but which were also 
identified as potential FCS-derived contaminants by Wei et al (10). MiR-451-5p and 
miR-122-5p are mainly expressed in red blood cells and liver cells, respectively (20), 
whereas miR-148a-3p (an immune-related miRNA (21)) and miR-1246 (a fragment of 
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Figure 1. 
A)  Schematic overview of the experimental setup. Critical methodological parameters that are 

compared are indicated in red. Top panel: Suspensions of undiluted, 3.3x and 10x diluted 
FCS (100%, 30%, 10% FCS) were depleted from EV by overnight ultracentrifugation (15 – 
18h) at 100,000 x g. EV-depleted supernatant was recovered from ultracentrifugation tubes 
by pipetting. EV-depleted supernatant fractions were diluted 3x or 10x before RNA isolation to 
correct for differences in FCS concentration. RNA was additionally isolated from pellet fractions 
and non-depleted medium (containing 10% FCS). Middle panel: a suspension of diluted FCS 
(30%) was depleted from EV by overnight ultracentrifugation (15 – 18h) at 100,000 x g. EV 
depleted medium was recovered from ultracentrifugation tubes by pipetting or decanting and 
diluted 3 times before RNA isolation. RNA was isolated from EV-depleted supernatant and 
from non-depleted medium (10% FCS). Bottom panel: EV-depleted supernatant containing 30% 
FCS was used to prepare EV-depleted medium in which HEK293T and A20 cells were cultured 
20h for EV production. Identical volumes of cell conditioned EV-depleted medium or non-
conditioned EV-depleted medium were subjected to differential (ultra)centrifugation and density 
gradient centrifugation to purify cell-derived and/or residual bovine EV. RNA was isolated from 
EV-containing density fractions (1.12 – 1.18 g/ml). 

B)  Representative Bioanalyzer Pico chip electropherograms of RNA isolated from pellet and 
supernatant fractions of EV-depleted medium and from non-depleted medium. 

C)  Suspensions of 100%, 30%, or 10% FCS were depleted from EV by overnight ultracentrifugation 
(15 – 18h) at 100,000 x g. EV-depleted supernatant was recovered from ultracentrifugation tubes 
by pipetting. Supernatant fractions were diluted 3x and 10x before RNA isolation to correct for 
differences in FCS concentrations. The concentrations of RNA in supernatants and pellets were 
assessed on Bioanalyzer. Total RNA quantity in the entire ultracentrifuge tube was calculated by 
adding up the total RNA quantities in pellet and supernatant fractions, corrected for the dilution 
factor before RNA isolation. Indicated is the distribution of RNA over supernatant and pellet 
fractions for each of the FCS dilutions. Mean +/- SD of n=3 experiments, * p < 0.05 ANOVA with 
Dunnett’s one-sided post-hoc test (control condition: 100% EV-depleted supernatant). 

D)  Equal volumes of RNA isolated from EV-depleted supernatant of different FCS dilutions 
(prepared as described in (C), and RNA isolated from non-depleted medium (‘medium’) were 
used for RT-qPCR analysis of the indicated RNAs. Depletion efficiencies were calculated from 
the raw Cq values shown in (E) using the ΔΔCq method (26) relative to non-depleted medium. 
Indicated are mean log2fold change values +/- SD of n=3 experiments. Statistical differences 
were determined by ANOVA with Tukey HSD post-hoc test. * p < 0.05. No statistical differences 
were found between the depletion efficiencies in different FCS dilutions. 

E)  Raw Cq values of the RT-qPCR data shown in (D). Low Cq values mean high abundance. 
Indicated are mean values +/- SD of n=3 experiments. Statistical differences were determined 
by ANOVA with Tukey HSD post-hoc test. * p < 0.05 No statistical differences were observed 
between different FCS dilutions. 

F)  Suspensions of 30% FCS were depleted from EV by overnight ultracentrifugation (15 – 18h) 
at 100,000 x g. EV-depleted supernatants were recovered from ultracentrifugation tubes 
by decanting (‘sup decant’) or pipetting (‘sup pipette’). RNA was isolated from EV-depleted 
supernatants collected by decanting and pipetting (equilibrated to 10% FCS) and from non-
depleted medium (containing 10% FCS). Equal volumes of RNA were used for RT-qPCR analysis 
of the indicated RNAs. Log2fold change levels relative to non-depleted medium were calculated 
as in (D). Indicated are mean values +/- SD of n=3 experiments. Statistical differences were 
determined by ANOVA with Tukey HSD post-hoc test, * p < 0.05.
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snRNA U2 (22)) are expressed in a broader range of cell types. In addition to these 
miRNAs, we selected several cytoplasmic and nuclear RNAs (5S rRNA, U1 snRNA, Y-RNA, 
7SL) that have been abundantly detected in multiple studies on EV-associated RNA 
(23,24). The bovine and human sequences of these RNAs also show 100% homology. We 
compared the RNA content of EV-depleted supernatant versus non-depleted medium 
and observed striking differences in the efficiency with which each of the RNA types 
could be depleted from FCS (Figure 1D). Various members of the Y-RNA family and 
7SL were efficiently depleted, with a 100-fold reduction compared to non-depleted 
medium. Intermediate depletion efficiencies (~30-fold reduction) were achieved for 
5S rRNA, U1 snRNA and miR-451. In contrast, no significant reduction in miRNA-122 
and miR-148a was observed after EV depletion. We verified whether the calculated 
depletion efficiency was biased by differences in the abundance of transcripts before 
depletion. However, we found no correlation between the depletion efficiency 
depicted in Figure 1D and the abundance (Cq values) of transcripts before depletion 
(Figure 1E). For example, 7SL was less abundant than 5S before depletion, but was 
depleted with higher efficiency than 5S. Additionally, miR-451 and miR-1246 were 
equally abundant before depletion, but miR-451 was depleted more efficiently than 
miR-1246. This suggests that the observed differences in depletion efficiencies are 
intrinsic characteristics of the studied example RNA types (and/or the macromolecular 
structures they are associated to), and do not depend on their abundance before 
depletion. These data illustrate that the FCS-RNA depletion by ultracentrifugation 
is variable between and even within different classes of non-coding RNAs. MiRNAs 
that could not be depleted by ultracentrifugation (e.g. miR-122 and miR-451, see also 
(10)) may be predominantly associated to specific lipoprotein particles, or to subsets 
of RNP and EV that do not efficiently sediment during the centrifugation step. In 
contrast, the RNAs that efficiently sedimented (Y-RNA and 7SL) may be predominantly 
associated to larger EV and/or RNP. Although FCS dilution showed a clear effect on 
pelleting efficiency of total FCS-RNA (Figure 1C), the depletion efficiencies of the 
example RNAs, as tested by RT-qPCR, were similar for all dilutions (Figure 1D). This 
suggests that serum contains additional types of complexed RNAs with sedimentation 
properties that are yet different from those observed in our data.
 During ultracentrifugation, FCS-containing medium will concentrate into a protein-
rich, high density fluid in which EV may become trapped. We therefore tested whether 
the method used for recovery of EV-depleted supernatant after ultracentrifugation 
affected the amount of contaminant FCS-RNA carried over to the FCS-supplemented 
culture medium. Although exact steps in EV depletion protocols are often not reported 
in publications, a widely used method to collect EV-depleted supernatant is to pour off 
supernatant after centrifugation (decanting method). We compared this method with 
a more careful approach in which supernatant was pipetted off (Figure 1A, middle 
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panel). Strikingly, the depletion efficiency of several of the example non-coding RNAs 
was strongly reduced when the decanting method was used instead of the pipetting 
method (Figure 1F). Quantities of residual Y-RNA and 7SL in decanted supernatants 
even reversed to values similar to those observed in non-depleted medium (Figure 
1F). However, other non-coding RNAs, such as 5S, U1 and miR-451, were depleted with 
similar efficiencies using the two methods. MiRNA-122 and miR-148a were confirmed 
not to be depleted after overnight centrifugation. These data indicate that small 
technical details in the serum EV depletion procedure strongly affect the efficiency 
with which different types of bovine RNAs can be depleted. Subsequently, this will 
have an effect on the scale and composition of the contaminating pool of bovine RNA 
in serum-supplemented culture medium. This urges the need to accurately describe 
these depletion procedures in publications to improve the reproducibility of EV-RNA 
studies.
 The data above indicate that not all RNAs can be efficiently depleted from bovine 
serum. We aimed to assess the extent to which residual bovine RNAs affect the analysis 
of cell culture EV-associated RNA after high-grade EV purification by density gradient 
centrifugation. First, we analyzed the number of bovine EV remaining in EV-depleted FCS 
after using the most optimal protocol for EV depletion (overnight ultracentrifugation 
of 30% FCS, collect EV-depleted supernatant by pipetting method). Ultracentrifuged 
FCS or non-depleted FCS was used to prepare culture medium, after which we applied 
differential centrifugation followed by density gradient ultracentrifugation to purify 
EV from both media (Figure 1A, bottom panel). Using high resolution flow cytometry 
(15,16), we observed that the EV depletion procedure led to 90% reduction in the 
number of bovine EV in culture medium. Next, we tested to what extent residual 
bovine (EV-associated) RNA in this EV-depleted medium influenced the analysis of 
EV-associated RNA released by cells cultured in this medium. We used two cell lines 
that differed in the quantity of released EV, because the number of EV per volume of 
cell culture medium will affect the relative contribution of FCS-derived RNA to the 
total amount of EV-RNA. A20 murine B cell lymphoma cells released six times more EV 
than the HEK293T human embryonic kidney, as determined by high resolution flow 
cytometry-based EV quantification (Figure 2B). Cell culture EV fractions contained 2.5 
times (HEK293T) and 112 times (A20) more RNA than residual bovine EV present in 
equal volumes of non-conditioned medium (Figure 2C and D). Next, we used RT-qPCR 
to assess whether specific EV-associated RNAs released by the cells in culture could be 
detected above background levels of these RNAs in EV fractions of non-conditioned 
medium. From the example RNAs tested in Figure 1D-F, we excluded miR-122 and 
miR-451, which could not be detected in 293T and A20 cellular RNA (data not shown). 
Furthermore, we excluded Y4 and Y3 because Y4-RNA is only present in human and 
bovine genomes and Y3-RNA contains a number of mismatches in the murine sequence 
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compared to human and bovine genomes. The sequences of all other tested RNAs (7SL, 
5S, Y1, U1, miR-1246 and miR-148a) were identical in all species and could be analyzed 
using the same primer pairs. Due to low EV numbers in HEK293T cultures, three times 
larger volumes of HEK293T-conditioned medium compared to A20-condition medium 
were used to be able to detect the EV-associated RNAs in all conditions. Since equal 
volumes of control non-conditioned medium were analyzed in parallel, this explains 
the lower Cq values for medium EV in HEK293T experiments (Figure 2F) compared to 
A20 experiments (Figure 2E). For A20 cell cultures, the quantified levels of all tested 
RNAs in cell-derived EV by far exceeded and significantly differed from the background 
levels in corresponding medium control samples (Figure 2E). In cultures of HEK293T 
cells producing low numbers of EV, on the contrary, the differences in Cq values in 
cell-derived EV versus medium-EV were substantially smaller (Figure 2F). For 7SL, 5S, 
and snRNA U1, which are abundantly present in EV, and for miR148a, which is present 
at low abundance in both cell culture EV and FCS-derived EV, significant differences 
were observed between RNA quantities in cell-derived EV and background levels in 
medium controls. Other EV-associated RNAs in the HEK293T cell cultures, such as 
Y1 and miR1246, could not be reliably detected above medium background levels. 
Importantly, these data show that the Cq values for each of the tested RNAs not only 
differ in the cell-derived EV but also in the medium control samples. This implies that 

Figure 2. 
A)  EV-depleted medium was prepared using supernatant of ultracentrifuged solutions of 30% 

FCS. EV from equal volumes of EV-depleted and non-depleted medium were isolated by 
ultracentrifugation, fluorescently labeled with PKH67, and further purified by sucrose density 
gradient centrifugation. High-resolution flow cytometry was used to determine the number of 
PKH67-labeled EV. Indicated are the number of fluorescent EV detected in 30 seconds in 
pools of 1.12 – 1.18 g/mL sucrose fractions.

B)  HEK293T and A20 cells were grown 20h in EV-depleted medium (prepared from 30% EV-
depleted FCS). EV were isolated from equal volumes of HEK293T and A20 cell-conditioned 
supernatant, labeled with PKH67, and quantified using high-resolution flow cytometry. 
Indicated are the number of fluorescent EV in 30 seconds in pools of 1.12 – 1.18 g/mL 
sucrose fractions, normalized to the number of cultured cells to allow direct comparison of 
EV-release by both cell types. 

C-D)  HEK293T cells or A20 cells were cultured in EV-depleted medium (prepared from 30%-depleted 
FCS). EV were isolated from equal volumes of HEK293T (C) or A20 (D) conditioned medium 
and non-conditioned medium using differential centrifugation followed by sucrose density 
gradient centrifugation. RNA was isolated from EV pelleted from 1.12 – 1.18 g/mL sucrose 
fractions. Indicated are mean RNA concentrations +/- SD of n=2 (HEK293T) or n=3 (A20) 
replicates. Statistical differences were determined by independent samples t-test, * p< 0.05. 

E-F)  EV-RNA isolated from A20 (E) and HEK293T (F) conditioned medium and equal volumes 
of non-conditioned EV-depleted medium (prepared as in D) were used for analysis of the 
indicated RNAs using RT-qPCR. Indicated are mean Cq values +/- SD of n=3 replicates. 
Statistical differences were determined by independent samples t-test, * p< 0.05.
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the abundance of a specific RNA in cell culture EV can only be determined if measured 
relative to background levels of this RNA in medium control samples. 
 In conclusion, we show that optimization of FCS-EV depletion protocols and high-
grade EV purification eliminates a large proportion of FCS-derived background RNA. 
Currently used sources of EV-depleted FCS include commercially available ‘exosome-
depleted FBS’ and FCS depleted from EV by individual researchers using different 
ultracentrifugation protocols or alternative methods (14). For each of these protocols, 
it is necessary to identify technical parameters affecting the depletion efficiency of 
RNA from FCS. In addition, our data indicate that the reliability with which conserved 
RNAs in cell culture EV can be detected over background levels in culture medium 
depends on a number of different factors: 1) the quantity of EV released by the cultured 
cells; 2) the abundance of this RNA in these EV; and 3) the amount of this RNA that 
remains present in FCS-EV-depleted culture medium. Parallel processing and analysis 
of medium control samples is therefore essential to accurately assess the RNA content 
of cell culture EV. Finally, our data further underscore the importance of developing 
and implementing guidelines (25) for dealing with FCS-derived background RNA in 
EV-RNA research, and urge for accurate reporting of technical details of depletion 
procedures to increase experimental reproducibility (18). 
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Abstract 

The release and uptake of nano-sized Extracellular Vesicles (EV) is a highly conserved 
means of intercellular communication. The molecular composition of EV, and 
thereby their signaling function to target cells, is regulated by cellular activation and 
differentiation stimuli. EV are regarded as snapshots of cells and are therefore in the 
limelight as biomarkers for disease. Although research on EV-associated RNA has 
predominantly focused on microRNAs, the transcriptome of EV consists of multiple 
classes of small non-coding RNAs with potential gene regulatory functions. It is not 
known whether environmental cues imposed on cells induce specific changes in a broad 
range of EV-associated RNA classes. Here, we investigated whether immune-activating 
or -suppressing stimuli imposed on primary dendritic cells affected the release of 
various small non-coding RNAs via EV. The small RNA transcriptomes of highly pure EV 
populations free from ribonucleoprotein particles were analyzed by RNA sequencing 
and RT-qPCR. Immune stimulus-specific changes were found in the miRNA, snoRNA and 
Y-RNA content of EV from dendritic cells, whereas tRNA and snRNA levels were much 
less affected. Only part of the changes in EV-RNA content reflected changes in cellular 
RNA, which urges caution in interpreting EV as snapshots of cells. By comprehensive 
analysis of RNA obtained from highly purified EV we demonstrate that multiple RNA 
classes contribute to genetic messages conveyed via EV. The identification of multiple 
RNA classes that display cell stimulation-dependent association with EV is the prelude 
to unraveling the function and biomarker potential of these EV-RNAs.

Abbreviations
BSA:  Bovine Serum Albumin 

DC:   Dendritic Cell 

EV:   Extracellular Vesicles 

LPS:  Lipopolysaccharide 

miRNA/miR:  microRNA 

miscRNA:  miscellaneous RNA 

ncRNA :  non-coding RNA 

RNP:  Ribonucleoprotein (complex) 

rRNA:  ribosomal RNA 

snRNA:   small nuclear RNA 

snoRNA:   small nucleolar RNA 

TLR:  Toll-like Receptor 

tRNA:   transfer RNA

Key words: Immune activation, immune suppression, small RNA sequencing, biomarker, extracellular RNA 



133

4

Introduction

Extracellular vesicles (EV) released by cells are considered as important mediators 
of intercellular communication [1, 2]. These 50 – 1000 nm sized vesicles are 
released by a broad range of cells and have been detected in a wide range of body 
fluids, such as milk, plasma, urine, and semen [1, 3]. The collective term ‘EV’ refers 
to a heterogeneous population of secreted vesicles that are formed via different 
pathways. Exosomes are formed as intraluminal vesicles (ILVs) inside multi-vesicular 
endosomes (MVE) and are released upon fusion of the MVE with the plasma 
membrane, whereas microvesicles  directly bud off from the plasma membrane [1]. 
These vesicle populations overlap in size and molecular composition, which currently 
hampers their discrimination based on biophysical or biochemical parameters [4–6].  
 EV are multi-component entities that transfer proteins, lipids and RNA between 
cells. The RNA associated with EV mainly consists of small non-coding RNA species 
(ncRNA), which are thought to be of major importance in altering molecular processes 
in the recipient cell [3, 4, 7, 8]. Additionally, the RNA composition of EV can give 
information about the (patho)physiological status of the EV-producing cell. Since EV 
can be easily obtained from body fluids, such EV-associated RNAs may be used as non-
invasive biomarkers for early detection of disease [9, 10]. The molecular composition 
of EV is often assumed to be a ‘snapshot’ of the producing cell, from which the tissue 
type or mutational status of the parental cell can be deduced [9, 11, 12]. 
 Although the EV-RNA field receives major attention, with quickly rising numbers 
of publications on this topic, the technical difficulties to obtain pure EV remain 
underexposed. It is important to note that a substantial amount of extracellular 
RNA is not contained in EV, but is associated to ribonucleoprotein particles (RNPs), 
including Argonaute 2 (AGO2), or lipoprotein complexes [13–15]. These contaminating 
structures have been shown to co-isolate together with EV via commonly used 
isolation procedures, and may therefore greatly affect the outcomes of experiments 
[4, 5, 16]. The currently most reliable method to obtain pure EVs is by high-speed 
ultracentrifugation followed by density centrifugation in which EV are separated from 
contaminating structures based on differences in buoyant density [16]. Subsequently, 
analyzing the presence of common EV markers (such as CD9, CD63 and CD81) and 
absence of contaminant proteins should be performed to assess the purity of EV 
preparations used in the study [17, 18].
 MiRNAs are the most intensely studied type of small RNA in EV, likely due to the 
interest in gene-regulatory functions of these RNAs [19–21]. It has been shown that 
changes in the activation status of the EV-producing cell lead to changes in the EV-
miRNA composition [22–24]. Moreover, miRNAs in EV were shown to be functionally 
transferred between cells, leading to repression of genes in target cells [25, 26]. 
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It is therefore thought that differences in the miRNA content of EV underlie distinct 
functional effects of EV released by differentially stimulated cells [22–24]. Additionally, 
changes in EV-miRNA levels in plasma or serum have been associated with diseases such 
as cancer, rheumatoid arthritis and Alzheimer’s disease [27–29].
 Despite the interest in miRNAs, a larger part of EV-associated RNA consists of other 
ncRNA classes. We and others previously showed that EV released by cultured cells and 
EV present in a variety of body fluids contain many other small non-coding RNA species 
(20 – 300 nt), such as tRNA, snoRNA, snRNA, Y-RNA, Vault RNA and SRP-RNA (also named 
7SL) [23, 30–35]. Some of these non-coding RNAs are relatively enriched in EV, suggesting 
that these RNAs are specifically shuttled into EV for release into the extracellular milieu. 
Inside cells, the above-mentioned non-coding RNAs are known to play a role in basic 
cellular processes such as translation, RNA splicing, and RNA quality surveillance. Recent 
studies showed that full-length and fragmented forms of these non-coding RNAs can 
additionally be involved in other processes including immunological signaling, gene 
regulation, and guiding of other RNAs and nucleases [36–41]. However, it is not known 
whether activation stimuli imposed on the EV-producing cell affect the levels of these 
ncRNA classes in EV, similar to EV-associated miRNAs. Evaluation of cell-stimulation-
dependent changes in EV-associated ncRNA classes is a first step in uncovering their 
function in EV-mediated signaling processes and their potential as biomarkers indicative 
of the activation status of cells.
 Here, we studied how changes in the activation/differentiation status of the parental 
cell affect the small non-coding RNA content of EV by employing a primary immune 
cell model, two different types of cell stimulation, and methods yielding highly pure 
EV populations. For our analysis we used primary dendritic cells (DC), which are master 
regulators of immune responses and have been shown to communicate with various 
other immune cells via EV [2, 8, 42]. Additionally, the use of DC-derived EV has been 
proposed as a strategy for cancer  immune(chemo)therapy [43–46].  Depending on 
external stimuli, DC can be differentiated into functionally different phenotypes that 
either activate or down-regulate immune responses [47]. These DC therefore present 
a suitable model to investigate how different external stimuli affect incorporation of a 
broad range of RNA classes into EV. We compared cellular and EV-associated RNA levels 
in control, immune-stimulating, or immune-suppressing DC conditions by using RNA 
deep sequencing and RT-qPCR. Our data indicate that differentiation signals imposed on 
dendritic cells affect the EV-associated levels of particular RNA classes, such as miRNA, 
snoRNA and Y-RNA, while other non-coding RNA types remain largely unchanged. 
Moreover, only a minor part of the stimulation-induced changes in EV-RNA content 
reflect changes in cellular RNA levels. This study exemplifies how comprehensive analysis 
of RNA obtained from highly purified EV yields candidate small ncRNAs beyond miRNAs 
for further exploration as biomarkers or functional entities within EV.
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Materials and methods

Cell culture
Complete culture medium was prepared by supplementing Iscove’s Modified 
Dulbecco’s Medium (IMDM, Lonza, Verviers, Belgium) with 2 mM Ultraglutamine 
(Lonza, Verviers, Belgium), 10% fetal calf serum (FCS, GE Healthcare Bio-Sciences, 
Pasching, Austria) 100 IU/mL penicillin and 100 μg/ml streptomycin (Gibco, Paisley, 
United Kingdom), 50 µM β-mercaptoethanol. The GM-CSF producing NIH 3T3 cells (R1) 
was grown in complete medium. Primary bone marrow cells were grown in complete 
medium supplemented with 30% conditioned medium from R1 cells. To prepare EV-
depleted medium, a mixture of 150 mL conditioned R1 culture supernatant and 42.5 
mL FCS  (end concentration 30% FCS) was depleted of EV by overnight centrifugation 
at 100,000g in a SW28 rotor (k-factor 334.2) (Beckman Coulter, Brea, CA). The EV-
depleted supernatant was carefully pipetted from the tubes, leaving 5 mL in the 
tubes to prevent disturbance of the pellet. This supernatant was filtered through 
a 0.22 μm bottle top filter (Millipore, Billerica, MA) after which additional IMDM, 
Ultraglutamine, antibiotics and β-mercaptoethanol were added to prepare complete 
medium as indicated above. The efficiency of EV depletion from culture medium, as 
regularly assessed by high-resolution flow cytometric analysis, is on average ~ 90%.  
Primary bone marrow cells were flushed from the femur and tibia of 8 – 12 week 
old C57bl/6 mice and differentiated to dendritic cells according to Lutz et al [48]. To 
generate tolerogenic DC, cells were treated from day 2 onward with 10 nM 1α,25-
dihydroxyvitaminD3 (Sigma, St Louis, MO). To generate immunogenic DC, 1 µg/mL 
lipopolysaccharide (LPS, cat. L-2630, Sigma, St. Louis, MO) was added on day 12. On 
day 13, non-adherent and semi-adherent cells were recovered and cultured at 3 x106 
cells/dish for 20 hours in EV-depleted culture medium. Cell viability, as determined 
by Trypan blue exclusion, did not differ between treatments and was above 90% for 
all cultures. All cells were maintained at 37°C and 5% CO2 in a humidified incubator. 
Experiments were approved by the institutional ethical animal committee at Utrecht 
University (Utrecht, The Netherlands).

Flow cytometry
Day 12 bone marrow DC (BMDC) were collected and labeled for 30 minutes in PBS + 
1% BSA (Bovine Serum Albumin, cat. K45-001, GE Healthcare Bio-Sciences, Pasching, 
Austria) containing anti-CD11c-APC (eBioscience, clone N418, 1 : 400), anti-MHCII-
FITC (eBioscience, clone M5/114.15.2, 1 : 1500), and anti-CD40-PE (BD Biosciences, 
clone 3/23, 1 : 200), or anti-CD86-PE (eBioscience, clone GL1, 1 : 200) or anti-CD274-PE 
(PD-L1, eBioscience, clone M1H5, 1 : 400). As control, corresponding isotype control 
antibodies (eBioscience, San Diego, CA) were used. Surface labeling was analyzed 
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using a FACS Calibur Flow Cytometer (BD Biosciences, San Jose, CA). Data analysis was 
performed using FCS Express V3 (DeNovo Software, Glendale, CA).

Fluorescent labeling and purification of EV
Conditioned cell supernatants were pooled to volumes of 100 – 140 ml per condition 
and were subjected to differential centrifugation as described previously [49]. In 
brief: supernatant was sequentially centrifuged 2x 200g for 10 min, 2x 500g for 10 
min, 1x 10,000g for 30 min. Next, EV were pelleted by ultracentrifugation at 100,000g 
for 65 min using an SW28 rotor (k-factor 334.2) (Beckman Coulter, Brea, CA). For EV 
quantification by high-resolution flow cytometry, pellets were resuspended in 20 µl 
PBS + 0.2% BSA (cleared from aggregates by overnight ultracentrifugation at 100,000g) 
and labeled with 1.5 µl PKH67 (Sigma, St. Louis, MO) in 100 µl Diluent C per pellet. For 
EV-RNA isolation, 100,000g pellets were resuspended in 50 µl PBS + 0,2% BSA. PKH67-
labeled samples or samples for RNA isolation were mixed with 1.5 mL 2.5 M sucrose, 
and overlaid with a linear sucrose gradient (2.0 M – 0.4 M sucrose in PBS). Gradients 
were centrifuged 15 – 18 h at 192,000g in a SW40 rotor (k-factor 144.5) (Beckman 
Coulter, Brea, CA). PKH67-labeled EV were used for high-resolution flow cytometric 
analysis (see below). Alternatively, the fractions with densities of 1.12 – 1.18 g/ml (as 
measured by refractometry) were pooled, diluted 6 times in PBS + 0.2% EV-depleted 
BSA and centrifuged again at 192,000g for 65 min in a SW40 rotor (k-factor 144.5) prior 
to EV-RNA isolation.

RNA isolation
Small RNA was isolated from EV pellets and from 1x106 cells using the miRNeasy Micro 
kit according to the small RNA enrichment protocol provided by the manufacturer 
(Qiagen, Hilden, Germany). RNA yield and size profile were assessed using the Agilent 
2100 Bioanalyzer with Pico 6000 RNA chips (Agilent Technologies, Waldbronn, 
Germany).

Preparation of small RNA sequencing libraries 
50 ng cellular small RNA and 2 ng EV-derived small RNA was treated with DNase 
(Turbo DNA-free kit (Life Technologies, Carlsbad, CA)) according to the manufacturer’s 
instructions. The DNase-treated RNA was pelleted using Pellet Paint (Merck, Darmstadt, 
Germany) according to manufacturer’s instructions, reconstituted in milliQ (MQ) and 
subsequently subjected to ribosomal RNA depletion using RiboZero Gold kit (Human/
Mouse/Rat) (Illumina, San Diego, CA) according to manufacturer’s instructions. This is 
required to deplete residual rRNA from cellular RNA samples and for comparability we 
subjected EV-RNA samples to the same procedure. Hereafter, RNA was pelleted with 
Pellet Paint and reconstituted into 6 µl MQ. cDNA libraries were prepared using the 



137

4

NebNext smallRNA library prep kit for Illumina (New England Biolabs, Ipswich, MA), 
according to the manufacturer’s instructions but with the following adaptations: 3’ 
adapter ligation was carried out overnight at 16°C; PCR amplification was done using 
Kapa HiFi Readymix 2x PCR mastermix (Kapa Biosystems, Wilmington, MA) using 
barcoded primers and the following PCR programme: 2 min at 95°C, 15 cycles of 20 
sec at 98°C, 30 sec at 62°C, 15 sec at 70°C, and a final elongation step of 5 min at 70°C. 
cDNA was purified using magnetic AMPure XP beads (Beckman Coulter, Brea, CA) 
and quantified using Agilent 2100 Bioanalyzer and DNA HiSensitivity chips (Agilent 
Technologies, Waldbronn, Germany). Adapter dimers (126 nt in size) were removed 
by running the cDNA on 6% TBE gels (Life Technologies, Carlsbad, CA) for 60 min at 
145V, after which cDNA products of 15 - 300 nt (+ 126 nt adapters) were cut from the 
gel and purified. Subsequently, all libraries were pooled at equimolar ratios and run 
on a 4%-12% TBE gel (Life Technologies, Carlsbad, CA). Size fractions of 15 – 25 nt 
(includes miRNAs), 25 – 60 nt, 60 - 80 nt (includes tRNAs), and 80 – 275 nt (each + 126 
nt adapters) were cut from the gel, purified and pooled in a volumetric ratio of 2 : 2 : 
3 : 3. Sequencing was done using 150 bp paired-end reads on an Illumina HiSeq 4000 
machine (Illumina, San Diego, CA) at ServiceXS (Leiden, The Netherlands).

RNAseq data analysis
All data was processed as paired-end reads. Data quality was checked with FastQC 
and reads were processed with cutadapt (version 1.8) to remove low quality reads, 
clip the reads to 100 bp, remove adapter sequences. Sequences with a minimal length 
of 17 bp after adapter trimming were retained to ensure high quality reads (cutadapt 
-q 30 -u -51 -U -51 -n1 --minimum-length 17 -a AGATCGGAAGAGCACACGTCTGAAC -A 
GATCGTCGGACTGTAGAACTCTGAA). Reads were mapped to the mouse genome mm10 
using gsnap (v2014-12-23; gsnap --novelsplicing 1 --npaths 3 --format sam). Count 
tables were prepared using Htseq (v 0.6.1p1; htseq-count --minaqual 0 --format bam 
--order pos --stranded yes). For miRNA count tables miRbase v20 annotation was used. 
Gene annotation for snoRNA, snRNA, miscRNA were retrieved from Biomart (Ensembl 
84). tRNA and rRNA chromosomal positions were retrieved from the UCSC mm10 
repeat mask track. Reproducibility of triplicate experiments (performed on different 
days) was assessed by evaluating Pearson correlation values (after logarithmic 
transformation of the small RNA counts). 
 Differential abundance was determined separately for each ncRNA class, and 
separately for EV and cells, using the edgeR package in R [50]. Data were normalized 
using the TMM method (weighted trimmed mean of M-values). Estimating the 
common, trended (over expression values) and tagwise dispersion, a generalized 
linear model, containing the effect of cell stimulation and the effect of the day-to-day 
variation between triplicate experiments, was fit. The loglikelihood ratio test was used 
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to evaluate differential expression between treatments relative to control. P-values 
were adjusted for multiple testing using Benjamini and Hochberg’s false discovery 
rate (FDR). Average fold-change over three independent experiments and standard 
deviation were plotted. Analysis of RNA fragments was done using the UCSC genome 
browser and Integrated Genome Viewer [51].

Quantitative real-time PCR
cDNA was generated from cellular or EV-derived small RNA using the miScript RT2 kit 
(Qiagen, Hilden, Germany). An equivalent of 20 pg RNA was used per qPCR reaction 
and mixed with 100 nM primers (Isogen Life Sciences, De Meern, The Netherlands) 
and 4 µl SYBR Green Sensimix (Bioline Reagents Ltd., United Kingdom) in an 8 µl 
reaction. No-RT-controls confirmed the absence of genomic DNA and non-specific 
amplification.
 Cycling conditions were 95°C for 10 min followed by 50 cycles of 95°C for 10 s, 
57°C for 30 s and 72°C for 20s. All PCR reactions were performed on the Bio-Rad iQ5 
Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Quantification 
cycle (Cq) values were determined using Bio-Rad CFX software using automatic 
baseline settings. Thresholds were set in the linear phase of the amplification curve.

High resolution flow cytometric analysis of EV
High resolution flow cytometric analysis of PKH67-labeled EV was performed 
using a BD Influx flow cytometer (BD Biosciences, San Jose, CA) with an optimized 
configuration, as previously described [49, 52]. In brief, we applied threshold 
triggering on fluorescence derived from PKH67-labeled EV passing the first laser. 
Forward scatter (FSC) was detected with a collection angle of 15-25° (reduced wide-
angle FSC). Fluorescent 100- and 200-nm polystyrene beads (FluoSpheres, Invitrogen, 
Carlsbad, CA) were used to calibrate the fluorescence and rw-FSC settings. Sucrose 
gradient fractions containing PKH67-labeled EV were diluted 25x in PBS and vortexed 
just before measurement. This dilution factor was sufficient to avoid ‘coincidence’ 
(multiple EV arriving at the measuring spot at the same time), thereby allowing 
accurate quantitative comparison of EV numbers in different conditions. Moreover, 
samples were measured at maximally 10,000 events per second, which is far below the 
limit in the electronic pulse processing speed of the BD Influx [53].

Western blotting
Cell pellets were lysed in PBS + 1% Nonidet-P40 with protein inhibitor cocktail (Roche, 
Basel, Switzerland) for 15 minutes on ice. Nuclei were spun down at 16,000g for 15 min 
at 4°C, supernatant was used for Western blotting. Cell lysates and EV were denatured in 
SDS-sample buffer at 100°C for 3 min, separated using 12% SDS-PAGE gels, after which 
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proteins were transferred onto Immobilon-P 0.45 μm PVDF membranes (Millipore, 
Cork, Ireland). After blocking for 1 – 2h in blocking buffer (0.5% Cold Fish Skin Gelatin 
(Sigma-Aldrich, St. Louis, CA) in PBS + 0.05% Tween-20), blots were incubated overnight 
at 4°C with primary antibodies (anti-mouse-CD9 (eBioscience, clone KMC8, 1: 1000), 
anti-mouse-CD63 (MBL, clone D263-3, 1 : 1000), anti-mouse-Galectin-3 (eBioscience, 
clone M3/38, 1 : 500), anti-MHCII-p55 (GenScript, Piscataway, NJ, custom Ab raised 
against MHCII bèta chain peptide sequence RSQKGPRGPPPAGLLQC, 1 : 5000), or anti-
mouse-beta-actin (ThermoScientific, polyclonal PA1-16889, 1 : 5000)) in blocking 
buffer, washed and incubated for 1 - 2h with HRP-coupled secondary antibodies (Dako, 
cat P0450 and P0448, 1 : 5000). ECL solution (ThermoScientific, SuperSignal West 
Dura Extended Duration Substrate, cat. 34075) was used for detection on a Chemidoc 
imager (BioRad, Hercules, CA). Images were analyzed by Image Lab software (BioRad, 
Hercules, CA).

Nanoparticle Tracking Analysis (NTA)
EV purified by density gradient ultracentrifugation as described above were 
resuspended in 50 µl PBS + 0.4% EV-depleted BSA. Samples were diluted 20 times 
in PBS (confirmed to be particle-free when analysed with same settings as used for 
the EV samples) before measurement on a Nanosight NS500 instrument (Malvern, 
Worchestershire, United Kingdom). Data acquisition and processing were performed 
using NTA software 3.1. Each sample was recorded for 5 times 30 seconds, 25 frames 
per second, camera level 14, detection threshold 5. 

Electron microscopy
EV and RNP were separated by density gradient centrifugation as described above, 
and resuspended in 15 µl PBS. 3 µl aliquot of either EV or RNP were added on top 
of carbon-coated 300 mesh, copper grids and incubated for 2 minutes at room 
temperature. The grids were then washed two times in 50 ul PBS and stained with 2% 
uranyl acetate. Imaging was performed on a T20 electron microscope (FEI) operated at 
200 keV. Images were recorded on a CCD Eagle camera (FEI).

Northern blotting
Cellular or EV-derived small RNA (between 100 ng – 1 ng per lane, as indicated) was 
denatured in gel loading buffer II (Invitrogen) for 2 min at 70°C and snap-cooled on 
ice before loading on a denaturing 15% PAGE gel (National Diagnostics, Nottingham, 
United Kingdom) as described previously[54]. RNA was transferred onto a Hybond-N 
Nylon membrane (Amersham Pharmacia Biotech, GE Healthcare Bio-Sciences, 
Pasching, Austria) and chemically crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodimide (Sigma) at 55°C for 2 hours [55]. 32P-labeled DNA oligo probes perfectly 
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complementary to each RNA species were hybridized overnight at 42°C in PerfectHyb 
(Sigma) solution. Blots were analyzed by phosphorimaging using a Typhoon Scanner 
(GE Healthcare).

List of DNA oligo probes
RT-qPCR probes: 
The following forward primers were used in RT-qPCR (5’ to 3’) in combination with 
the miScript universal reverse primer. 
miR-146a-5p:   TGA GAA CTG AAT TCC ATG GGT 
miR-155-5p:  GGG TTA ATG CTA ATT GTG ATA G 
miR-9-5p:  GGG TCT TTG GTT ATC TAG C 
miR-10a-5p:  TAC CCT GTA GAT CCG AAT TTG TG 
miR-27b-3p:  TTC ACA GTG GCT AAG TTC TGC 
miR-378-5p:  ACT GGA CTT GGA GTC AGA AG 
mY1:   GTT ATC TCA ATT GAT TGT TCA CAG TC 
mY3:   GGC TGG TCC GAG TGC AGT GG 
RNU1:   CCATGATCACGAAGGTGGTTT 
RNU6:   CTCGCTTCGGCAGCACA 
snord65:   TAGTGGTGAGCCTATGGTTTT 
snord68:   AGTACTTTTGAACCCTTTTCCA 
Northern oligo’s 
Y1_5p:    TTG AGA TAA CTC ACT ACC TTC GGA CCA GCC 
Y1_3p:    GTC AAG TGC AGT AGT GAG AAG 
5’-tRNA-Glu_CTC :  CCG AAT CCT AAC CAC TAG ACC ACC AG 
5’-tRNA-Gly_GTT:  GCA TTG GTG GTT CAG TGG TAG AAT TCT CGC C 
 
Statistical analyses
Differences between the numbers of EV released by LPS- and VitD3-stimulated DC 
versus control DC were analyzed by one-way ANOVA with Dunnett’s 2-sided post-hoc 
test. Similar statistical testing was performed on differences in RNA yield. Differences 
in RNA biotypes in EV and cells were analyzed by two-tailed t-test. Differences in 
fold-changes of individual RNAs as measured in RT-qPCR were analyzed by one-way 
ANOVA. Significance was defined as p < 0.05. Statistical tests on data not derived from 
RNA sequencing were done in SPSS (v24, IBM). 

Availability of data and materials:
Raw data and count tables are deposited in the GEO database under accession number 
GSE105151. Written details on experimental procedures have been submitted to the 
EV-TRACK knowledgebase (EV-TRACK ID: EV170030) [5].
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Results

Functionally distinct subsets of mouse bone marrow-derived DCs were generated 
by exposure of cells to LPS, thereby inducing immune-stimulatory DC (LPS-DC), or 
to 1α,25-dihydroxyvitaminD3, thereby inducing immune-suppressive DC (VitD3-DC) 
[56]. Untreated DC were used as control cells. The different DC subtypes displayed the 
expected differences in expression of the activation markers, with LPS-DC showing 
increased levels of MHC class II and CD86 expression, while VitD3-DC showed increased 
PD-L1/CD86 ratios [57] and resistance to LPS activation [58] (Supplementary Figure 
1A-F). We isolated EV from cell culture supernatant of LPS-DC, VitD3-DC and control 
DC using differential (ultra)centrifugation followed by density gradient separation, as 
previously published by our group (Supplementary Figure 2A and [52]). Transmission 
electron microscopic analysis indicated that low density fractions contained 100-
150 nm sized EV, whereas no EV were observed in high density fractions enriched 
in protein complexes (Supplementary Figure 2B). Our in-house developed high-
resolution flow cytometric method was used for high-throughput EV analysis at the 
single particle level [49, 52]. The light scatter patterns induced by EV from differently 
stimulated DC were highly similar (Supplementary Figure 2C). However, we detected 
differences in the number of released EV, with LPS-DC releasing more, and VitD3-DC 
releasing less EV than non-treated control DC (Fig. 1A). These quantitative differences 
were confirmed by Nanoparticle Tracking Analysis (NTA) (Supplementary Figure 2D). 
In addition, the NTA data indicated that the majority of EV observed in all conditions 
were in the 100-200 nm size range. Western blot analysis showed that the DC-derived 
EV contained variable levels of common EV proteins such as CD9, MHCII, CD63, and 
Galectin-3 [59], whereas abundant cellular proteins such as beta-actin were not 
detected (Supplementary Figure 2E). These data demonstrate that VitD3 and LPS 
treatment of DC differentially affect the number and protein content of EV released 
by these cells.
 Next, we analyzed how LPS- or VitD3 treatment of DC affected the RNA content 
of EV released by these cells. It is important to note that extracellular RNA can be 
associated to either EV or nucleoprotein complexes, which may sediment at similar 
centrifugal force [4]. Using density gradient-based purification, we separated EV from 
contaminating nucleoprotein complexes. Depending on the differentiation status of 
the parental DC, the EV-free nucleoprotein fraction contained between 26% and 55% 
of total extracellular RNA released from cells (Supplementary Figure 2F-G). The total 
amount of EV-associated RNA released by equal numbers of control, LPS- and VitD3-
treated DC was different and reflected the differences in EV numbers (Figure 1A, B). 
To assess whether DC stimulation altered the RNA composition of EV, we prepared 
sequencing libraries of EV-associated and cellular small RNA from control-, LPS-, and 
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VitD3-DC cultures (n=3 biological replicates). Sequencing libraries were prepared 
using an adapter-ligation based method routinely used in miRNA profiling [60]. 
Such a method has been frequently applied in studies to demonstrate the presence 
of miRNA and other small non-coding RNA types in EV (e.g.[23, 24, 31, 32, 61]). All 
libraries contained RNAs with lengths ranging between 20 and 300 nucleotides. Since 
short RNA molecules have a selective advantage during PCR amplification and pre-
amplification on the sequencing flow-cell, leading to an apparent over-representation 
of short read lengths, we enriched the libraries for longer RNAs to ensure sufficient 
coverage of these sequences. To this end, cellular and EV-associated cDNA libraries 
were split into different size fractions of 15 – 25 nt (includes miRNAs), 25 – 60 nt, 
60 - 80 nt (includes tRNAs), and 80 – 275 nt. Subsequently, we enriched for longer 
RNA molecules by pooling these size fractions in a volumetric ratio of 2 : 2 : 3 : 3 (for 
details, see Materials & Methods). This indeed resulted in better coverage of 100-300 
nt mid-size RNAs, such as full-length Vault RNA (142 nt) (Supplementary Figure 3). 
More than 13 million reads were obtained for each library (Supplementary Table 1). 
Pearson coefficients for biological replicate samples were ≥ 0.85 for EV, and ≥ 0.95 for 
cells (Supplementary Figure 4). As expected based on previous studies [23, 30–32, 
34], we detected the presence of various small RNA classes in EV (miRNA, snoRNA, 
snRNA, tRNA, miscRNA and rRNA). Some RNA types were enriched in EV, such as Y-RNA, 
Vault RNA and 7SL RNA classified as ‘miscRNA’, while other RNA types, such as snoRNA, 
were relatively less abundant in EV compared to cells (Figure 2). Since we depleted 
ribosomal RNA before preparation of the sequencing libraries, apparent enrichment of 
rRNA in EV is probably caused by differences in depletion efficiency between cells and 
EV. MiRNA and snRNA abundance was similar between cells and EV. The percentage of 
reads per RNA class between LPS-, VitD3-, or control cells and EV did not show major 
differences as a result of cell stimulation (Supplementary Figure 5A - B).
 Next, we assessed whether, within each of the different classes, the levels of 
individual RNAs in EV changed as a result of cell stimulation. Hereto, read counts were 
normalized per RNA class, after which the fold changes in reads per million (RPM) of 
individual RNAs in LPS or VitD3 over control conditions were calculated. The scatter 
plots in Figure 3A - E display the log-fold changes induced by LPS versus VitD3 
treatment for the indicated RNA classes (dashed lines correspond to a log2fold change 
of 1). Dot size indicates the average (n=3) abundance of a transcript in EV and RNAs 
with non-adjusted p < 0.05 are highlighted in black. The scatter plots of these data 
indicated that LPS- and VitD3-treatment affected the levels of miRNA, snoRNA, snRNA 
and miscRNA in EV (Figure 3A - E). Some of the stimulation-induced changes were 
similar for LPS and VitD3 conditions, while other RNAs show opposing alterations, or 
change only in one of the stimulation conditions.
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Figure 1. LPS- and VitD3-stimulated DCs release different numbers of extracellular vesicles. 
A) EV derived from equal numbers of control, LPS- and VitD3 treated DC were fluorescently 
labeled using PKH67, separated from RNPs and free dye by sucrose density centrifugation, 
and quantified by high-resolution flow cytometry. Indicated are the number of fluorescent events 
detected in 30 seconds, normalized to the control condition (mean +/- s.d. of n=3 independent 
experiments, one-way ANOVA with Dunnett’s 2-sided post-hoc test, * p < 0.05. B) Bioanalyzer-
based quantification of RNA isolated from EV derived from equal numbers of cells purified by 
density gradient centrifugation. Small RNA yields were normalized to the control DC condition. 
Indicated are the mean +/- s.d. values of n=4 independent experiments (one-way ANOVA with 
Dunnett 2-sided post-hoc test, * p< 0.05)
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Figure 2. Cells and EV differ in the relative abundance of different small RNA classes. A-F) 
The relative abundance of the indicated ncRNA classes in cells versus EV was assessed by small 
RNAseq analysis of cellular and EV-associated RNA. Total read count for each RNA class was 
normalized to total library size. To compare the distribution of ncRNA classes between cells and 
EV, normalized RNA class read counts in EV were scaled to the normalized RNA class read counts 
in cellular RNA (set to 1). Indicated are mean values +/- s.d. of n=3 independent experiments (two-
tailed t-test on normalized CPM values, * p<0.05)
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 Of the tested RNA classes, tRNA levels in EV showed the lowest rate of change due 
to LPS or VitD3 stimulation. 97% of tRNA reads mapped to 6 different tRNA isoacceptors 
(GluCTC, GlyGCC, LysCTT, GluTTC, GluCTG, and LysTTT) (Supplementary Figure 6A). 
Although relatively high tRNA read counts were observed in the EV-associated RNA 
pool (Supplementary Figure 5B), the levels of these six abundant tRNAs remained 
stable (log2FC<1) in response to cellular stimulation (Supplementary Figure 6B). 
Besides tRNAs, the highly purified EV populations used in this study also contained 
substantial levels of snRNA, which is an RNA type known to be mainly confined to the 
nucleus. Although cell stimulation seemed to induce changes in EV-associated snRNA 
levels (Figure 3C), many of the individual data points mapped to multicopy genes with 
highly similar sequences (>95 % sequence identity) corresponding to known snRNAs. 
Cumulative analysis of these multicopy genes indicated that 96% of snRNA reads 
mapped to 4 different snRNAs (U1, U2, U5, and U6) (Figure 4A), of which the levels in EV 
did not significantly differ between stimulation versus control conditions (Figure 4B). 
Thus, the levels of snRNAs and tRNAs, which are commonly detected RNA types in EV, 
remained constant upon different immune stimuli imposed on the EV-producing cells.
 In contrast to tRNAs and snRNAs, the EV-associated levels of three other RNA types 
tested here, i.e. miRNAs, snoRNAs, and miscRNAs changed in response to the different 
stimulate imposed on the DC. We aimed to identify the RNAs differentially present in EV 
released by LPS- versus VitD3-treated DC, since such RNAs may underlie distinct effects 
of EV on recipient cells. Within the miRNA group, we observed the highest number of 
RNAs that differed between the LPS and VitD3 groups with a fold change >2 and with 
FDR values < 0.05 (Figure 5A, red dots). Interestingly, for the majority (15 out of 20) of 
the top miRNAs that differed significantly between VitD3 and LPS conditions with lowest 
FDR values, DC functions have been described previously (Table 1 and [62–73]). MiRNAs 
known to be involved in the pro-inflammatory function of DC were enriched in LPS-
induced EV, whereas EV from VitD3 treated DC were enriched in miRNAs that dampen 
immune stimulatory signaling cascades in DC. We validated three LPS-enriched and 
three VitD3-enriched RNAs by RT-qPCR. The use of stable reference transcripts in RT-
qPCR analysis is important to ensure reliable normalization between different samples. 
However, the identity and general applicability of reference transcripts stably present in 
EV are understudied. Here, we used our sequencing dataset to select four non-coding 
RNAs that were present in EV at comparable levels across all conditions, and confirmed 
their stability by RT-qPCR (Supplementary Figure 7A-B). We normalized our qPCR data 
to the geometric mean of these four genes to minimize errors caused by technical and/or 
biological variation [74]. Using this normalization strategy, RT-qPCR analysis confirmed the 
sequencing data for the tested miRNAs, although miR146-5p did not reach significance  
(Figure 5B). Together, these data indicate that opposing stimuli imposed on the same 
type of parental cell induce the release of functionally different sets of miRNAs via EV.
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Figure 3.  LPS- versus VitD3-induced changes in EV-associated RNA classes. EV-associated 
RNA from control, LPS, and VitD3 conditions was isolated and analyzed by RNA sequencing. Read 
counts for individual RNAs were normalized to the total read counts of each RNA class. A-E) LPS- 
or VitD3-induced fold-changes and corresponding p-values were calculated relative to the control 
condition with edgeR GLM method. Data are expressed as log2fold-change in LPS-EV relative to 
control EV versus log2fold-change in VitD3-EV relative to control EV. Cutoffs for log2fold-changes 
larger or smaller than 1 are indicated with dashed lines (red = LPS, green = VitD3), so all data 
points beyond these lines are differentially expressed with log2FC > 1. Dot size represents the 
normalized abundance (logCPM) of individual RNAs. RNAs that changed with non-adjusted p < 0.05 
are highlighted in black. 

Figure 4. EV from LPS- and VitD3-stimulated DC display stable levels of abundant snRNAs. 
EV-associated RNA from control, LPS, and VitD3 conditions was isolated and analyzed by RNA 
sequencing. Read counts for individual RNAs were normalized to the total read counts of each RNA 
class. A) Read counts for the top-four most abundant snRNAs, constituting 96% of snRNA reads in 
EV-RNA, are expressed as percentage of the total snRNA read count in EV. B) Data from (A) are 
expressed as fold-change in the indicated snRNA levels of VitD3- or LPS-EV relative to control-EV 
(mean +/- s.d. of n=3 experiments; in one-way ANOVA, no significant differences were observed)
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Table 1. MicroRNAs enriched in LPS- or VitD3-EV with known functions in DC 
identifier enriched in FDR Function in DC ref nr

mmu.miR.155.5p LPS-EV 4.04E-12 Master regulator in DC maturation [62]

mmu.miR.708.3p VitD3-EV 2.21E-09 Downregulated in mature/activated DC [63]

mmu.miR.10a.5p VitD3-EV 2.31E-07 Inhibits DC activation and Th1/Th17 cell immune 
responses

[64]

mmu.miR.146a.5p LPS-EV 4.53E-06 Down regulates IL-12p70, IL-6, and TNF-α production 
by DC

[65]

mmu.miR.9.5p LPS-EV 1.86E-05 Regulatory circuitry controlling monocyte activation 
by LPS

[66]

mmu.miR.223.5p VitD3-EV 6.82E-05 Repression of pro-inflammatory cytokine release by 
DC

[67]

mmu.miR.378a.3p VitD3-EV 8.24E-05 Upregulated in VitD3-treated DC [68]

mmu.miR.203.3p VitD3-EV 0.000328 Upregulated in tolerogenic DC [69]

mmu.miR.199a.3p VitD3-EV 0.000484 Upregulated in tolerogenic DC [69]

mmu.miR.27b.5p VitD3-EV 0.000578 Suppression of inflammatory cytokine production via 
NF-κB

[69]

mmu.miR.7a.5p LPS-EV 0.000703 Upregulated in LPS / IFNg stimulated DC [69]

mmu.miR.126a.3p VitD3-EV 0.000946 Reduces the responsiveness of DCs to TLR7/9 ligands [70]

mmu.miR.708.5p VitD3-EV 0.000946 Suppresses NF-kB signaling [71]

mmu.miR.181b.3p VitD3-EV 0.001923 Inhibition of CD40 and MHCII expression [72]

mmu.miR.27a.5p VitD3-EV 0.002511 Suppression of inflammatory cytokine production [73]

EV-associated RNA from control, LPS, and VitD3 conditions was isolated and analyzed by RNA 
sequencing. Read counts for individual RNAs were normalized to the total read counts of each 
RNA class. LPS- or VitD3-induced fold-changes and corresponding p-values were calculated 
relative to the control condition with edgeR GLM method. We created a top 20 list of miRNAs with 
the lowest FDR values. Indicated are miRNAs from this top 20 for which DC-related functions have 
been reported.

Figure 5  EV from LPS-/VitD3-stimulated DC display differences in the levels of several miRNAs, 
snoRNAs, and Y-RNAs. EV-associated RNA from control, LPS, and VitD3 conditions was isolated 
and analyzed by RNA sequencing. Read counts for individual RNAs were normalized to the total 
read counts of each RNA class. LPS- or VitD3-induced fold-changes and corresponding p-values 
were calculated relative to the control condition. A) Volcano plots of EV-associated miRNAs in LPS 
versus VitD3 conditions. Thresholds for 2-fold-change and non-adjusted p < 0.05 are indicated. Data 
points represent average values of n=3 biological replicates. Significant changes are indicated with 
different colours. Grey: non-significant, blue: non-adjusted p-value < 0.05, red: FDR < 0.05. B) RT-
qPCR validation of six miRNAs showing differential abundance between LPS-EV and VitD3-EV. Data 
are expressed as log2fold-change in LPS- and VitD3-EV compared to control-EV. Indicated are the 
mean +/- s.d. values of n=4 independent experiments, one-way ANOVA, * = p < 0.05. C, D) Volcano 
plots of EV-associated snoRNAs (C) and miscRNAs (D) in LPS versus VitD3 conditions. Thresholds 
for 2-fold-change and non-adjusted p < 0.05 are indicated. Data points represent average values of 
n=3 biological replicates. Significant changes are indicated in different colours. Grey: non-significant, 
blue: non-adjusted p-value < 0.05, red: FDR < 0.05. E) RT-qPCR validation of Y3 and its family 
member Y1 showing differential abundance between LPS-EV and VitD3-EV compared to control-EV. 
Indicated are the mean +/- s.d. values of n=4 independent experiments, one-way ANOVA, * = p < 0.05
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Besides changes in miRNA levels, the levels of several EV-associated snoRNAs were 
found to differ between LPS and VitD3 conditions (Figure 5C), with three H/ACA box 
snoRNAs (snora2b, snora32, snora55) displaying FDR levels <0.05. The overall low 
abundance of this RNA class in EV (Figure 2C) hampered reliable quantification of 
snoRNAs in EV by RT-qPCR (data not shown). Nevertheless, our data are a first indication 
that EV-associated snoRNA levels change with the activation status of parental cells. 
Although none of the RNAs in the miscRNA group reached FDR levels <0.05, analysis 
by RT-qPCR indicated that the levels of Y3-RNA (Rny3) and an additional member of the 
Y-RNA family, Y1-RNA (Rny1), significantly differed between LPS and VitD3 conditions 
(Figure 5D - E). In cells, the conserved family of Y-RNAs are known to bind to several 
different proteins that play a role in RNA quality control [75, 76]. Members of the small 
non-coding Y-RNA family have frequently been detected in EV from multiple different 
cell types and different body fluids [30–32, 34, 35, 77–81]. We here provide evidence 
that Y-RNA levels in EV can be regulated by stimuli imposed on the EV-producing cell. 
The reduced Y-RNA levels in EV from LPS-stimulated DC compared to EV from VitD3-
stimulated DC (Figure 5E) indicate that the presence of Y-RNAs in EV may be indicative 
for the immune function of the parental cells. Overall, our data indicate that immune 
cell stimuli cause changes in the EV-associated levels of specific miRNAs, snoRNAs and 
Y-RNAs.
 So far, we compared the abundance of specific RNA classes in EV by assessing 
the total numbers of reads mapping to non-coding RNA genes. However, also the 
fragmentation profile of EV-associated RNAs may be functionally important and 
indicative for the status of the EV producing cell. Fragmented forms of RNA have been 
described in EV from a wide range of cells and biological fluids [30–32, 34, 35, 77, 78, 
81]. Especially Y-RNA fragments (19-35 nt) have gained attention because they were 
found to associate with Argonaute, suggesting scope for gene-regulatory functions 
[82, 83], and because their presence in plasma has been linked to disease [78, 84]. We 
examined our data to determine whether reads mapping to Y-RNAs included these 
fragments in the purified DC-derived EV. Based on RNAseq data, 5’ and 3’ fragments 
of Y1-RNA were present in EV and such fragments seemed more abundant than the 
full-length form of this Y-RNA (Figure 6A). To confirm the full length or fragmented 
nature of the Y-RNA molecules, we performed Northern blot analysis. Using probes 
recognizing the 5’ and 3’ end of Y1-RNA, we found that both 5’ -and 3’ fragments and 
full-length Y-RNA could be detected in both cellular and EV-RNA (Figure 6B - D). 
Strikingly, the relative amount of full-length Y1-RNA detected by Northern blot was 
much higher than expected based on the sequencing coverage plots. This indicates 
that RNAseq-based detection of the full length form of Y1-RNA was highly inefficient. 
This is likely due to the 5’-triphosphate group of full length Y-RNAs or their strong 
secondary structure, which may hamper sequencing adaptor ligation and thereby 
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efficient amplification and sequencing of these RNAs. Interestingly, Northern blot 
analysis also indicated that the levels of full-length Y1-RNA in LPS-EV were reduced, 
which was in accordance to the RT-qPCR analysis for full length Y1 (Figure 5E), while 
the levels of fragmented Y1-RNA in EV remained relatively stable (Figure 6D). These 
data urge caution in classifying fragmented and full-length forms of Y-RNA based on 
RNA sequencing data.

Figure 6
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Figure 6. Full-length versus fragmented forms of Y1-RNA in cells and EV validated by 
Northern blot. A) Representative coverage plot of Y1-RNA as observed in EV RNA seq data 
(sequencing coverage depth 3,981) visualized in the UCSC genome browser. B) RNA isolated from 
control, LPS, and VitD3-treated cells and their EVs were analyzed by Northern blot for detection of 
full length (FL) and 5’fragments (5p) of Y1-RNA using Y1-5p probe. 10 ng of smallRNA was loaded 
per lane. C) Northern blot detection of full length (FL) and 3’fragments (3p) of Y1-RNA using Y1-
3p probe. 10 ng of smallRNA was loaded per lane. D) Northern blot detection of full-length and 
5’fragments of Y1-RNA in EV-RNA from differently stimulated DC (C=control, L=LPS, V=VitD3). 10 
ng of smallRNA was loaded per lane. Data are representative for n=2 independent experiments.
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Changes in the RNA content of EV have been suggested to directly reflect changes in 
the RNA levels of the parental cell. To test this hypothesis, we investigated whether 
all of the stimulation-induced changes in miRNAs, snoRNAs, and miscRNAs observed 
in EV reflected changes in the RNA pool of the parental cells and vice versa. After 
normalization within each RNA class, fold-changes in EV were plotted against the 
fold changes in cells for miRNA, miscRNA, and snoRNA (Figure 7A), with dashed 
lines indicating log2FC of 1 or -1. Dot size indicates the average (n=3) abundance of 
a transcript in EV, and dot coloring is used to indicate RNAs that were significantly 
changed in cells, EV or both. First we tested whether changes in EV-associated 
RNAs reflected stimulation-induced changes in cells. RNAs of which the levels in EV 
significantly changed (non-adjusted p-values <0.05) upon LPS or VitD3-treatment 
were categorized as ‘reflective RNAs’ (p < 0.05 in both cells and EV), ‘EV-responsive 
RNAs’ (p < 0.05 in EV, p > 0.05 in cells), or ‘reciprocal RNAs’ (opposite changes in EV and 
cells with p < 0.05) (Supplementary Table 2). Of all RNAs that significantly changed 
in EV (set to 100%), a minor percentage of the miRNAs and snoRNAs reflected the 
up/downregulation in cells or were reciprocally regulated, while most of the RNAs 
changed only in EV, but not (significantly) in cells (Figure 7B – D). Conversely, we 
aimed to assess which proportion of LPS- or VitD3-induced changes in cellular RNA 
was reflected in the EV-RNA content. RNAs that changed in cells upon cell stimulation 

Figure 7. LPS-/VitD3-induced changes in cellular versus EV-associated RNA levels. Cellular 
and EV-associated RNA from control, LPS, and VitD3 conditions was isolated and analyzed by 
RNA sequencing. Read counts for individual RNAs were normalized to the total read counts of 
each RNA class. LPS- or VitD3-induced fold-changes and corresponding p-values were calculated 
relative to the control condition for cellular and EV-associated RNA. A) Fold-changes in EV-RNAs 
were plotted against the fold changes in cellular RNA in response to LPS (top graphs) and VitD3 
(lower graphs) for miRNA (left), miscRNA (middle) and snoRNA (right). Dashed lines indicate 
log2FC larger or smaller than 1, so all data points beyond these lines are differentially expressed 
with log2FC > 1. Colored dots indicate transcripts that changed with non-adjusted p-values < 
0.05 in cells (blue), in EV (red), or in both cells and EV (purple), grey dots indicate unchanged 
transcripts. Dot size represents the normalized abundance (logCPM) of individual RNAs, mean 
of n=3 experiments. B-D) Transcripts showing significant changes in stimulated versus control 
EV (p-value < 0.05) were selected, and fold-changes in EV versus corresponding cells were 
compared. Indicated are percentages of transcripts categorized as ‘reflective’ (p-value < 0.05 
in EV and cells), ‘EV-responsive’ (p-value < 0.05 in EV but not in cells), and ‘reciprocal’ (p-value 
< 0.05 in cells and EV, but with opposite fold-changes). E-G) Analogous to B – D, transcripts 
showing significant changes in cells (p-value < 0.05) were selected, and fold-changes in cells were 
compared with those in EV. Indicated are percentages of transcripts categorized as ‘reflective’, 
‘reciprocal’, cell-responsive (p-value < 0.05 in cells but not in EV), or ‘not in EV’ (transcripts only 
found in cells). H) RT-qPCR validation of six genes that were found to be reflective (left panels) or 
EV-responsive (right panels) on EV-associated RNA and cellular RNA from control, LPS or VitD3 
treated DC. Fold changes in EV and in cells were calculated relative to the control condition in 
cells or EV. N=4, one-way ANOVA, * = p < 0.05
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(non-adjusted p-values <0.05) were therefore classified as ‘reflective’ (p < 0.05 in both 
cells and EV), ‘cell-responsive’ (p < 0.05 in cells, p > 0.05 in EVs), ‘reciprocal’ (opposite 
changes in EV and cells with p < 0.05), or ‘absent in EV’ (p < 0.05 in cells, but not 
detected in EV). Comparable to what we observed in the above analysis of EV-RNA, 
only a minor percentage of changes in cellular miRNAs and snoRNAs was reflected 
in EV. The majority of the RNAs that changed in cells did not significantly change in 
EV (Figure 7E-G), and 10 - 20% of the RNAs that changed in cells were not detected 
in EV. We selected 3 reflective and 3 EV-responsive RNAs (Figure 7H) for validation 
by RT-qPCR. For the reflective miRNAs miR-155, -9, and -10a we confirmed that the 
stimulation-induced fold-change in EV-associated and cellular RNA was highly 
similar. For the EV-responsive miRNA miR-146a and the two Y-RNAs, significant cell-
stimulation-induced changes were observed in EV, while cellular levels did not change 
significantly compared to the control conditions. Importantly, these data indicate that 
part of the cell stimulation-induced changes in EV-RNA content match the changes 
observed in cellular RNA, but that cell stimulation also induces changes in RNA levels 
that are only observed in cells or in EV. 
 Overall, the results obtained for our primary DC cultures show that the molecular 
messages enclosed in EV are composed of multiple RNA classes that are specifically 
shuttled into EV dependent on the activation status of the cell. Moreover, the stimulus-
induced changes in the small RNA content of cells and EV only partly overlap.

Discussion

The data presented here broaden our view on the plasticity of the small RNA content 
of EV in relation to changes in the activation status of the EV-producing cell. Whereas 
most of the previous studies focused on the miRNA content of EV, we show that cell 
status-dependent changes in the RNA composition of EV also extend to other small 
RNA classes, which may therefore also contribute to the specific genetic messages 
conveyed by EV to recipient cells. The immune cell model we employed, i.e. DC that are 
well-known for their strong and diverse functional responsiveness to external stimuli, 
served two purposes. First, the cell system illustrates that diverse stimuli can induce 
the release of EV with variable levels of multiple RNA types, and that only some of 
the stimulation-induced changes in EV-associated RNAs reflect changes in the cellular 
RNA. Second, the data extend our knowledge on the central role of DC in raising and 
regulating immune responses. The identification of multiple EV-RNA types that are 
specifically associated with either the immune-activating or immune-suppressing 
status of DC is the prelude to unraveling the function of these RNAs in EV.
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 So far, RNA sequencing studies in which multiple RNA classes were identified in 
EV employed EV isolation methods known to co-isolate extracellular protein-RNA 
complexes (RNP) that overlap in size with EV, e.g. ultracentrifugation and precipitation-
based methods [4, 24, 30, 32, 34, 80, 85, 86]. The results of our present study indicate 
that up to 55% of total extracellular RNA present in ultracentrifugation pellets of cell 
culture supernatant can be associated to RNPs. Buoyant density-based separation of 
EV from RNP, as employed in this study, allowed us to specifically identify RNA species 
that cells differentially sort into EV upon exogenous stimulation. In RNA sequencing 
libraries prepared from these highly pure EV we observed that the percentage of 
alignment to the mouse genome was lower than in cellular RNA libraries. This is likely 
caused by the (ultra) low input quantity of RNA in our EV sequencing libraries, which 
amplifies the contribution of lab-derived contaminant RNAs e.g. from commercial 
nucleic acid extraction kits or sample cross-contamination [87, 88]. The percentage of 
alignment may also be dependent on the size range of RNAs selected for sequencing. 
Whereas in most published EV-RNA sequencing studies RNAs in the 20-40 nt size range 
were sequenced, thereby strongly selecting for microRNAs, we here sequenced RNAs 
of a much larger size range (20-300 nt). We previously showed that several of these 
larger and highly modified/structured RNAs, for which the sequencing efficiency 
may be compromised, are enriched in EVs compared to cellular RNA [30], which may 
have caused the percentages of alignment to be lower in EV compared to cells. For 
our studies, we selected a commercial adapter-ligation based method that has been 
frequently used in EV-RNA sequencing studies [23, 24, 31, 32, 61]. While optimized for 
miRNA analysis, it should be noted that these library preparation methods show bias 
in the efficiency with which sequences with base modifications, terminal triphosphate 
groups, and strong secondary structures are ligated and sequenced [89]. As an 
example, we here provide Northern blot-based evidence that the frequently reported 
predominance of Y-RNA fragments over full length Y-RNA in EV [30, 32, 35, 90]  represents 
a sequencing artefact. We observed a similar discrepancy between sequencing read 
coverage and Northern blot analysis for tRNAs (Supplementary Figure 8). While the 
triphosphate group on the 5’-end [91] or their strong secondary structure may hamper 
efficient sequencing of full length Y-RNA, difficulties with sequencing of full length 
tRNAs are likely due to the inability of the reverse transcriptase enzyme used during 
sequencing library preparation to read through the highly modified tRNA structure 
[92]. This is corroborated by recent sequencing studies deploying reverse transcriptases 
that are insensitive to secondary RNA structures [93, 94]. Together, these findings urge 
caution in the interpretation of RNA fragmentation based on RNA sequencing data 
alone. Moreover, we reduced the effect of sequencing biases on the assessment of 
quantitative differences in EV-RNA content by determining the fold-changes in identical 
transcripts between different conditions.



154

4. Immune stimuli shape the small non-coding transcriptome of EV released by dendritic cells

 Our experimental approach allowed comprehensive analysis of changes in EV-RNA 
classes induced by diverse immune-relevant stimuli. The most prominent stimulation-
induced changes in EV-associated RNA levels were found for miRNA, Y-RNA, and 
snoRNAs (Fig. 3). Although detected in EV from multiple sources [23, 31, 33–35], the 
presence of snoRNAs in EV has been largely understudied. Here we provide evidence 
that the levels of EV-associated snoRNAs can be regulated by stimuli imposed on the 
EV producing cell. Since changes in the cellular levels of snoRNA have been associated 
with diseases [36, 95, 96], our present data point to EV-associated snoRNAs as potential 
functional entities in EV and interesting candidate biomarkers indicative of the cellular 
activation status.
 Numerous studies already demonstrated that miRNA levels in EV change upon 
disease induction or cell stimulation [22–24]. Unique aspects of our present RNAseq 
study are the use of two different stimuli for comparative analysis of RNA levels in 
highly purified EV and the parallel assessment of cellular and EV-associated RNA. The 
enrichment of endotoxin-responsive miRNAs, such as miR-155 and miR-146a [20, 97, 
98] that we observed in EV from LPS-stimulated DC concurs with previously published 
semi-quantitative microarray-based data on the miRNA content of EV from stimulated 
DC [22, 26]. Both miR-155 and miR-146a are known to be endotoxin responsive, but 
miR-155 has an immune-activating role, while miR-146a is involved in dampening 
of immune responses and could act as a molecular brake on inflammation [99] . It 
is thought that the coordinated action of these two is important in regulation of  
immune response [21]. Differences in the miR-155/miR-146a ratios that we observed 
in LPS-EV and VitD3 EV (Figure 5B) may therefore lead to different effects of these EV 
on immune activation. In addition, we here demonstrated that a different (i.e. immune 
downregulatory) type of stimulus imposed on DC led to both a reduction of EV-
associated levels of these immune-activating miRNAs and an enrichment in miRNAs 
implicated in suppression of immune responses via modulation of multiple pathways. 
Examples include dampening of TLR signaling by miR-27a and miR-126a [70, 73], 
and downregulation of (regulators of ) PI3K/Akt and NF-κB by miR-378 [100], miR-
708 [71] and miR-27b-3p [101], processes that have been implicated in suppression 
of pro-inflammatory cytokine release. Such differences in the EV miRNA content 
may therefore contribute to immune-activating or immune-suppressive functions of 
differentially stimulated DC.
 Not only immune-suppressive miRNAs, but also two types of Y-RNA were found to 
be specifically excluded from EV released by LPS-stimulated DC (Fig. 5E). This raises 
the question whether Y-RNAs contribute to immune-related functions of EV. Until now, 
different types of Y-RNA (mY1, mY3 in mice and hY1, hY3, hY4, hY5 in humans) have 
been detected in EV from a multitude of different cell types and in different body fluids 
[30–32, 34, 35, 77–81]. The extracellular presence of Y4- and Y5-RNA and fragments 
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thereof has mostly been associated to cancer [32, 81, 84, 102] and coronary artery 
disease [78, 103]. Immune-related functions of Y-RNAs include their capacity to trigger 
TLR signaling. Interestingly, Y-RNAs may vary in their specificity for different TLRs, with 
Y3-RNA triggering predominantly TLR3, while Y1-, Y3- and Y4-RNA trigger TLR7 [104]. 
On the contrary, the reduction of Y1- and Y3-RNA levels in EV released by immune-
stimulatory DC, shown in this study, suggest an immune downregulatory role for 
these EV-associated Y-RNAs. In line with this, high levels of Y-RNAs have been reported 
in immune-suppressive EV released by the parasite Heligmosomoides polygyrus and 
in seminal fluid EV for which immunosuppressive effects have been described [35, 
105–107]. Overall, the observed variable presence of Y-RNA in EV from immune cells 
has raised further interest in unraveling the immune-related function and biomarker 
potential of these RNAs in EV.
 With regard to the biomarker potential of EV-associated RNAs, our data also urge 
caution in interpreting EV as snapshots of the cell from which they arise. We found 
that only a subset of changes in EV-RNA reflected changes that occurred at the cellular 
level. The highest proportion of reflective RNAs was observed within the category of 
miRNAs and included prominent immune-related RNAs such as miR-155, miR-9, and 
miR-10-5p (Fig. 7H). For a substantial number of EV-associated miRNAs and both Y-RNA 
types, however, stimulation-induced changes were observed in EV, but not in cells. This 
could suggest that EV-levels of reflective RNAs are mainly regulated by transcription, 
whereas levels of EV-responsive RNAs are mainly determined by shuttling rate. For 
RNAs known to primarily reside in the nucleus (such as snRNAs and snoRNAs), subtle 
changes in the cytoplasmic pool of these RNAs may be overshadowed by the much 
larger nuclear pool. Comparison of EV-associated levels with cytoplasmic instead of 
total cellular RNA levels may therefore provide better insight in shuttling of these 
nuclear RNAs into EV. Interestingly, we also observed that many of the stimulation-
induced changes in cellular RNA levels were not reflected in the RNA levels of EV 
released by these cells. This strengthens the hypothesis that cells release EV with 
selective sets of RNAs into the extracellular milieu. From a biomarker perspective, 
these data implicate that, although the presence of specific EV-RNAs may correlate 
with disease, the EV transcriptome is not necessarily predictive for RNA levels in the 
EV-producing cell.
 We observed two classes of RNA, i.e. snRNA and tRNA, of which the EV-associated 
levels remained stable after differential stimulation of DC. These RNA classes have 
been commonly detected in small RNAseq studies of EV from multiple cell types 
and body fluids, but factors impacting their incorporation into EV had until now not 
been investigated. Although these data need confirmation in different cell types with 
various external stimuli, our data may be a first indication that tRNAs and snRNAs are 
constitutive components of EV. Speculatively, these RNAs may be required for basal 
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scaffolding functions in EV biogenesis, or may aid the functional transfer of gene-
regulatory RNAs. Based on their stable association with EV, these types of RNAs also 
have potential to be used as EV reference RNAs for RT-qPCR normalization since 
comparing the EV-transcriptome of differentially stimulated cells is complicated by 
potential differences in the number of EV, RNA yield and RNA composition. Importantly, 
the use of well-known stably expressed cellular RNAs is not necessarily valid for 
normalization of EV qPCR data due to potential differences in RNA shuttling between 
tested conditions. Therefore, normalization of RT-qPCR data to reference genes which 
are stable in EV is a reliable way to quantitate differences in individual RNAs. Here we 
show how RNA sequencing and RT-qPCR validation can be used to identify candidate 
EV-reference genes which are constitutively expressed between differently stimulated 
cells.
 In conclusion, this study indicates that external stimuli imposed on cells can lead 
to changes in the levels of some EV-associated RNA classes, while leaving others 
unchanged. In our DC-model, two different immune-related cell stimuli led to disparate 
changes in the type and quantity of miRNAs, snoRNAs, and Y-RNAs in EV. Only part of 
the changes in RNA contents of EV reflected changes in the cellular RNA, which urges 
caution in interpreting EV as snapshots of cells. These findings show that differences 
in multiple structurally distinct RNA classes shape the EV-transcriptome. These RNA 
types may contribute to the functional properties of EV in cellular communication, 
and may be further explored as candidate EV-RNA based indicators for the immune 
status of the EV producing cell.
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Supplementary Figures & Table

Supplementary Figure 1. Generation of immune-activating and immune-suppressive DC 
subsets by treatment with LPS or VitD3
DCs were left untreated (control), treated with LPS to induce immune-stimulatory DC, or treated 
with 1α,25-(OH)2-VitaminD3 to induce immune-suppressive DC. A – E) Cell surface expression of 
CD11c, MHCII, CD40, PD-L1, and CD86 on control, LPS- or VitD3-treated DC was determined 
by flow-cytometry at the start of the EV-production phase. F) The ratio between PD-L1 and CD86 
was determined as a measure for tolerogenicity. Data are expressed as isotype-corrected mean 
fluorescence intensity values, normalized against expression in control (untreated) DC cultures. 
Indicated are mean +/- s.d. fold induction of n=8 independent experiments, one-way ANOVA with 
Dunnet’s two-sided post-hoc test, *p <0.05
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Supplementary Figure 2. Isolation and characterization of dendritic cell-derived EV and 
their RNA content. 
A) Schematic representation of the differential centrifugation protocol used to generate highly 
purified EV from cell culture supernatant. Large contaminants such as cell debris and apoptotic 
bodies are depleted during the low-speed centrifugation steps, after which EV are pelleted from 
the cleared supernatant by ultracentrifugation. Sucrose density gradient centrifugation was used 
to separate low density EV from high density ribonucleoprotein complexes (RNP). B) Electron 
microscopy images of EV isolated from 1.12 – 1.18 g/ml density fractions (top panels) and from 
1.28 g/ml RNP-containing fractions (bottom panels). Scale bars represent 100 nm (left panels) 
and 500 nm (right panels) C) High-resolution flow cytometric analysis of purified PKH67-labeled 
EV (1.14 g/ml) from differentially stimulated DC. Representative dot plots indicate no apparent 
differences in FSC/SSC light scatter profiles (top panels) or fluorescence intensity (PKH, bottom 
panels) between EV in the indicated conditions. 10,000 events are plotted per graph. D) Purified 
EV (1.12-1.18 g/ml) from differentially stimulated DCs were analyzed by Nanoparticle Tracking 
Analysis. Indicated are the size distributions of EV in the different DC conditions and relative 
differences in numbers of EV released by these DC (bar graph). E) Lysates of control (C), LPS-
treated (L), or VitD3-treated (V) cells (left) and purified EV released under these conditions (right) 
were analyzed for the presence of CD63, Galectin-3, MHCII, CD9 and beta-actin by Western 
blotting. For cell lysates, an equal amount of protein was loaded for each condition. For comparison 
of EV protein composition, equal numbers of EV released in each condition were loaded, as based 
on high-resolution flow cytometric and NTA-based analysis. Beta actin was not detectable in EV, 
even at prolonged exposure times. F) Representative Bioanalyzer Pico 6000 electropherograms of 
RNA isolated from floating EV and non-floating RNP, showing differences in RNA size profiles. G) 
Bioanalyzer-based quantification of RNA yields from EV and RNP. Indicated are the percentages 
of total extracellular RNA associated to either EV or RNP (mean +/- s.d. of n=3 independent 
experiments).
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Supplementary Figure 3. Ratiometric pooling of size fractions improves RNA sequencing-
based coverage of 100-300 nt mid-size RNAs 
A) Representative IGV Genome Viewer plots of RNAseq read coverage of Vault-RNA after 
ratiometric pooling (top) or under standard library preparation conditions (bottom). B) Reads were 
counted for the 3’ fragment and the middle part of Vault RNA, as indicated. These values were 
divided by the total number of reads detected for Vault RNA and compared for ratiometric versus 
standard conditions.

Supplementary Table 1. Library size, quality control and alignment percentages of all EV 
and cellular RNA libraries
Overview of the RNAseq libraries prepared for cellular and EV RNA in this study, the corresponding 
indices, read depth, and quality control parameters.
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cell_control_S4 11 24,184,761 23,206,725 96% 84.50%
cell_control_S7 14 16,891,584 15,848,861 94% 76.80%
cell_control_S36 18 23,827,849 21,077,194 88% 75.12%
cell_LPS_S5 12 19,526,758 18,187,862 93% 83.50%
cell_LPS_S8 15 14,816,903 13,494,221 91% 80.80%
cell_LPS_S37 19 48,426,527 45,972,567 95% 85.35%
cell_VitD3_S6 13 15,236,904 14,543,618 95% 82.90%
cell_VitD3_S9 16 13,004,444 12,242,191 94% 76.20%
cell_VitD3_S38 20 38,148,808 33,109,203 87% 74.31%
EV_cont_S10 17 15,138,107 11,336,408 75% 33.60%
EV_cont_S13 20 18,222,150 8,168,987 45% 28.30%
EV_control_S39 21 22,687,712 15,110,524 67% 36.84%
EV_LPS_S11 18 16,111,933 12,326,349 77% 29.30%
EV_LPS_S14 21 11,150,431 4,269,979 38% 29.20%
EV_LPS_S40 22 21,884,586 13,320,228 61% 30.99%
EV_VitD3_S12 19 16,296,162 9,957,537 61% 27.30%
EV_VitD3_S15 22 13,273,020 7,856,779 59% 26.90%
EV_VitD3_S41 23 15,662,964 7,968,405 51% 20.31%

Supplementary Table 1
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Supplementary Figure 4. Reproducibility of biological replicate libraries for cells and EV
Cellular and EV-associated RNA from control, LPS, and VitD3 conditions was isolated and analyzed 
by RNA sequencing. The RPM for all biological replicate libraries were plotted against one another. 
Pearson coefficients are indicated in the plots.

Supplementary Figure 4
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Supplementary Figure 5. RNA class distribution in cells and EV upon immune stimulation
Class distribution in RNA from differently stimulated DCs (A) and corresponding EV (B) was 
analyzed by RNA sequencing. For each of the RNAseq libraries, total read counts for each RNA 
class were expressed as a percentage of the total library size. Average percentage of reads for 
each RNA class (of n=3 replicate libraries) is plotted for each of the treatments. No major changes 
in RNA class distribution can be observed as a result of stimuli imposed on the DCs.

Supplementary Figure 6. EV from LPS- and VitD3-stimulated DC display stable levels of 
abundant tRNAs
EV-associated RNA from control, LPS, and VitD3 conditions was isolated and analyzed by RNA 
sequencing. Read counts for individual RNAs were normalized to the total read counts of each 
RNA class. A) Read counts for the top-6 most abundant tRNAs, constituting 97% of tRNA reads 
in EV-RNA, are expressed as percentage of the total tRNA read count in EV. B) Data from (A) are 
expressed as fold-change in the indicated tRNA levels of VitD3- or LPS-EV relative to control-EV 
(mean +/- s.d. of n=3 experiments, one-way ANOVA, * p < 0.05).
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Supplementary Figure 7. Validation of reference RNAs in EV for normalization of qPCR data 
A) EV-RNA sequencing data were used to validate the stable presence of indicated candidate 
reference small RNAs in EV from differentially stimulated DC. Indicated are the LPS-and VitD3-
induced fold changes in EV relative to the control EV of n=3 independent experiments. B) RT-
qPCR validation of candidate reference RNAs identified in (A). RT-qPCR reactions were performed 
with equal RNA input from control- , LPS-, and VitD3-EV. Indicated are individual and mean Cq 
values of snord65, snord68, U1 and U6 from 3 – 4 independent experiments. The geometric mean 
of these four reference genes, as shown on the right side of (B) was used as normalization value 
for EV qPCR data.

Supplementary Figure 7
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B
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Supplementary Figure 8. Northern blot analysis to validate the ratio of full-length versus 
fragmented forms of tRNA-Glu-CTC and tRNA-Gly-GCC in cells and EV
A) RNA isolated from control, LPS, and VitD3-treated cells and their EVs were analysed by 
Northern blot for detection of tRNA-Glu-CTC in using 5’tRNA-Glu probe B) The blot in (A) was 
stripped and reprobed for tRNA-Gly-GCC using 5’tRNA-Gly probe. Full length tRNA and tRNA 
fragments (tRF) are indicated with arrows. 10 ng of cellular smallRNA and 1 ng of EV-smallRNA 
were loaded per lane. Data are representative for n=2 independent experiments.
C) Representative coverage plot of tRNA-Glu-CTC as observed in EV RNA seq data (sequencing 
coverage depth 463,870) visualized in the UCSC Genome Browser.
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Abstract

The exchange of extracellular vesicles (EV) between immune cells plays a role in various 
immune regulatory processes. EV are nano-sized lipid bilayer-enclosed structures that 
contain a multitude of proteins and small non-coding RNA molecules. Of the various 
RNA classes present in EV, miRNAs have been most intensively studied because of 
their known gene-regulatory functions. These miRNAs constitute only a minor part of 
all EV-enclosed RNA, whereas other 20-200 nt sized non-coding RNAs were shown to 
be abundantly present in EV. Several of these mid-sized RNAs perform basic functions 
in cells, but their function in EV remains elusive. One prominent class of mid-sized 
extracellular RNAs associated with EV are the Y-RNAs. This family of highly conserved 
non-coding RNAs discovered as RNA component of circulating ribonucleoproteins 
targeted by autoantibodies in serum from Systemic Lupus Erythematosus and 
Sjögren’s Syndrome patients. Y-RNA has been implicated in cellular processes such as 
DNA replication and RNA quality control. In recent years, Y-RNA has been abundantly 
detected in EV from multiple different cell lines and biofluids, and also in murine and 
human retroviruses. Accumulating evidence suggests that EV-associated Y-RNA may 
be involved in a range of immune-related processes, including inflammation, immune 
suppression, and establishment of the tumor microenvironment. Moreover, changes in 
plasma levels of extracellular Y-RNA have been associated with various diseases. Recent 
studies have aimed to address the mechanisms underlying their release and function. 
We for example showed that the levels of EV-associated Y-RNA released by immune 
cells can be regulated by Toll-like receptor (TLR) signaling. Combined, these data 
have triggered increased interest in extracellular Y-RNAs. In this review, we provide an 
overview of studies reporting the occurrence of extracellular Y-RNAs, as well as signaling 
properties and immune-related functions attributed to these RNAs. We list RNA-binding 
proteins currently known to interact with Y-RNAs and evaluate their occurrence in EV. In 
parallel, we discuss technical challenges in assessing whether extracellular Y-RNAs are 
contained in ribonucleoprotein complexes or EV. By integrating the current knowledge 
on extracellular Y-RNA we further reflect on the biomarker potential of Y-RNA and their 
role in immune cell communication and immunopathology.

Key words: Y-RNA, extracellular vesicles, exosomes, ribonucleoprotein complexes, immune signaling, biomarker
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Introduction

Extracellular vesicles (EV) are 50 – 1000 nm sized lipid bilayer-enclosed vesicles 
containing proteins and nucleic acids (1), which are released by virtually all cells. All 
living cells, including archaea, bacteria, and eukaryotes release EV, which suggests 
that the release of EV is a conserved mechanism of cellular communication (2,3). EV 
have been found in many body fluids and have been implicated in several diseases, 
including immune-related disorders, cancer, neurological disorders and cardiovascular 
diseases (4–7). Characterizing the protein, lipid, and RNA content of EV is an active 
area of research. One of the major topics in the field is to delineate how differences 
in EV composition relate to differences in their function, and to determine whether 
differences in the protein / RNA content of EV can be used as biomarkers for disease.
 It has been shown that EV-enclosed RNAs can be functionally transferred to target 
cells (8–11). Many studies have focused on elucidating the miRNA composition of EVs 
because of their known effects on gene regulation. However, miRNAs only constitute 
a minor percentage of EV-enclosed RNA. In contrast, the majority of EV-RNA consists 
of other types of small- to mid-sized non-coding RNAs (20-200 nt) (12–16). Of these 
RNAs, Y-RNA attracted attention because this conserved RNA has been detected in 
EV from many different cell types and in various vertebrate species (12–14,16–18). 
Moreover, Y-RNAs are highly abundant in body fluids, such as blood and seminal fluid 
(19,20). Recent data indicate that as much as 67% of sequencing reads in plasma 
samples of healthy donors map to Y-RNA (19). There are also indications that the 
levels of Y-RNA in body fluids could correlate with disease (21,22). Research on the 
regulation of Y-RNA sorting into EV and the function of EV-associated Y-RNA is in its 
early days. Our laboratory recently showed that incorporation of Y-RNA in EV released 
by dendritic cells is regulated by immunogenic and tolerogenic stimuli imposed on 
these cells (16). Initial studies on the function of EV-enclosed Y-RNA reported pro- 
and anti-inflammatory effects (23–25). Given the increasing interest in and number 
of publications on extracellular Y-RNA we took the initiative to compile an inventory 
of data and assess the inter-study comparability of discoveries in this field. In this 
review, we provide an overview of reports describing the occurrence of extracellular 
Y-RNA in EVs from various cell types and biofluids, as well as its signaling properties 
and potential immune-related functions. After introducing general aspects of EV-
associated RNA and the role of Y-RNA inside cells, we summarize current knowledge 
on Y-RNA association with EV and with extracellular ribonucleoprotein complexes. In 
addition, we provide an overview of protein partners of Y-RNA that have also been 
detected in EV and may therefore be involved in sorting these RNAs into EV. Finally, we 
provide an overview of the proposed functions of extracellular Y-RNA and reflect on 
its biomarker potential. Key steps in the Y-RNA life cycle, putative pathways for Y-RNA 
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release into the extracellular space, and ideas on the function of Y-RNA transferred to 
target cells are illustrated in Figure 1.
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Intercellular communication via EV-associated RNA
EV constitute a unique way in which molecular messages are exchanged between 
cells. Upon transfer, the lipids, proteins, and RNA associated to EV can modify the 
function of recipient cells (1,3,26–28). EV are either formed by inward budding into 
multivesicular bodies, which upon fusion with the plasma membrane are released 
as exosomes, or by direct budding off the plasma membrane (microvesicles) (1,3). 
Exosomes and microvesicles cannot be separated using currently available methods, 
and are therefore collectively referred to as EV. EV are heterogeneous in size and 
molecular composition, but unique molecular markers to distinguish biologically 
distinct EV subtypes are yet to be discovered. Various classes of RNA have been 
detected in EV, including mRNA, lncRNA, circRNA, and small non-coding RNA. Most 
of the EV-RNA consists of small non-coding RNA types, such as miRNA, tRNA, rRNA, 
snoRNA, Y-RNA, SRP-RNA (7SL), and Vault RNA (12,13). 
 It is important to realize that not all extracellular RNA is associated with EV. Other 
macromolecular structures in the extracellular milieu, such as ribonucleoproteins 
(RNPs) and lipoprotein particles, also contain RNA (16,29–31). These other structures 
overlap in size and/or density with EV and are therefore frequent contaminants in EV 

Figure 1. Model illustrating the Y-RNA life cycle, putative pathways for Y-RNA release into 
the extracellular space, and ideas on the function of Y-RNA transferred to target cells. 
Various steps in the process of Y-RNA transport within cells and between cells are indicated 
numerically. Upon transcription (1), newly generated Y-RNA may remain in the nucleus through 
binding of La (2). Alternatively, upon binding of Ro60, it can be transported into the cytoplasm 
by Ran GTPase, Exportin-5 and/or ZBP1 (3). In the cytoplasm, Ro60 binding stabilizes Y-RNA 
(4). Y-RNA can also bind to various other RNA-binding proteins (for instance the Y-RNA binding 
proteins summarized in Table 3) that may influence its subcellular localization and/or fate (5). 
Y-RNA may be degraded (6), or be cleaved into fragments by RNAse L (7). Both full-length and 
fragmented Y-RNA are packaged into EV, either via passive engulfment of Y-RNA by budding 
membranes, or through protein-mediated shuttling towards sites of EV biogenesis (such as the 
plasma membrane (8) or late endosomes / multivesicular bodies (9)). Certain proteins known to 
bind Y-RNA are co-packaged into EV, but others may only serve to shuttle Y-RNA to the sites of 
EV biogenesis. The Y-RNA binding proteins from Table 3 that have been found in extracellular 
space, associated with EV and/or RNP are listed in (10). In the case of retrovirus infected cells, 
Y-RNA may be additionally released from cells by incorporation into virions (11). EV can be taken 
up by recipient cells by endocytosis and/or membrane fusion (12). Y-RNA may be delivered to the 
endosome, where it may activate TLRs (13). TLR triggering also occurs after uptake of opsonized 
Y-RNA/Ro60/La RNP complexes (14) which may be released from cells after translocation across 
the cellular membrane (15). Naked Y-RNA has been shown to induce apoptosis (16). TLR triggering 
of Y-RNA drives the transcription of various pro- and anti-inflammatory cytokines (17). On a more 
speculative note, transferred Y-RNA could affect the function of recipient cells through the action 
of Y-RNA binding proteins present in recipient cells or co-transferred by the EV (18). For example, 
binding to translation enhancer proteins, such as HuR and HuD, may alter mRNA stability and 
translation efficiency.
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preparations (32,33). The degree to which some of these contaminants co-isolate with 
EV depends on the fluid used as source of EV and the applied EV isolation method. The 
most widely used techniques are ultracentrifugation, size exclusion chromatography 
(SEC), and density gradient centrifugation, in which particles are separated based on 
mass, size, or buoyant density, respectively. Ultrafiltration-based methods concentrate 
particles by molecular weight. Precipitation-based methods, on the contrary, concentrate 
all macromolecules in solution. The advantages and disadvantages of available methods 
have been extensively reviewed (32,34). Sequential application of methods that separate 
particles based on size and on density likely yields the purest EV preparations.
 It has been demonstrated that both the protein- and miRNA composition of EV 
can change upon exogenous stimuli imposed on EV-producing cells (9,13,16). These 
changes in the ‘molecular message’ that is conveyed via EV can lead to alterations in the 
function of EV-recipient cells. We have previously shown that, in addition to miRNA, the 
levels of Y-RNA and snoRNA in EV are regulated by exogenous stimuli imposed on the 
EV-producing immune cells (16). Importantly, the activation-induced changes in EV-RNA 
composition we observed only partly reflected changes in cellular RNA, which suggests 
that the cell stimuli triggered mechanisms for sorting of specific RNA types into EV (16). 
 Several in vitro and in vivo studies have demonstrated that intercellular transfer of EV-
associated miRNA and mRNA leads to changes in recipient cell function (8,10,32,35–37). 
For example, EV-mediated transfer of miR-155 and miR-146a from wildtype dendritic 
cells to recipient cells deficient for these miRNAs modulated the response of these 
recipient cells to lipopolysaccharide (LPS). Transfer of miR-155 into miR-155 negative 
recipient cells increased IL6 release via repression of SHIP1 and BACH1, while transfer 
of miR-146a dampened this LPS response by repression of TRAF6 and IRAK1 (10). 
Functional transfer of mRNA was evidenced by demonstrating that EV-associated mRNA 
derived from in vitro cultured mast cells could be translated in recipient cells (8). In vivo 
evidence for EV-mediated transfer of mRNA was provided by the use of Cre-Lox mouse 
models. Hematopoietic cells or tumor cells expressing Cre-recombinase were shown to 
release EV containing Cre-mRNA, which induced recombination-mediated expression 
of floxed fluorescent reporter genes in recipient cells at local or distant sites (36,38). The 
functional effects of other RNA classes, which compose the major part of all EV-RNA, are 
beginning to be unveiled. The experimental approaches used to study miRNA transfer 
may serve as a basis to gain understanding of how other EV-associated RNA classes affect 
recipient cell behavior, but these RNAs likely exert their functions via mechanisms other 
than base-pairing with RNA targets. Although many questions remain to be answered, 
EV-mediated transfer of RNA appears to be a common, frequent, and adaptable process 
that cells employ to communicate with other cells.
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Intracellular location and function of Y-RNAs
In order to unravel the role of Y-RNA in EV, it is important to understand the function 
of Y-RNA inside cells. Y-RNAs have been studied for many years and multiple 
comprehensive reviews are available on this topic (39–44). Y-RNAs were initially 
discovered as RNA components of circulating ribonucleoprotein (RNP) autoantigens 
Ro60 and La in serum from lupus patients (45). These RNP are major targets for 
autoantibodies in rheumatic diseases such as Systemic Lupus Erythematosus (SLE) 
and Sjögren’s Syndome (SS) (46,47). Y-RNAs are well conserved through evolution and 
have been found in all vertebrate species (48,49), and related ncRNAs have been found 
in some bacteria (44) and in nematodes (50,51). Although the nematode ncRNAs called 
“stem-bulge RNAs” resemble Y-RNA because of their stem-loop structure (51), they 
differ from bona fide Y RNAs in that they have not been found complexed with Ro60 
in cells (50). The human genome encodes four different Y-RNAs (hY1, hY3, hY4 and 
hY5) while only two different Y-RNAs exist in rodents (mY1 and mY3) (52). All Y-RNAs 
contain a long stem, formed by basepairing the 5’ and 3’ ends, that contains the Ro60 
binding site, but individual Y-RNAs differ slightly in their primary and secondary 
structures (53).
 Y-RNAs are transcribed in the nucleus by RNA polymerase III (54) (Figure 1, box 
1). Binding of La to the 3’ oligo-uridine tail of Y-RNA mediates its nuclear retention 
and protects Y-RNA from 3’ to 5’ exonucleolytic degradation (55,56) (Figure 1, box 
2). Binding of Ro60 to the stem region of Y-RNA enhances nuclear export (55), which 
is mediated by Ran GTPase and exportin-5 (57) (Figure 1, box 3). Y3-RNA can also 
be exported via an alternative pathway through binding of Ro60/Y3-RNA to zipcode 
binding protein (ZBP1), enabling export via exportin-1 (alternatively named CRM1) (58). 
It is not fully understood whether Y-RNA is transported from the nucleus in complex to 
La, or whether La reassociates to Y-RNA after nuclear export. Binding of Ro60 stabilizes 
Y-RNA in the cytoplasm (Figure 1, box 4), as knockout of Ro60 was shown to drastically 
reduce Y-RNA levels (59). The loop of Y-RNA is known to interact with various other 
proteins including nucleolin (60), polypyrimidine tract-binding protein (PTB / hnRNP I) 
(61), and zipcode-binding protein 1 (ZBP1) (62). It has been proposed that interactions 
with these proteins could affect the localization and/or function of Y-RNA (43)  
(Figure 1, box 5). Conversely, Y-RNA can influence the localization of Y-RNA binding 
proteins, since siRNA-mediated knockdown of Y-RNA leads to nuclear accumulation 
of Ro60 (63).
 Various housekeeping functions of Y-RNA have been described, such as involvement 
in DNA replication (43) and quality control of non-coding RNA (64,65). The effects of 
Y-RNA on DNA replication were first observed in cell-free reactions, in which addition 
of purified Y-RNA subtypes increased the percentage of dividing nuclei (66). siRNA-



180

5.  Circulating Y-RNAs in EV and RNP complexes; implications for the immune system

mediated knockdown of Y1-RNA in cells was sufficient to reduce the percentage of cells 
in S-phase, during which DNA replication takes place (66). In a later study, association of 
Y-RNA with chromatin was shown to increase 2-4 fold during S-phase and to decrease 
during G1 phase and mitosis, which suggests an association with the origin replication 
complex (ORC) (67). It has been shown that a specific sequence in the Y-RNA stem was 
sufficient to increase DNA replication in cell-free reactions (68). However, Ro60 knockout 
cells that contain ~30-fold lower Y-RNA levels did not show reduced growth rates (59). 
The exact molecular mechanisms by which Y-RNA affects DNA replication therefore 
remain unresolved. 
 Y-RNAs are involved in regulating the degradation of misfolded RNAs through its 
interaction with Ro60 (47,64,69). Misfolded RNAs that contain a 3’ single-stranded end 
and adjacent helices can bind Ro60 (70,71). This has been shown for 5S rRNA in Xenopus 
(72) and for U2 snRNA in mouse embryonic stem cells (59), and suggested for a wider 
variety of structured RNAs (70). Structural analyses revealed that the single-stranded tail 
of the misfolded RNAs extend through the Ro60 cavity, while helices bind on its outer 
surface (70). Y-RNAs sterically blocked binding of misfolded RNAs to Ro60, thereby 
regulating the RNA quality control function of Ro60 (64). A similar mechanism has also 
been demonstrated for the bacterial ortholog of Ro (ro-sixty related, Rsr) (71). In the 
bacterium Deinococcus radiodurans Y-RNA tethers Rsr to the exonuclease PNPase, thereby 
forming a RNA-degrading RNP complex resembling the eukaryotic exosome (71). It was 
proposed that tethering to Rsr potentiates PNPase to specifically degrade structured 
RNAs. Although mammalian PNPases localize inside mitochondria, it has been proposed 
that Y-RNAs could potentially tether Ro60 to other proteins involved in RNA metabolism, 
including exoribonucleases, helicases or RNA chaperones (40). 
 Interestingly, it was recently discovered in neuronal cells that Y3-RNA can act as a 
molecular sponge for the enhancer protein HuD (ELAVL4) (73). HuD can enhance gene 
expression by binding and stabilizing the 3’ untranslated regions (UTRs) of specific mRNAs 
involved in motor neuron differentiation and axonogenesis. This activity is counteracted 
by Y3-RNA binding to HuD, which leads to changes in HuD localization and reduced 
expression of the involved mRNAs (73). Moreover, dysregulation of Y-RNA binding to HuD 
has been found to cause alternative splicing in neurons of Alzheimer patients (74).
 In cells, Y-RNA does not only occur in its full length form, but has also been shown to 
be cleaved into specific fragments of 25 – 35 nt. This cleavage, which is carried out by the 
enzyme RNase L (75) (Figure 1, box 7) occurs in response to UV irradiation or by polyI:C-
mediated activation of the innate immune system (76,77). Because Y-RNA fragments arise 
from conserved ends of the Y-RNA hairpin and have comparable sizes to miRNAs, it was 
proposed that Y-RNA fragments function similar to miRNAs (78). Although interactions of 
Y-RNA fragments with Argonaute have been demonstrated, mRNA reporter constructs 
could not be repressed by Y-RNA / Argonaute complexes (79). 
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 Taken together, the highly conserved family of Y-RNAs interacts with, and regulates the 
localization and activity of various RNA-binding proteins involved in basic cell functions. 

Y-RNAs are abundantly present in the extracellular milieu
RNA sequencing studies aiming to characterize the small transcriptome of EV have 
indicated that cells release Y-RNAs into the extracellular milieu (12–18,20,24,25,31,80). 
There is now strong evidence that Y-RNAs are abundantly present both in supernatants 
of multiple in vitro cultured primary and immortalized cell types, as well as in various 
biofluids (see Table 1). In fact, Y-RNA was found to be the most abundant non-coding 
RNA species in plasma from healthy individuals (19). Multiple studies reported a 
strong enrichment of Y-RNA in EV relative to intracellular levels, which suggests that 
the shuttling of Y-RNA into EV is highly efficient (12–14,25,31). 
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The frequent detection of Y-RNAs in the external milieu of cells suggests that release of 
Y-RNAs from cells is a common and ubiquitous process. We compared the abundance 
of Y-RNA subtypes reported in each of the RNA sequencing studies and ranked these 
from 1 (highest) to 4 in Table 1. Although differences exist between studies that used 
different cell types or EV-purification methods, Y4 is most abundantly detected in the 
extracellular milieu. A number of studies indicate that differences exist between the 
relative abundance of Y-RNA subtypes inside cells and those released by these cells 
into the extracellular milieu (14,25,31), which supports subtype-specific differences 
in Y-RNA release. 
 The data in Table 1 and 2 indicate that different size selections were applied during 
sequencing library generation for extracellular Y-RNA detection. Several of the studies 
primarily focused on miRNA detection and therefore applied a narrow size selection 
(< 65 nt). This hampers detection of longer transcripts such as full-length Y-RNA, which 
are 83 – 110 nt in size. The sequencing approach in these studies may therefore bias 
towards detection of Y-RNA fragments (12,14,19,31). However, Y-RNA fragments have 
also been detected in sequencing studies where no size selection was applied (Table 2) 
(17,19,20,25,80–82). Most studies show that the extracellular Y-RNA fragments derive 
from both the 5’ and 3’ arms of the Y-RNA hairpin and that they can be categorized 
in defined lengths of ~21 nt, ~30 nt and ~40 nt (Table 2). Fragments of the 5’ arm of 
the Y-RNA hairpin were generally found to be more abundant than the 3’ fragments. 
Although these data suggest that Y-RNA fragments are frequently released from cells, 
reliable detection of full-length Y-RNA in these studies may have been hampered by 
technical limitations. Y-RNA forms complex RNA structures that are known to negatively 
influence cDNA synthesis efficacy and to introduce bias in deep sequencing. Reverse 
transcriptases may not efficiently read through these complex RNA structures, leading 
to overestimation of fragmented non-coding RNA in sequencing data (83,84). This is 
corroborated by recent sequencing studies deploying reverse transcriptases that are 
insensitive to secondary structures, which detected mostly full-length Y-RNAs (and 
other structured ncRNA such as tRNA) (15,85). By using Northern blot analysis, we also 
recently confirmed that EV contain mostly full-length Y-RNA and only a small amount 
of 19 - 35 nt fragments (16). This urges caution in drawing conclusions on the presence 
of Y-RNA fragments in EV based on RNA sequencing data (16). Taken together, both 
full-length and fragmented forms of extracellular Y-RNA are abundantly detected in 
body fluids and in culture supernatant of various cell lines.
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Y-RNA binding proteins identified in EV
Several different proteins are known to interact with Y-RNA inside cells and determine 
its function or localization. Additionally, protein binding may shield motifs in Y-RNA 
which may trigger cellular RNA sensors. For instance, the La-protein potentially shields 
the triphosphate moiety (56), which may prevent activation of RIG-I (86). Ro60 covers 
the stem-motif (87), which may prevent activation of dsRNA sensor TLR-3. In the context 
of EV release, protein partners of Y-RNA may be involved in shuttling of the RNA into 
EV and in functional effects of transferred Y-RNA in target cells. It is largely unknown 
which protein partners are associated with Y-RNA in EV and whether this differs 
between EV of different cellular origin (Figure 1, box 8 and 9). We therefore composed 
a list of known Y-RNA protein partners and evaluated whether these proteins have 
been detected in EV by searching public databases of mass spectrometry data of EV-
associated proteins (Vesiclepedia) (88). The list of known Y-RNA protein partners can be 
found in Table 3. Most of these proteins have been identified by immunoprecipitation 
with antibodies against RNA binding proteins followed by Y-RNA detection, or by 
using tagged Y-RNA molecules to pull down proteins from cell lysates that directly 
interact with this RNA (RNA affinity purification). Studies that initially discovered the 
interaction between an RNA-binding protein and Y-RNA subtypes, as well as later 
studies further validating this interaction have been listed in Table 3. Twenty-three 
proteins have been reported to directly interact with Y-RNA. Ro60 and La, which are 
the best characterized protein partners of Y-RNA, have been discussed in chapter 
2. Many of the other Y-RNA-binding proteins (hnRNP I, hnRNP K, RoBPI, ZBP1, YBX1, 
YBX3, ELAVL1 (HuR), CPSF1, CPSF2, FIPL1 SYMPK, and HuD) function in processing 
or splicing of mRNA transcripts. Several of these proteins mediate 3’ end processing 
of human histone-H3 mRNA in conjunction with a truncated form of Y3-RNA called 
Y3** (89). As mentioned earlier, the protein HuD is specifically expressed in neuronal 
cells where it enhances translation efficiency by stabilizing the mRNAs of mTORC1-
responsive genes, which is counteracted by Y3-RNA binding to HuD (73). Similarly, the 
related protein HuR, also known to bind Y3-RNA, can bind AU-rich elements in mRNA 
transcripts. Via this mechanism, HuR was for example shown to influence cytokine 
production, evidenced by increased interferon-β expression in synoviocytes of arthritis 
patients, and reduced production of inflammatory cytokines including TNFα and TGFβ 
in LPS-treated macrophages (90,91). Two other proteins, MOV10 and Argonaute, are 
important players in miRNA-mediated gene silencing. Additionally, a number of Y-RNA 
interacting proteins are involved in virus infection or innate immunity, such as MOV10, 
APOBEC, IFIT5, SYMPK, YBX1. Interestingly, not all proteins were found to interact with 
all four human Y-RNA subtypes. This suggests specialized functions for different Y-RNA 
subtypes, dependent on their associated proteins. 
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Next, we searched Vesiclepedia (www.microvesicles.org), a repository for extracellular 
vesicle proteomics data (88), to investigate which of the known Y-RNA binding 
proteins have been detected in EV. Interestingly, 18 out of 23 known Y-RNA binding 
proteins were reportedly present in EV from various cell types (Table 3). In addition, 
10 of these proteins have been detected in EV from biofluids such as blood and urine. 
Of note, most entries in Vesiclepedia are based on mass-spectrometry, which may be 
prone to false-positive identification of proteins due to its high sensitivity. Therefore 
we additionally searched the literature to determine whether the presence of these 
proteins in EV has been validated by Western blot detection. This was the case for 6 
proteins: Ro60 (20,31), La (31), hnRNP K (92), YBX1 (93), APOBEC3G (94), and ELAV1 
(HuR) (95,96). In studies reporting the presence of Ro60 (20,31), La (31), and hnRNP K 
(92), EV had only been enriched by ultracentrifugation/ultrafiltration. These proteins 
may therefore be associated to EV or RNP or both. Association of HuR and APOBEC3G 
to EV was convincingly demonstrated using EV purification by density gradient 
centrifugation (94,96). Additionally, it was shown that lipid membrane-enclosed YBX1 
was protected from protease degradation, indicating that this protein is found inside 
EV (93).
 We noticed that several of the Y-RNA-binding proteins detected in EV have previously 
been implicated in sorting of miRNAs into EV. ELAV1 (HuR), for example, dissociates 
miRNA-122 from AGO2/mRNA complexes in hepatocytes and drives subsequent 
expulsion of miR-122 from the cell via EV (96). Furthermore, YBX1 was shown to 
package miR-223 into EV from HEK293T cells (97). Initial evidence suggests that YBX1 
also plays a role in sorting Y-RNA into EV (15). Knockout of this protein in HEK293T cells 
resulted in a reduced packaging of Y-RNA into EV. However, disruption of YBX1 did 
not completely abolish Y-RNA packaging, suggesting the involvement of additional 
proteins in this process. Moreover, YBX1 knockout also affected the packaging of other 
small non-coding RNAs such as tRNAs and Vault RNA, which suggests a more general 
function in EV-RNA packaging. Delineating the mechanisms underlying sorting of 
RNAs into EV is an area of intense research. Identification of proteins that specifically 
interact with EV-RNAs of interest, as performed above for Y-RNA, is a starting point to 
investigate potential involvement in sorting these RNAs into EV. Besides the assumed 
involvement of RBP in this process, sorting of RNAs into EV may also be influenced by 
the presence of specific motifs, modifications, or structures in RNA, post-translational 
modifications in RBP, and local enrichment of RNA close to membrane compartments 
(reviewed in (32)). RNA sorting into EV may additionally be modulated by signaling 
processes triggered in the parental cells. There is strong evidence that miRNA sorting 
is influenced by cell stimulation (9,16). Our own laboratory recently showed that 
EV-mediated release of Y-RNA is influenced by immune-related stimuli imposed on 
EV-producing cells (16). The EV-associated changes in Y-RNA were not reflected in 
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cellular Y-RNA levels, which suggests that the Y-RNA shuttling rate, rather than the 
transcriptional level of Y-RNA, is modulated by these stimuli. Condition-dependent 
changes in the levels of extracellular Y-RNA have also been observed in vivo. Physical 
exercise was shown to increase the levels of circulating Y4-RNA, while Y1, Y3, and 
Y5 were decreased relative to resting conditions (98). Further research is needed to 
evaluate whether regulation of Y-RNA shuttling to the extracellular space is driven by 
differential expression or localization of Y-RNA binding proteins. 
 In conclusion, a large number of proteins known to interact with Y-RNA have been 
detected in EV. Some of these proteins may be involved in sorting of Y-RNA into EV, 
but the underlying mechanisms should be further explored (Figure 1, box 10). The co-
presence of Y-RNA and Y-RNA binding proteins in EV also highlights the need to study 
the functional effects of EV-associated Y-RNA in the context of its protein partners.

Y-RNA and viruses
Extracellular Y-RNA has not only been detected in EV and RNP, but also in various 
retroviruses such as murine leukemia virus (MLV) and human immunodeficiency virus 
(HIV) (104–108) (Figure 1, box 11). These viruses incorporate not only Y-RNA, but also 
various other host-derived non-coding RNAs, such as tRNA and 7SL. The presence of 
extracellular Y-RNA in both retroviruses and EV is interesting because both structures 
are formed via overlapping biogenesis routes (109,110). In addition, several Y-RNA 
binding proteins that have been identified in EV also interact with retroviral RNA. In 
the case of HIV, these proteins included YBX1, hnRNP K, PTBP1, Nucleolin, and Matrin-3 
(111). This raises the interesting question whether there is overlap in mechanisms 
underlying the sorting of RNAs into EV and retroviruses. 
 Retroviruses use specific host tRNAs to prime reverse transcription, which is a key 
step in the retroviral life cycle (112). In addition, encapsidated host non-coding RNAs 
may mediate packaging of antiviral proteins, such as the antiviral cytidine deaminase 
APOBEC3G into virions (113). It has been hypothesized that newly synthesized host 
RNAs, including Y-RNAs that have not been bound by Ro60, may act as a scaffold for 
virion assembly (105,106,114). Moreover, it has been suggested that Y-RNA may benefit 
the host via potential triggering of TLR7 in newly infected cells, thereby initiating an 
antiviral immune response (107). Additionally, it was reported that many packaged 
RNAs, including Y-RNA, can mediate APOBEC packaging which leads to mutations in 
the viral genome or restricts retrotransposition (103). It remains to be investigated 
whether these Y-RNA-driven processes only occur during virus infection and whether 
we could learn from retroviruses to further delineate the function of Y-RNA in EV.
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The role of extracellular Y-RNA in immune regulation 
The high abundance of Y-RNA in EVs and RNPs raises the question whether extracellular 
Y-RNAs have signaling functions when transferred to target cells (Figure 1, box 12). 
In general, it is technically challenging to assess the role of individual RNAs in EV-
mediated effects because EV mediate simultaneous transfer of multiple proteins, 
lipids and RNAs to target cells. Until now, functional transfer of EV-associated miRNAs 
have been addressed either by using target cells with luciferase reporter constructs 
containing the 3′UTR of the mRNA target, or by investigating EV released by miRNA 
knockout cells, or by assessing the effects of transfecting synthetic analogues of the 
RNA of interest into target cells (reviewed in (32)). It is unlikely that, upon transfer 
to target cells, Y-RNA functions similar to miRNA, as it has been shown that Y-RNA 
fragments bound to Ago2 were unable to repress reporter mRNAs (79). In addition, 
the effects of Y-RNA in EV may differ from those elicited by Y-RNA-containing RNP. 
Although the number of studies addressing the effects of extracellular Y-RNA are 
limited, the majority of these studies described effects of Y-RNA on immune regulation. 
Interestingly, both pro- and anti-inflammatory effects have been described, which will 
be discussed in more detail below. 

Table 4 summarizes the immune-related effects that have been reported for 
extracellular Y-RNA subtypes in various experimental settings. Some of these studies 
specifically addressed the function of Y-RNA containing RNP (23,115,116), whereas 
others focused on the function of EV-associated RNA (24,25). In the recent study by 
Haderk et al. it was shown that Y4 and 5’-fragments of Y4 were abundantly present in 
EV released by B cell leukemia cells. These EV not only induced inflammatory effects, 
such as the release of CCL2, CCL4 and IL6 by monocytes, but also induced PD-L1 
expression on these cells, which inhibits T-cell activation (117). To investigate whether 
the EV-induced effects were mediated by Y4, monocytes were transfected with 
synthetic homologues of full-length Y4 or fragments thereof. Full length Y4, but not Y4 
fragments, induced similar pro- and anti-inflammatory effects in monocytes as those 
observed after incubation with EV. Based on these data it was suggested that Y-RNA 
in tumor EV could contribute to establishing a favorable tumor microenvironment via 
suppressing the immune system (25). 
 Y4-RNA containing EV have also been implicated in myocardial infarctions (24). 
Cardiosphere-derived cells (CDC) can reduce damage during myocardial infarction 
by modulating inflammatory responses via an unknown mechanism. It was found 
that CDC-EVs contain a relatively large percentage of Y-RNAs, and that one specific 
5’ fragment of Y4-RNA was particularly abundant in CDC-EV compared to normal 
human dermal fibroblasts. Evidence was provided that EV could transfer Y4-fragments 
to bone-marrow derived macrophages, and that transfection of this Y4-fragment 
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into macrophages resulted in strong and prolonged upregulation of IL10, and to a 
lesser extent TNFα. Additionally, administration of this Y4-fragment in vivo induced 
IL10 release and reduced damage in a myocardial infarction model in rats (24). Thus, 
the abundance of Y4-fragments in CDC-EVs correlated with the potency of these RNA 
fragments to mitigate damage after myocardial infarction. 
 The function of EV-associated Y-RNA has until now been addressed by transfecting 
Y-RNA (fragments) into target cells as a model for EV-mediated transfer of these RNAs. 
Although this may currently be the most feasible approach, several limitations can be 
identified. The naked, synthetic RNAs employed in these studies are not complexed to 
proteins, whereas RBP may play a role in the function of truly EV-associated Y-RNAs. 
Additionally, the route of uptake of lipofected RNA complexes may be different from 
EV-enclosed RNAs, resulting in delivery of the Y-RNA to subcellular locations other 
than those reached after EV-mediated delivery. 
 A few other studies provide indirect support for a role of EV-associated Y-RNA 
in immune-modulatory processes. For instance, Y-RNAs and tRNAs are particularly 
abundant in seminal plasma EV (prostasomes) (20), which are known to confer immune-
suppressive effects leading to reduced rejection of sperm cells (118). Similarly, EV 
released by the parasite Heligmosomoides polygyrus contain high levels of nematode 
stem-bulge RNAs (which are related in sequence to Y RNAs) and suppress cytokine 
release in mice (119). Furthermore, in our latest study, we demonstrate that EV released 
from dendritic cells with an immune-suppressive function are more enriched in Y-RNA 
than EV released by dendritic cells with an immune-activating phenotype (16).
 While EV-associated Y-RNAs seem to induce a range of different immune-related 
effects, circulating RNP containing Y-RNA predominantly induce immune activation. 
Many of these effects reportedly depend on TLR-mediated triggering (Figure 1, box 
13). However, Y-RNA subtypes differ in their capacity to trigger different TLRs. Y3-RNA 
predominantly triggers TLR3, while Y1, Y3 and Y4 trigger TLR7 (116). Whereas unbound 
Y-RNA may trigger TLR signaling, Y-RNA bound to protein partners such as Ro60 and 
La has a reduced stimulatory potential, likely because these proteins shield dsRNA 
hairpin structure and 5’ triphosphate group that are ligands for TLR and other pattern 
recognition receptors. In support of this idea, Clancy et al. showed that Ro60-associated 
Y3-RNA, in contrast to naked Y3-RNA, does not induce TNFα release in macrophages 
(115). The pro-inflammatory effects of Y-RNA-Ro60 complexes in autoimmune diseases 
such as SLE and SS are likely explained by binding of auto-antibodies to these RNP. 
Opsonization of Ro60-associated Y3-RNA by anti-Ro60 IgG was shown to be required 
for stimulation of TNFα release by macrophages, supporting a role for FcγR in this 
process (115) (Figure 1, box 14). However, not only FcγR-mediated triggering, but 
also RNA-mediated triggering of TLR7 contributed to the inflammatory effects elicited 
by the RNP (115). It is not known whether exposed Y-RNA-Ro60/La complexes only 
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occur as RNP or whether these complexes are also present on the surface of EV. During 
apoptosis of fibroblasts, Y3-RNA was shown to drive the translocation of Ro60 to the 
outer leaflet of the plasma membrane (120) (Figure 1, box 15). Upon opsonization 
with anti-Ro60 antibodies, these apoptotic fibroblasts induced TNFα release in 
macrophages in a TLR7 dependent manner (120). Since apoptotic cells release various 
types of EV as well as apoptotic bodies (121), it is possible that some of these EV display 
surface-exposed Y-RNA-Ro60 complexes. In fact, it is known that EV associate with 
autoantibodies in several autoimmune diseases, thereby forming proinflammatory 
complexes that contribute to disease (reviewed in (122)).
 Besides triggering inflammation in SLE and SS, extracellular Y-RNA complexes 
have also been demonstrated to induce apoptosis in atherosclerosis (23) and cancer 
(80). In atherosclerosis, lipoproteins accumulating in arteries can lead to activation 
of macrophages and subsequent apoptosis induction in these cells. In vitro cultured 
macrophages treated with lipids release increased levels of fragmented Y-RNA into 
the medium (22). Hizir et al showed that affinity purified Y-RNA fragments/Ro60 RNPs 
from apoptotic HEK293T cells induced cell death in macrophages (Figure 1, box 16). 
Y-RNA fragment-containing RNP released by macrophages could therefore contribute 
to a negative feed-back loop in which more and more macrophages in the lipid-rich 
environment die by apoptosis. In the context of cancer, it was shown that EV released 
by myelogenous leukemia cell lines contain high levels of fragmented Y5-RNA (80). 
Not only these EV, but also deproteinized total RNA from these EV and synthetic Y5 
fragments were shown to induce apoptosis in healthy cells, but not in cancer cells. Via 
this mechanism, Y5-fragments in EV could favor cancer cell proliferation and invasion 
of tissues.
 The studies described above suggest that the functional effects of extracellular 
Y-RNAs depend on both the macromolecular structure to which it is associated and the 
conditions under which the Y-RNA is released. In addition to the TLR-mediated effects 
of Y-RNA that have been reported to date (Figure 1, box 17), Y-RNA may also mediate 
functional effects via their interacting proteins (Figure 1, box 18). This highlights 
the importance of separating EV from RNP in studies addressing the function of EV-
associated RNA (32,123) 

Biomarker potential of extracellular Y-RNA
The abundance of circulating Y-RNA in body fluids has triggered interest in the potential 
use of Y-RNA as biomarker for disease. Increased levels of Y-RNA have been observed in 
the circulation of cancer patients (14,21,25,31). In breast cancer patients, the abundance 
of 3’ Y-RNA fragments was higher than in healthy controls (21). A more recent study 
on chronic lymphocytic leukemia (CLL) reported the increased abundance of Y4-RNA 
in serum from CLL patients compared to healthy controls (25). However, these studies 
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were performed with small groups of patients and the data currently lack power to 
confirm the suitability of Y-RNA (fragments) as biomarkers for cancer. Whereas there 
is no evidence that EV from tumor cells are more enriched in Y-RNA than their non-
tumorigenic counterparts, most tumor cells release relatively high numbers of EV 
(14,25). The cancer-related increase in circulating Y-RNA may therefore be explained by 
increased numbers of tumor cell-derived EV in the circulation. Alternatively, other cell 
types may react to the presence of the tumor by increasing cellular export of Y-RNA.
 Increased levels of circulating extracellular Y-RNA have also been observed in 
the context of atherosclerosis and coronary artery disease. Repetto and colleagues 
observed a higher number of 5’ Y1-fragments in the blood of ApoE-/- mice used as a 
model for atherosclerosis (22). Likewise, increased levels of circulating 5’-Y1 were 
observed in a cohort of 43 men with stable coronary artery disease (CAD), as compared 
to 106 age-matched healthy men. These data were validated in an independent sub-
cohort including 220 patients versus 408 controls. In 45 CAD patients an increased 
abundance of Y4-RNA 5’-fragments was observed (22). This raises the question of which 
cells are the main producers of extracellular Y-RNA fragments present in the circulation. 
The suggested candidates include macrophages (23) and platelets (81). However, it is 
important to note that pre-analytical variables can strongly affect characterization of 
extracellular RNA in plasma. Plasma samples are commonly contaminated by platelets, 
which may disintegrate during freezing (34), thereby releasing their internal (RNA) 
content. Indeed, plasma miRNA levels were shown to correlate with platelet counts prior 
to freezing (124). Thus, there is an urgent need for standardization of sample collection, 
storage conditions and sample processing for reliable assessment of Y-RNA and other 
extracellular RNAs present in body fluids. 
 In conclusion, differences in circulating Y-RNA may be further explored as biomarkers 
for disease, but it is critically important to evaluate and standardize the various methods 
used to isolate different carriers of Y-RNA in body fluids. Additionally, acquisition of 
knowledge on how disease-associated changes in cells affect the release of Y-RNAs will 
help to better understand their biomarker potential. 

Concluding remarks
Current data suggest that the family of Y-RNAs does not only play a role in intracellular 
processes to maintain cell function, but also acts as versatile intercellular messengers. 
Various studies have indicated that extracellular transport of Y-RNA is a highly efficient 
process employed by many different cell types. Additionally, Y-RNA is one of the most 
abundant extracellular non-coding RNAs in human plasma. Such extracellular RNA can 
occur in RNP or in EV. One potential trigger that regulates extracellular release of Y-RNA 
is TLR signaling. Moreover, currently available data suggest functional involvement 
of extracellular Y-RNA in various immune-related processes. Y-RNAs can bind to 
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several different proteins. We here provided an overview of Y-RNA binding proteins 
that occur inside cells and in Y-RNA-containing RNP or EV released by cells into the 
extracellular milieu. We propose that binding to these proteins not only determines 
how Y-RNA regulates cellular processes, but may also drive their sorting into EV and 
could be essential for functional effects of Y-RNA transferred to recipient cells (Figure 
1). Partly based on currently available data, we envision that Y-RNA may affect the 
function of recipient cells via different mechanisms. These include direct effects of 
Y-RNA, such as activation of RNA sensors (e.g. TLRs), leading to the release of pro- and 
anti-inflammatory cytokines. Additional effects may be mediated by Y-RNA binding 
proteins, many of which function in regulation of transcription and translation. Initial 
data suggest that levels of extracellular Y-RNA may correlate with disease. However, 
more research is needed as to how Y-RNA release is altered in diseased cells and how 
this affects other cells in order to delineate the contribution of extracellular Y-RNA 
in (immune-related) diseases and to correctly interpret its applicability as a disease 
biomarker.
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Abstract 

Major efforts are made to characterize the presence of microRNA (miRNA) and messenger 
RNA in blood plasma to discover novel disease-associated biomarkers. MiRNAs in plasma 
are associated to several types of macromolecular structures, including extracellular 
vesicles (EV), lipoprotein particles (LPP) and ribonucleoprotein particles (RNP). RNAs in 
these complexes are recovered at variable efficiency by commonly used EV- and RNA 
isolation methods, which causes biases and inconsistencies in miRNA quantitation. 
Besides miRNAs, various other non-coding RNA species are contained in EV and 
present within the pool of plasma extracellular RNA. Members of the Y-RNA family 
have been detected in EV from various cell types and are among the most abundant 
non-coding RNA types in plasma. We previously showed that shuttling of full-length 
Y-RNA into EV released by immune cells is modulated by microbial stimulation. This 
indicated that Y-RNAs could contribute to the functional properties of EV in immune 
cell communication and that EV-associated Y-RNAs could have biomarker potential in 
immune-related diseases. Here, we investigated which macromolecular structures in 
plasma contain full length Y-RNA and whether the levels of three Y-RNA subtypes in 
plasma (Y1, Y3 and Y4) change during systemic inflammation. Our data indicate that 
the majority of full length Y-RNA in plasma is stably associated to EV. Moreover, we 
discovered that EV from different blood-related cell types contain cell type specific 
Y-RNA subtype ratios. Using a human model for systemic inflammation, we show that 
the neutrophil-specific Y4/Y3 ratios and PBMC-specific Y3/Y1 ratios were significantly 
altered after induction of inflammation. The plasma Y-RNA ratios strongly correlated 
with the number and type of immune cells during systemic inflammation. Cell type 
specific ‘Y-RNA signatures’ in plasma EV can be determined without prior enrichment 
for EV, and may be further explored as simple and fast test for diagnosis of inflammatory 
responses or other immune-related diseases.
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Introduction

Body fluids contain a plethora of RNA molecules that have been released by cells. 
Macromolecular structures in plasma that contain extracellular RNAs (exRNAs) 
include extracellular vesicles (EV), lipoprotein particles (LPP) and ribonucleoprotein 
complexes (RNPs) (1–3). In recent years, the major focus has been on characterizing 
the RNA content of EV. EV are nano-sized membrane vesicles that are involved in 
transferring transmembrane and cytosolic proteins, lipids, and RNA between different 
cells (4,5). The release and molecular composition of EV change depending on the 
activation or differentiation status of the EV-producing cell. EV have therefore not 
only been implicated as important mediators of intercellular communication, but also 
as biomarkers for disease (6–12). Numerous studies addressed the cell type-specific 
profiles of EV-associated RNA and how such profiles change due to cell signaling, 
oncogenic transformation, or other disease-related processes (13–19). Most of this 
research has focused on the microRNA (miRNA) and messenger RNA (mRNA) content 
of EV because of their known functions in gene expression. Changes in EV-associated 
levels of these RNA types in plasma or serum have been demonstrated for diseases 
such as cancer, rheumatoid arthritis and neurodegenerative diseases (10,20,21). Since 
recent years, there has been growing awareness that separation of EV, LPP, and RNP 
is technically challenging due to their overlap in size and buoyant density. The levels 
of contamination with LPP and RNP in EV preparations obtained with the commonly 
used EV-isolation methods are variable. This introduces biases in EV-miRNA biomarker 
studies and reduces inter-study reproducibility of data (22,23).
 Our previous work indicated that EV also contain less well-known types of non-
coding RNA (19,24). One of these RNA types, Y-RNA, has been abundantly detected 
in EV from several different cell types (reviewed in (25)). Y-RNAs are highly conserved 
non-coding RNAs with sizes of ~ 100 nt. Inside cells, these RNAs are involved in various 
basic cellular processes such as DNA replication (26,27) and RNA quality control 
(28,29). The human genome encodes four Y-RNA subtypes (30), which are hairpin-like 
structures with homologous stem regions and subtype-specific loop sequences (31). 
Although several research groups proposed that EV mainly contain specific fragments 
of Y-RNA, our recent data demonstrate that this is a common artefact in small RNA 
sequencing procedures (19). Difficulties to ligate the adapters to the 5’-triphosphate 
group of full length Y-RNAs and the strict size selection applied during small RNA 
library preparation strongly bias towards detection of fragmented Y-RNAs (32). Using 
Northern blotting, we provided evidence that most of the Y-RNA in EV from cultured 
primary dendritic cells was in the full length form (19). Moreover, we showed that 
the dendritic cells could regulate the amount of full length Y-RNA sorted into EV in 
response to immune-activating or immune-suppressing stimuli (19), similar to the 
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regulated incorporation of specific miRNAs (13,33,34). This suggests that Y-RNAs can 
contribute to the functional properties of EV in immune cell communication and that 
EV-associated Y-RNAs could have biomarker potential in immune-related diseases. 
 Y-RNA is not only present at high levels in EV from several cell lines, but is also among 
the most abundant RNA types in plasma of healthy individuals (35,36). The levels of 
circulating Y-RNA have been proposed to correlate with cancer and coronary artery 
disease (37,38), but these studies were biased towards detection of Y-RNA fragments. 
It is currently unknown whether full length Y-RNAs in plasma are associated to both 
EV, LPP, and RNP, similar to what has been shown for miRNAs (1–3). It is also unknown 
which blood-related cell types can release Y-RNA containing EV into the circulation 
and whether the levels of full length Y-RNA in plasma are regulated by immune-related 
stimuli. 
 We here show that the majority of full length Y-RNA in plasma is stably associated to 
EV. Interestingly, we found that EV released by different blood-related cell types contain 
unique quantitative ratios of different Y-RNA subtypes. In response to TLR-mediated 
stimulation, several of these cell types showed increased release of Y-RNA containing EV, 
but the cell type-specific Y-RNA subtype ratios remained stable under these conditions. 
In a human endotoxemia model for systemic inflammation, we observed significant 
alterations in the Y-RNA content within the total pool of plasma EV. A substantial increase 
was observed in the neutrophil-specific Y-RNA subtype ratio and this correlated tightly 
with the increase in number of neutrophils that occurred during inflammation. Detection 
of Y-RNA subtype ratios in plasma EV can be determined without prior enrichment for 
EV and may be further explored as simple and fast test for diagnosis of inflammatory 
responses or other immune-related diseases. 

Materials and methods

Clinical samples
Plasma samples of the human endotoxemia study were obtained under approval of 
the Academic Medical Center Medical Ethical Committee and are according to the 
Declaration of Helsinki, including Good Clinical Practice (39,40). This study has been 
registered at the Dutch Trial Register (NTR4455). All enrolled volunteers provided 
written informed consent before enrolment. Two volunteers displayed aberrant 
cytokine levels at either t=0 or t=2 and were excluded from all further analyses. 
 Blood and plasma from healthy volunteers was obtained following approval of the 
Medical Ethical Committees of Utrecht Medical Centre, Amsterdam Medical Centre and 
Sanquin Research. All volunteers provided written informed consent, the experiments 
abide by the Declaration of Helsinki principles for human research ethics.
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Plasma collection and fractionation
During the human endotoxemia study, plasma samples were collected as described 
previously (39,40). In brief, arterial blood samples were collected in two tubes with 
0.11 M sodium citrate (Vacutainer, Becton Dickinson). Samples were collected directly 
before infusion of LPS and before infusion of the transfusion product and every 2 
hours thereafter until 6 hours after transfusion. Tubes were centrifuged at 1,500 g for 
10 min at 20°C, the supernatant was centrifuged again at 1,550 g for 20 min, plasma 
was frozen at -80°C until analysis.
 For preparation of all other plasma samples from healthy donors, blood was 
collected in the morning by venipuncture with a 21G needle into a citrate tube (Greiner 
Vacuette 9NC NaC 3,2%), and was processed within 30 minutes after collection. Tubes 
were centrifuged at 2,500g for 15 min at RT, supernatant was pipetted off using a 
plastic Pasteur pipette. Supernatant was centrifuged again 3,000 g for 15 min, 
supernatant was collected and frozen directly at -80°C in 0.5 mL aliquots in Eppendorf 
LoBind Tubes.
 For fractionation of plasma (Figure 1B), 0.5 mL plasma was thawn at RT and 
fractionated on a qEV Classic size exclusion column (Izon Science, Christchurch, New 
Zealand) eluted with 1x PBS (Gibco, Paisley, UK). 0.5 mL fractions were collected 
manually. Fractions 7 – 12 (‘early’) and fractions 17 – 24 (‘late’) were pooled into two 
SW40 tubes and were centrifuged for 65 min at 100,000 g (k-factor: 381.5). 90% of the 
supernatant (‘sup’) was removed by pipetting and stored at 4°C, and the last 10% was 
decanted, after which the pellets were resuspended in 50 µl PBS + 0.2% EV-depleted 
BSA (which was cleared of aggregates by overnight ultracentrifugation at 100,000 g). 
Resuspended pellets were overlaid with sucrose density gradients (2.5 M – 0.4 M) and 
centrifuged for 15 – 18 h at 192,000 g in a SW40 rotor (k-factor 144.5). High-density 
(1.25 g/mL, ‘hi dens’) and intermediate density (1.11 – 1.18 g/mL, ‘int dens’) fractions 
were diluted four times in PBS + 0.2% EV-depleted BSA and ultracentrifuged for 65 min 
at 192,000 g in a SW40 rotor (k-factor 144.5). Pellets were resuspended in 60 µl PBS, 
divided into three aliquots which were subjected to different enzymatic treatments. 
Stored 100,000 g supernatants were concentrated on PBS-washed Amicon Ultra 
100kDa spin filters (15 min 3,000 g) before being subjected to enzymatic treatment.
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Protease, RNase and detergent treatments
Each of the plasma fractions was subjected to treatment with combinations of 
detergent, protease and RNase according to the scheme below.

Table 1. Overview of enzymatic treatments on plasma fractions

Treatment Untreated Protease + RNase Protease + RNase + detergent

NP-40 - - +

Proteinase K - + +

RNase A - + +

 

First, 1% NP-40 detergent or an equal volume of PBS was added and samples were 
incubated 15 min on ice. Next, 45 ng/mL Proteinase K (Roche, Basel, Switzerland) or 
an equivalent volume of PBS was added and incubated 30 min at 37°C, after which the 
reaction was stopped by adding 5 mM PMSF (Roche, Basel, Switzerland) an incubation 
on ice for 10 min. Finally, 8 U/mL RNase A (Roche, Basel, Switzerland) or an equivalent 
volume of PBS was added, incubated at 37°C for 30 min. Immediately hereafter, the RNA 
isolation procedure was started by adding 700 µl Qiazol (Qiagen, Hilden, Germany).

Blood cell culture and medium preparation
Preparation of EV-depleted media
EV were depleted from fetal calf serum (FCS) for preparation of EV-depleted culture 
medium (41). In brief, FCS was diluted to 30% and centrifuged overnight at 100,000 
g in a SW28 rotor (k-factor 334.2). Supernatants were recovered by pipetting, filtered 
through a 0.45 µm bottle top filter (Millipore, Leiden, NL). EGM-2 medium contained 
only 2% of serum and was thus ultracentrifuged as complete medium overnight at 
100,000g in a SW28 rotor (k-factor 334.2). Supernatants were recovered by pipetting, 
filtered through a 0.45 µm bottle top filter (Millipore, Leiden, NL) before use.

PBMC
Blood was drawn with a 21G needle into a 10 ml Lithium Hep Green Vacutainer (Beckton 
Dickinson, Franklin Lakes, NJ), layered onto a 15 mL FicollPaque (GE, Piscataway, NJ) 
cushion and centrifuged for 20 minutes at 560 g. The plasma layer was discarded, after 
which the PBMC interphase was removed with a plastic Pasteur pipette and mixed 
with 20 mL RPMI-1640 (Gibco, Paisley, UK). Cells were washed 3x by centrifugation 
for 10 minutes at 560 g. PBMC were seeded in RPMI-1640 with 10% EV-depleted FCS, 
100 IU/mL penicillin and 100 µg streptomycin (Gibco, Paisley, UK) at 1E6 cells / ml for 
EV-production. PBMC were checked for neutrophil contamination by flow cytometry 
(see below) which was < 3% for all donors. Where indicated, cells were stimulated with 
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1 µg/mL LPS (O111-B4, cat L2630, Sigma-Aldrich, St. Louis, MO). EV were produced in 
4h with 12 - 20x10E6 PBMC, after which medium was collected for EV isolation. Cell 
viability was checked by Trypan blue exclusion and was >95% for all cultures.

Neutrophils
Blood was drawn with a Vacutainer Eclipse needle into a Vacuette sodium heparine 9 ml 
tube (Greiner Bio-One, Alphen aan de Rijn, Netherlands). Blood was diluted with HBSS 
(Sigma Aldrich H6136) after which granulocytes and erythrocytes were separated from 
PBMC by density gradient centrifugation on 20 ml Lymphoprep (STEMcell Technologies, 
Köln, Germany). The granulocyte/erythrocyte pellet was subsequently transferred to a 
new 50 mL tube followed by erythrocyte lysis in ice-cold erythrocyte lysis buffer (0.155M 
NH4Cl (Sigma), 1mM KHCO3 (Merck), 80 µM EDTA (Merck) in Milli-Q) in 2 consecutive 
rounds. The final cell pellet was washed in PBS, centrifuged 8 min at 400g and seeded 
in IMDM + ultraglutamine (Gibco) supplemented with 1% EV-depleted FCS (Sigma-
Aldrich, F7524), and 86 µg/mL gentamycin (Duchefa, DUC586714) at 1E6 cells / mL for 
EV production. Purity of isolated cells was determined on flow cytometry (see below). 
Neutrophils were positive for CD15 and contained less than 3% PBMC (determined 
by FCS / SSC detection). Where indicated, cells were stimulated with 100 ng/mL LPS 
(O111-B4, cat L2360, Sigma-Aldrich, St. Louis, MO). EV were produced in 2 h with 9x10E6 
neutrophils, after which medium was collected for EV isolation. Cell viability after culture 
was checked by PI or DAPI staining, which was >90% for all cultures.

Platelets
Whole blood was collected in 3.2% trisodium citrate Vacuette tubes (Greiner, 
Kremsmünster, Austria) and was centrifuged at 160 g for 15 minutes at RT without a brake. 
Platelet-rich plasma (PRP) was transferred into a new tube containing 1/10 volume of 
Acid-Citrate-Dextrose (ACD; 38 mM citric acid, 75 mM sodium citrate, 135 mM dextrose). 
PRP was then centrifuged at 400 g for 15 min at room temperature with brake level 1. 
Afterwards, the supernatant was discarded and the pellet was resuspended in modified 
Tyrode’s buffer (10 mM HEPES, 137 mM NaCl, 2.8 mM KCl, 12 mM NaHCO3) with 5.55 
mM D-glucose, pH 6.5. Then, prostaglandin I2 (PGI2, Cayman Chemical Company) was 
prediluted into modified Tyrode’s buffer (pH 6.5)) and added to a final concentration of 0.5 
µM, after which the previous centrifugation step was repeated immediately. Finally, the 
platelets were resuspended in modified Tyrode’s, supplemented with 5.55 mM D-glucose, 
pH 7.4. Platelet suspensions were counted using the CELL-DYN Emerald System (Abbott, 
Green Oaks, IL) and adjusted to 200x10E6 platelets/mL in 1 mL for EV production. Where 
indicated, platelets were stimulated with 1 µg/ml LPS (O111-B4, cat L2360, Sigma-Aldrich, 
St. Louis). After 2 h of culture, 1 ml platelet suspension was collected, topped up with 10 
mL PBS + 1% EV-depleted BSA and subjected to EV isolation.
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HUVEC
Three pools of Human Umbilical Vein Endothelial cells (HUVEC) were obtained from Lonza 
(Verviers, Belgium). Cells were thawn and cultured for 5 passages before being seeded 
at 0.55E6 cells/cm2 in EV-depleted EGM-2 complete medium with 2 mM L-glutamine, 
100 U/ml pen/strep in porcine skin-gelatin coated culture dishes for EV-production from 
9x10E6 cells. Where indicated, HUVEC were stimulated with 1 µg/ml LPS (O55-B5, cat 
L2880, Sigma-Aldrich, St. Louis). After 4h, cell viability was checked by LIVE/DEAD (>95% 
for all cultures) (ThermoScientific), medium was collected and subjected to EV-isolation.

Red blood cells
9 mL of blood was collected into a Vacuette Natrium Heparine tube (Greiner Bio-One). 
Red blood cells were isolated by the following centrifugation steps (42): 15 min at 1000 
rpm, 5 min at 2500 rpm, 5 min at 2500 rpm. After isolation, red blood cells were incubated 
for 2h in HEPES buffer (132 mM NaCl, 20 mM HEPES, 6 mM KCl, 1 mM MgSO4, 1.2 mM 
K2HPO4, (Sigma-Aldrich, Spruce, USA) supplemented with 1 mM Ca2+ and 1 mg/ml 
glucose), EV were produced from 2x10E9 red blood cells in 1 mL. Where indicated, RBC 
were stimulated with 1 µg/ml LPS (O111-B4, cat L2360, Sigma-Aldrich, St. Louis). After 
2h, 10 mL PBS + 1% EV-depleted BSA was added to the supernatants which were then 
subjected to EV isolation.

Flow cytometry
5x10E4 to 1x10E5 cells were labeled for 30 minutes in 18 µl to 100 µl PBS + 1% BSA 
containing one or combinations of the following antibodies: anti-CD16-PECy7 (Biolegend; 
1:1000; 3G8), anti-CD62L-APCCy7 (Biolegend; 1:25; Greg-56), anti-CD63-APC (Biolegend; 
1:100; H5C6), anti-CD66b-PE (Biolegend; 1:100; G10F5), DAPI (Sigma-Aldrich), anti-CD3-
PacificBlue (Beckman Coulter, 1 : 50, UCHT-1), anti-CD14-FITC (Miltenyi, 1:100, Tük 4), 
anti-ICAM-1-AlexaFluor-405 (SantaCruz, 1:100, sc-107-af405), an in-house VHH against 
P-selectin (1 :125, B10.6, (43)), or Annexin-V (250 ug/ml, VPS diagnostics, cat. nr. A705). 
Surface labeling of cells was measured on a FACSCanto (BD Biosciences) or a LSR-II (BD 
Biosciences) flow cytometer relative to unlabeled controls.

EV isolation and fluorescent labeling
Cells were incubated in their respective media for 2 – 4h, after which EV were isolated 
as described before (19). Supernatants were centrifuged at 4°C, twice for 10 min at 
200g, twice for 10 min at 500g, and 30 min at 10,000g in a SW40 rotor (k-factor 2773.9). 
Supernatant was carefully pipetted off and transferred to new SW40 tubes, EV were 
pelleted at 100,000 g for 65 min (k-factor 381.5). EV pellets were resuspended in 20 µl 
PBS + 0.2% EV-depleted BSA and labeled with 1.5 µl PKH67 (Sigma-Aldrich) in 180 µl 
Diluent C, the reaction was stopped by adding 100 µl EV-depleted medium. Labeled 
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EV were overlaid with a sucrose density gradient as described above and centrifuged 
for 15 – 18 h at 192,000g (k-factor 144.5). Equal volumes of non-conditioned culture 
medium were processed in parallel to quantify background levels of residual medium-
derived RNA (41).

High resolution flow cytometry
High-resolution flow cytometric analysis of PKH67-labeled EV was performed on a BD 
Influx flow cytometer (BD Biosciences, San Jose, CA) with an optimized configuration for 
small particle analysis as previously described (44,45). We applied fluorescence threshold 
triggering to discriminate PKH67 labeled EV from non-fluorescent noise signals. 
Forward scatter (FSC) was detected at a 15 – 25 degree collection angle. Fluorescent 
polystyrene 100 and 200 nm beads (FluoSpheres, Invitrogen, Carlsbad, CA) were used to 
calibrate the fluorescence and reduced width-FSC settings before each measurement. 
Sucrose gradient fractions were diluted 10 – 20 times in PBS and vortexed just before 
measurement. Samples were measured at maximally 10,000 events per second, which 
is far below the electronic pulse processing limit of the BD Influx (46). Serial dilutions of 
peak fractions were included to control for potential ‘invisible swarm’ effects (47).

Immunoblotting
EV produced by equal numbers of stimulated and unstimulated cells were purified 
as described before, and resuspended in 30 µl 2x SDS sample buffer. Cell lysates 
were prepared in PBS + 1% NP-40 and Complete Mini Protease inhibitor cocktail 
tables (Roche, Basel, Switzerland) and incubation for 15 min on ice. Nuclei were spun 
down at 16,000g for 15 min. Protein content of cleared cell lysates was measured by 
BCA assay (ThermoScientific), and equal amounts of cell lysate proteins were used in 
immunoblotting. Equal volumes of fractionated plasma samples were mixed with 2x 
SDS sample buffer. Samples were incubated at 100°C for 3 min for detection of CD9, 
for 10 min for detection of ApoAI and ApoB100, and were not heated for detection of 
CD63 and CD81. Proteins were separated on a 10% SDS-PAGE gel (6% gel for ApoB100), 
after which proteins were transferred onto an Immobilon-P 0.45 µm PVDF membrane 
(Millipore, Cork, Ireland). After blocking for 1-2 h in blocking buffer (0.5% Cold Fish Skin 
Gelatin in PBS + 0.05% Tween-20), blots were incubated overnight at 4°C with one of 
the following primary antibodies: anti-human-CD9 (BioLegend, 1 : 1000, clone HI9a), 
anti-human-CD63 (BD Bioscience, 1 : 500, clone H5C6) , anti-human-CD81 (SantaCruz, 1 : 
1000, clone B-11), anti-human-ApoAI (SantaCruz, 1 : 1000, clone sc376818), anti-human-
ApoB100 (Biotechne, 1 : 1000, clone AF3260), or anti-human-Calnexin (Transduction 
Labs, 1 : 1000, clone 37) in blocking buffer, washed three times in PBS-Tween, and 
incubated for 1 – 2 h with HRP-coupled secondary antibodies (Dako, 1 : 5000 – 1 : 10 
000). Blots were washed again three times in PBS-Tween, followed by two washes in 
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plain PBS and incubation with ECL solution (ThermoScientific, SuperSignal West Dura 
Extended Duration Substrate, cat. 34075). Blots were analyzed using a BioRad Chemidoc 
imager (BioRad, Hercules, CA) and Image Lab software.

RNA analysis
RNA was isolated from cell culture EV isolates using the miRNeasy micro kit according 
to the manufacturer’s guidelines (Qiagen, Hilden, Germany). RNA was isolated from 
the 100 µl plasma aliquots according to the miRNeasy micro serum/plasma guidelines. 
RNA was eluted in 15 µl RNase-free water supplied with the kit. The Bioanalyzer Pico 
6000 kit (Agilent, Waldbronn, Germany) was used to quantify the RNA. cDNA was 
prepared using the miScript RT II kit (Qiagen, Hilden, Germany) using equal input 
volumes of RNA (12 µl per reaction) and HiFlex buffer. Quantification of specific RNA 
molecules by qPCR was done in 8 µl reactions, containing 2 µl of 10x diluted cDNA 
template, 4 µl of SYBR Green SensiMix PCR master mix (BioLine Reagents Ltd., UK) 
and 100 nM primers (IDT, Leuven, Belgium). Cycling conditions were 95°C for 10 min 
followed by 50 cycles of 95°C for 10 s, 57°C for 30 s and 72°C for 20s, run on a BioRad 
CFX384 machine (BioRad, Hercules, CA). Cq values were determined at a threshold of 
300 fluorescent units, data analysis was done in BioRad CFX Manager.
 Isolation of mRNA from cells was performed using the MN Nucleospin RNA kit 
(Macherey-Nagel, Düren, Germany). RNA was eluted in 60 µl RNase-free water and 
quantified by Nanodrop 2000 (ThermoScientific). cDNA was prepared using the 
RevertAid cDNA kit with random hexamer primers (ThermoScientific) and qPCR 
reactions were set up as described previously. Cycling conditions were 95°C for 10 min 
followed by 40 cycles of 95°C for 10 s, 60°C for 30 s and 72°C for 20s, run on a BioRad 
CFX96 machine (BioRad, Hercules, CA). Data analysis was done in BioRad CFX Manager.
 The following primers combinations were used (1 – 8 were combined with miScript 
Universal reverse primer, primers 9 – 16 were matched forward and reverse primers):

Statistics
Statistical analyses were done in SPSS (v24, IBM) or R Studio (v 3.5.2) with ggplot2 and 
ggally. The Kolmogorov-Smirnov test was used to assess the normality of the data. 
Various statistical tests were used which are indicated in the respective figure legends. 
p-values < 0.05 were considered statistically significant. Y-RNA abundance ratios were 
calculated from the differences in Cq value (dCq) between individual Y-RNA subtypes. 
For example: Y4/Y3 = dCqY3-Y4 = CqY3 – CqY4. The resultant values represent the relative 
abundance between two Y-RNA subtypes, for example: a Y4/Y3 ratio of zero means 
that both Y-RNA subtypes are present in equal amounts; a ratio of 1 means Y4 is twice 
as abundant as Y3; a ratio of -1 means Y4 is two times less abundant as Y3. Receiver-
operator characteristics curve was plotted using the pROC plugin for R (48).
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Table 2. qPCR primers

No Primer name Sequence (5’ – 3’)

1 Y1_loop-F GATCGAACTCCTTGTTCTACTC

2 Y3_loop-F AGATTTCTTTGTTCCTTCTCCACTC

3 Y4_loop-F GTGTCACTAAAGTTGGTATACAAC

4 Y5_loop-F GTTAAGTTGATTTAACATTGTCTC

5 hsa-miR-150-5p TCTCCCAACCCTTGTACCAGTG

6 hsa-miR-21-5p TAGCTTATCAGACTGATGTTGA

7 hsa-miR-122-5p TGGAGTGTGACAATGGTGTTTG

8 hsa-miR-16-5p TAGCAGCACGTAAATATTGGCG

9 hGAPDH-F TGCACCACCAACTGCTTAGC

10 hGAPDH-R GGCATGGACTGTGGTCATGAG

11 hActin-F CCTTCCTGGGCATGGAGTCCTG

12 hActin-R GGAGCAATGATCTTGATCTTC

13 hIL-6-F AACCTGAACCTTCCAAAGATGG

14 hIL-6-R TCTGGCTTGTTCCTCACTACT

15 hTNFa-F ATGAGCACTGAAAGCATGATCC

16 hTNFa-R GAGGGCTGATTAGAGAGAGGTC

 
 
Results
Full length Y-RNA in human plasma is predominantly associated to 
EV 
Previously, it was shown that miRNAs in plasma are associated to both EV, RNP, and LPP 
(1–3). We here investigated whether full length Y-RNAs in human plasma also associate 
to these three types of macromolecular structures. We first assessed whether all four 
Y-RNA subtypes could be detected in unfractionated plasma. To reliably distinguish 
between the different Y-RNA subtypes, we designed primers complementary to the 
loop sequences, which are unique to each of the 4 Y-RNA subtypes. RNA was isolated 
directly from 100 µl human plasma, followed by RT-qPCR-based quantification of all 
Y-RNA subtypes. Selected miRNAs known to be abundantly present in plasma (miR-
16-5p, miR-21-5p, miR-122-5p and miR-150-5p) (49) were included for comparison 
(Figure 1A). Y1, Y3 and Y4 were as abundant as the highly abundant miRNAs, whereas 
the levels of Y5 were relatively low. Next, we separated EV, RNP and LPP based on 
differences in size and buoyant density using a combination of isolation methods 
(Figure 1B). We used size-exclusion chromatography to separate large EV and (lipo)
protein particles (‘early fractions’) from small (lipo)protein particles and soluble proteins 
(‘late fractions’). These ‘early’ and ‘late’ fractions were subjected to ultracentrifugation 
at 100,000 g to separate pelletable from non-pelletable structures. Non-pelletable 
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Figure 1. Distribution of full-length Y-RNA subtypes over RNA carriers in plasma with 
different sizes and densities 
A) RNA was isolated from 100 µl unfractionated plasma, after which Y-RNA subtypes and selected 
miRNAs were quantified by RT-qPCR. Indicated are raw Cq values, with lower Cq values indicating 
higher transcript abundance. B) Schematic overview of the plasma fractionation protocol. Plasma 
was fractionated by size exclusion chromatography into ‘early’ and ‘late’ fractions, which were 
ultracentrifuged at 100,000g to separate pelletable from non-pelletable structures. Non-pelletable 
structures (‘sup’) were concentrated by ultrafiltration, whereas pelleted particles were separated into 
particles with densities characteristic for EV (intermediate density, ‘int dens’) and particles with a 
higher density (‘hi dens’) by using density gradient ultracentrifugation. C) Plasma fractions obtained 
in B were immunoblotted for the common EV proteins CD9, CD63 and CD81, and LPP-associated 
proteins ApoAI and ApoB100. Data are representative of n=2 experiments with different plasma 
donors. D) RNA was isolated from all plasma fractions, after which the Y-RNA subtypes and selected 
miRNAs in these fractions were quantified by RT-qPCR. Note that data from supernatant fractions 
represent equivalents of 1 / 14th of the initial plasma input. * p < 0.05, ANOVA with Dunnett’s two-
sided post-hoc test was used to determine enrichment of RNA relative to the ‘early int dens’ fraction.
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structures (‘sup’) were concentrated by ultrafiltration, and the pelleted particles were 
separated into particles with densities characteristic for EV (intermediate density, 
‘int dens’) and particles with a higher density (‘hi dens’), by using density gradient 
ultracentrifugation. The resulting six fractions were assessed for the presence of the 
common EV markers CD9, CD63, and CD81, and the lipoprotein markers ApoAI and 
ApoB100 (Figure 1C). Consistent with their reported association with differently sized 
lipoproteins, ApoAI (present in 75 – 1200 nm chylomicrons and 5 -12 nm HDL) and 
ApoB100 (present in 30-80 nm VLDL, 25-35 nm ILDL, and 18 -25 nm LDL) were detected 
in the early and late supernatant fractions, and were not efficiently pelleted in line 
with their low density (50,51). Common EV-associated proteins were predominantly 
detected on larger particles (present in the early SEC fractions) that sedimented at 
100,000 g and displayed intermediate buoyant densities. This is in accordance with the 
typical size (50 – 300 nm) and buoyant density (1.11 – 1.18 g/ml) of EV. Additionally, 
a faint signal for CD9 was detected in the early supernatant fraction, suggesting the 
presence of a EV-subset that did not sediment efficiently during ultracentrifugation.  
Next, we compared the six fractions for the presence of full length Y-RNA subtypes 
and selected miRNAs by RT-qPCR (Figure 1D). All Y-RNA subtypes were comparably 
distributed over the different plasma fractions. Y-RNAs were mainly detected in the 
early intermediate ‘EV’ fraction and early supernatant fractions, while they were almost 
absent in the late supernatant fraction. The distribution of miRNAs, on the contrary, 
varied per miRNA species. MiR-16, and miR-21 were most abundantly detected in early 
and late ‘LPP’ fractions, and to a lesser extent in the early ‘EV’ fraction. MiR-122 was 
exclusively detected in the ‘LPP’ supernatant fractions. The distribution of miR-150 was 
similar to Y-RNAs, with high levels present in the early intermediate ‘EV’ fraction. These 
data show that full length Y-RNAs are predominantly detected in plasma fractions that 
contain EV.
 Due to the overlap in size and density of different extracellular RNA carriers, the 
enrichment methods used above did not allow for strict separation of EV from all 
LPP subsets and RNP.  Additional methods were needed to confirm the presence of 
Y-RNA in plasma EV. We therefore combined our method for plasma fractionation 
with protease/RNase treatments. MiRNAs and miRNA-protein complexes inside EV are 
thought to be protected against degradation by these enzymes by the EV-membrane 
and will only become sensitive to these enzymes upon detergent lysis. In contrast, 
degradation of the protein scaffold of RNP and LPP by proteases will render the RNAs 
associated to these structures sensitive to RNases (2). We selected the two plasma 
fractions containing the highest levels of Y-RNA (‘early intermediate density’ and ‘early 
sup’) and an additional fraction in which high levels of miRNAs were detected (‘late 
sup’) for treatment with different combinations of RNase, protease, and detergent 
(Figure 2). As expected, all Y-RNA subtypes in the early intermediate (EV) fractions 
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were resistant to protease + RNase treatment, while addition of detergent led to 
complete degradation of the enclosed Y-RNAs (Figure 2A). Also the tested miRNAs 
in this fraction were protected unless detergent was added (Figure 2B). Importantly, 
we observed that all Y-RNA present in the lipoprotein-enriched early SEC fractions 
(‘early sup’) was also protected against protease/RNase treatment unless detergent 
was added. For miRNAs present in this fraction, however, we observed miRNA-specific 
differences in the sensitivity to protease/RNase degradation, with miR-16, -21, and 
-122 being sensitive and miR-150 being protected from degradation. All of the tested 
miRNAs were also present in the lipoprotein-enriched late SEC fractions (‘late sup’), 
but miRNA present in this fraction was sensitive to enzymatic degradation. These data 
strengthen the conclusion that the ‘early intermediate density’ fractions contain a 
pure population of EV that protect enclosed miRNAs and Y-RNAs against degradation. 
In contrast, the miRNAs present in the lipoprotein-enriched late SEC fractions, which 
were almost devoid of Y-RNAs, were fully sensitive to degradation by protease/RNase 
treatment. Furthermore, the lipoprotein-enriched early SEC fractions likely contain a 
mix of miRNA-containing LPPs and a low number of miRNA/Y-RNA containing EV that 
did not pellet efficiently during the 100,000 g centrifugation step. Indeed, our western 
blot data indicated that this fraction is not only enriched in apolipoproteins but also 
contains a low amount of the EV marker protein CD9 (Figure 1C). Together, our data 
indicate that full-length Y-RNAs in plasma, unlike miRNAs, are primarily associated to 
and protected by EV. 

Blood-associated cell types release EV with cell type-specific 
Y-RNA signatures
EV in plasma are likely derived from multiple cell types. It is currently unknown whether 
a broad range of blood-related cell types has the capacity to release EV containing full 
length Y-RNA into the extracellular space. To investigate this, we isolated EV from in vitro 
cultures of human red blood cells (RBC), neutrophils, peripheral blood mononuclear cells 
(PBMC, which consist of T cells, B cells, and monocytes), and endothelial cells (HUVEC). 
We additionally prepared EV from platelets since these are known to be abundantly 
present in blood plasma (52). We aimed to compare the number of EV released by 
these different cell types within a similar time frame.  Because primary neutrophils are 
short-lived in culture (53), EV from all different blood-related cell types were collected 
after a short culturing period of  2-4 hrs. EV were purified by differential centrifugation 
followed by density gradient ultracentrifugation. By using high-resolution flow 
cytometric quantification of EV (44,45), we observed that all cells released EV within 
the given culture period, although the number of released EV per cell strongly differed 
between cell types (Figure 3A). Next, we used RT-qPCR to assess whether EV from all 
selected blood cells contained full length Y-RNAs (Figure 3B). Y-RNA subtypes Y1, Y3 
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and Y4 were abundantly detected in EV from all cell types. Y5 levels were substantially 
lower and were excluded in subsequent computational analyses because of the low 
reliability with which such low-abundance transcripts can be quantified. Across the 
different cell types, we found a statistically significant log-linear relationship between 
Y-RNA abundance and EV number, which indicates that cells that release more EV also 
release more Y-RNA (Figure 3C). Furthermore, we observed remarkable differences in 
the relative abundance of Y-RNA subtypes in EV from various cell types (Figure 3D). 
Notably, neutrophil-derived EV were unique in their high levels of Y4 and low levels of 
Y3. In contrast, PBMC derived EV and platelet-derived EV contained high levels of both 
Y4 and Y3, but low levels of Y1. To further explore these cell-specific Y-RNA profiles, we 
calculated abundance-ratios between each of the Y-RNA subtypes, which we defined 
as the log2fold difference between individual Y-RNA subtypes (Figure 3E). Based on 
these calculations, we conclude that EV from neutrophils uniquely displayed high Y4/

Figure 2 – Full length Y-RNA in plasma is protected from enzymatic degradation. EV-enriched 
(‘early int dens’) and LPP-enriched (‘early sup’ and ‘late sup’) plasma fractions from Figure 1B 
were subjected to treatment with detergent, protease, and RNase as indicated. Subsequently, RNA 
was isolated from each of the treated fractions and RT-qPCR was used to quantify the indicated 
RNA transcripts. A) Quantification of Y-RNA subtypes, indicated are raw Cq values obtained in 
the different treatment conditions. Data from n=3 individual plasma donors are shown, * p < 0.05, 
ANOVA with Tukey’s HSD post-hoc test. B) Quantification of selected miRNAs, indicated are raw 
Cq values obtained in the different treatment conditions. Data from n=3 individual plasma donors 
are shown, * p < 0.05, ANOVA with Tukey’s HSD post-hoc test.
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Y3 and negative Y3/Y1 ratios. PBMC- and platelet-EV were characterized by high Y3/Y1 
ratios but Y4/Y3 ratios around zero. In EV from HUVEC and RBC, on the contrary, none 
of the Y-RNA subtype ratios deviated significantly from zero. Overall, our results indicate 
that blood-related cell types differ in the amount of EV-associated Y-RNA they release. 
In addition, our data illustrate that EV released by different blood cells vary in Y-RNA 
subtype composition and therefore have a specific ‘Y-RNA signature’. 

LPS stimulation of neutrophils affects the number, but not the 
characteristic Y-RNA subtype ratios of EV
Next, we investigated whether the Y-RNA load and signature of EV released by the 
different cell types changed after microbial stimulation. To this end, the different blood 
cells were cultured for 2-4 hrs in the presence or absence of LPS (Supplementary 
Figure 1A-B).Within this short time frame, neutrophils from all donors responded to 
LPS exposure as indicated by a clear downregulation of CD62L, but did not yet show 
the phenotype of fully activated neutrophils (CD16low CD63high). PBMC showed 
increased expression of TNFα and IL-6 mRNA (Supplementary Figure 1B). HUVEC 
and platelets showed a modest upregulation of activation markers, whereas RBC 
did not respond to LPS stimulation (Supplementary Figure 1A). In response to LPS, 
neutrophils from all donors showed a rapid and strong, but variable increase in the 
number of released EV, as quantified by high-resolution flow cytometry (Figure 4A) 
and western blot analysis of the common EV proteins CD9 and CD63 (Supplementary 
Figure 1C). The expected increase in EV release by PBMC due to LPS stimulation 
(54) was also observed, but differed by only 1.2-fold at this early time point (Figure 
4A). Under the selected conditions, no increase in the number of released EV was 
observed for the other cell types. For LPS-stimulated neutrophils, but not for PBMC, we 
additionally observed a significant increase in the total amount of Y-RNA released via 
EV (Figure 4B), which is in line with the previously observed correlations between EV 
counts and Y-RNA levels (Figure 3C). Importantly, our data indicated that the cell type 
specific Y-RNA subtype ratios did not change in response to LPS stimulation (Figure 
4C). Together, the data indicated that LPS stimulation of specific blood-related cell 
types can increase the total amount of EV-associated Y-RNA by increased sorting of 
Y-RNA into EV and/or by increased release of EV. However, the cell type specific Y-RNA 
signatures remain stable under these conditions.

Systemic inflammation induces alterations in the Y-RNA subtype 
ratios in the total pool of plasma EV 
Next, we investigated whether the Y-RNA signatures could also be identified in 
complex biofluids such as plasma. We hypothesized that the Y-RNA subtype ratios 
in blood are influenced by the presence of different cell types in the circulation 
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Figure 3. Blood-associated cell types release EV with cell type-specific Y-RNA signatures. 
A) Various blood-related cell types were cultured in EV-depleted medium or buffer for 2h 
(Neutrophils, RBC and platelets) or 4 h (PBMC and HUVEC). High-resolution flow cytometry was 
used to quantify PKH67-labeled EV. Indicated are the number of EV calculated per million EV-
producing cells. EV counts of n=3 replicates with different cell donors are shown (n=2 for RBC). 
B) RNA was isolated from the EV-containing fractions of all cell types. The abundance of Y-RNA 
subtypes was quantified by RT-qPCR. Cq values of n=3 experiments with different cell donors 
are shown, RBC n=2. C) Linear relationships were determined between the log2-transformed EV 
counts shown in (A) and the Cq values for different Y-RNA subtypes shown in (B). Colored dots 
indicate the respective cell types (HUVEC = pink, neutrophil = turquoise, PBMC = purple, RBC = 
magenta, platelets = black). Linear regression was performed, and trendlines are shown in black. 
95% confidence intervals are indicated in grey. Pearson correlation coefficients (R) and p-values 
of the correlations are indicated. Data from n=3 experiments with different cell donors are shown. 
D) Relative differences in Y-RNA subtype composition were determined based on the data in (B). 
Indicated are the differences between the Cq value of individual Y-RNA subtypes relative to the 
average Cq value of Y1, Y3 and Y4 measured for the EV from the respective cell type. Enrichment 
of individual Y-RNA subtypes was calculated by Student’s t-test, with * p < 0.05, n=3 experiments 
on individual cell donors. E) Ratios between the different Y-RNA subtypes were calculated from 
the data in B. * p < 0.05, deviation from zero calculated by Student’s t-test, n=3 experiments on 
individual cell donors.
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that produce EV with characteristic Y-RNA signatures. To test this hypothesis, we 
investigated changes in human plasma Y-RNA ratios after injection of healthy 
volunteers with LPS, which induces a rapid change in neutrophil and lymphocyte 
numbers (55). This experimental human endotoxemia model is often used to 
study systemic inflammatory processes, such as those occurring during sepsis 
(56,57). We analyzed plasma samples of an earlier conducted study, in which 
plasma was collected from volunteers before and 2 or 6 hours after infusion with 
LPS (39,40). Clinical responses in these volunteers were characterized by an increase 
in body temperature and heart rate, and increased levels of circulating inflammatory 
cytokines (39,40). In addition, induction of systemic endotoxemia led to increased 
numbers of neutrophils and decreased numbers of lymphocytes and monocytes in 
the circulation, similar to what has been observed during sepsis (39,40,55,58). The 
preferential localization of circulating Y-RNAs in EV (Figure 1 and 2) allowed us to 
determine Y-RNA subtype ratios in plasma without prior isolation of EV. We isolated 
total RNA from plasma obtained before and 2 hrs after infusion of LPS. A slight increase 
in average RNA concentration could be observed at t=2, with considerable variability 
between individuals (Supplementary Figure 2A). We subsequently quantified the 
levels of Y-RNA subtypes by RT-qPCR and calculated the different Y-RNA ratios (Figure 
5A). Substantial changes were detected in cell-specific Y-RNA ratios in whole plasma 
2 hrs after induction of inflammation. We observed a highly significant increase in the 
Y4/Y3 ratio (p=0.001) and a significant decrease in the Y3/Y1 ratio (p=0.03), while the 
Y4/Y1 ratio did not change (p=0.078). The increase in Y4/Y3 ratio, which is specific for 
neutrophil-derived EV (Figure 3E) accompanied the previously observed increase 
in number of neutrophils (2.2-fold increase, p=0.001) in the t=2 blood samples (39). 
Similarly, the decrease in Y3/Y1 ratio, which may indicate reduced numbers of EV 
released by PBMC (Figure 3E) accompanied the observed decrease in numbers of 
lymphocytes (2.2-fold decrease, p = 4.2E-9) and/or monocytes (19-fold decrease, p = 
2.3E-10) (39). To further investigate this, we determined Pearson’s correlations between 
the Y-RNA subtype ratios and cell numbers within the combined t=0 and t=2 datasets 
(see Supplementary Figure 2B and 3 for a full overview of these correlations). 
Importantly, we found a strong correlation between the neutrophil specific Y4/Y3 ratios 
and the blood neutrophil counts (R=0.52, p=0.0024) (Figure 5B). The decrease in Y3/
Y1 ratios correlated with a decrease in monocyte numbers, but these data did not 
reach statistical significance (Figure 5C). Besides changes in immune cell counts, the 
levels of pro- and anti-inflammatory cytokines are highly increased during systemic 
endotoxemia and sepsis (55,59). We observed that the neutrophil-specific Y4/Y3 ratio in 
plasma strongly correlated with levels of the pro-inflammatory cytokines IL-6 (R=0.51, 
p=0.0028), IL-8 (R=0.43 p=0.013) and also with TNFα (R=0.35, p=0.05), whereas the Y3/Y1 
ratio negatively correlated with levels of the anti-inflammatory cytokine IL-10 (R=-0.39, 
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Figure 4. LPS stimulation changes the quantity of EV-associated Y-RNA by specific 
blood-related cell types, while cell-type specific  Y-RNA signatures remain stable. PBMC, 
HUVEC, neutrophils, RBC and platelets were cultured for 2-4h in EV-depleted medium or buffer 
as described in Figure 3, in the presence or absence of LPS. EV were purified, labeled with 
PKH67 and quantified by high-resolution flow cytometry as in Figure 3. A) The fold-difference in 
EV-release was calculated for each specific cell type, relative to the unstimulated condition. N=5 
PBMC and neutrophil, n=3 platelets and HUVEC, n=2 RBC, * p < 0.05 Wilcoxon signed ranks 
test. B) RNA was isolated from the neutrophil and PBMC-derived EV purified in (A), after which 
Y-RNA subtypes were quantified by RT-qPCR. Indicated is the increase in EV-associated Y-RNA 
release from equal numbers of LPS-stimulated versus unstimulated cells, calculated as a log2fold 
difference. N=5 neutrophils, n=3 PBMC, * p < 0.05, deviation from zero calculated by one-sample 
Wilcoxon signed ranks test. C) Y-RNA subtype ratios were determined for EV released by equal 
numbers of LPS-stimulated and unstimulated cells as described previously. N=5 neutrophils, n=3 
PBMC, * p < 0.05, deviation from zero calculated by Student’s t-test.
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p=0.029) (Figure 5D). This raised the question whether the observed changes in Y-RNA 
subtype ratios were mostly determined by the increased number of circulating immune 
cells or by the increased levels of cytokines that may influence the release of EV and/
or their molecular composition. We therefore also analyzed plasma samples collected 
6 hrs after LPS infusion. At this time point, body temperature, heart rate and cytokine 
levels had returned to baseline levels (39). Additionally, while monocyte counts were 
increased to normal levels, neutrophil counts remained elevated on t=6. We isolated 
RNA from total plasma collected at t=6 and observed that the RNA concentrations at 
this time point had returned to values that were slightly lower than those observed 
on t=0 (Supplementary Figure 2C). Importantly, we observed that the Y4/Y3 ratio at 
t=6 was still highly increased relative to t=0 (Figure 5E). Moreover, the Y4/Y3 levels still 
correlated strongly with the neutrophil counts at this time point (Figure 5F). In contrast, 
the other correlations observed at t=2 were not observed at t=6 (Supplementary 
Figure 2D and 4). The Y3/Y1 levels, which were decreased on t=2, returned to control 
levels at t=6 (Figure 5E), thereby following the pattern for monocyte counts (Figure 
5G). This indicated that the observed alterations in Y-RNA subtype ratios predominantly 
correlated with the numbers of circulating immune cells, but not with inflammatory 
cytokine levels.
 We performed receiver-operator characteristics (ROC) analysis (48) of the Y4/
Y3 ratios determined in this endotoxemia model to explore whether plasma Y4/Y3 
ratio values could discriminate individuals in the early and late (resolving) phases 
of inflammation from healthy individuals (Figure 6). The Y4/Y3 ratio data of both 
t=0 versus t=2, and t=0 versus t=6 yielded excellent AUC values of 0.82 and 0.88, 
respectively. This suggests that increased Y4/Y3 ratio values accurately mark the 
past or present occurrence of systemic inflammatory processes. 
 Taken together, we have shown that Y-RNA in plasma is predominantly 
localized in EV. Furthermore, we discovered that EV from different blood cells 
contain cell type specific Y-RNA subtype ratios. Systemic inflammation induced 
significant alterations in neutrophil- and PBMC-specific Y-RNA ratios observed in 
plasma. The detected changes in Y-RNA subtype ratios strongly correlated with 
the inflammation-induced changes in the number of circulating neutrophils and 
monocytes. These immune cell type specific ‘Y-RNA signatures’ in plasma EV can 
be determined without prior enrichment for EV, and may be further explored as 
biomarkers for inflammatory responses or other immune-related diseases.
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Figure 5

Figure 5. Y-RNA subtype ratios in total plasma change during systemic endotoxemia.  
16 healthy volunteers were infused with LPS and plasma was collected before and 2 or 6 hours 
after LPS infusion. RNA was isolated from 100 µl plasma obtained from each individual at t=0, 
t=2, and t=6, after which Y-RNA subtypes were quantified by RT-qPCR. A) Y-RNA ratios were 
calculated as described before, differences in Y-RNA ratios between t=0 and t=2 were tested by 
Wilcoxon signed ranks test on n=16 plasma samples, * p ≤ 0.05, ** p ≤ 0.01. B) Linear correlations 
between neutrophils and Y4/Y3 ratios in the volunteers at t=0 (black dots) and t=2 (red dots). 
Trendlines are shown in turquoise and the grey area depicts 95% confidence intervals. Pearson 
correlation coefficient (R) and significance (p) are shown based on n=16 volunteers. C) Linear 
correlation between monocytes and Y3/Y1 ratios in the volunteers at t=0 and t=2. Trendlines 
are shown in purple and the grey area depicts 95% confidence intervals. Pearson correlation 
coefficient (R) and significance (p) are shown based on n=16 volunteers. D) Linear correlations 
between concentrations of IL6, IL8, TNFα and the Y4/Y3 ratio ratios at t=0 (black dots) and t=2 
(red dots), and between the Y3/Y1 ratio and IL10. Trendlines are shown in turquoise (Y4/Y3) and 
purple (Y3/Y1), grey areas depict 95% confidence intervals. Pearson correlation coefficient (R) 
and significance (p) are shown based on n=16 volunteers. E) Y-RNA ratios were calculated as 
described before, differences in Y-RNA ratios between t=0 and t=6 were tested by Wilcoxon signed 
ranks test on n=16 plasma samples, *** p ≤ 0.001. F) Linear correlations between neutrophils 
and Y4/Y3 ratios in the volunteers at t=0 (black dots) and t=6 (blue dots), similar to B. G) Linear 
correlation between monocytes and Y3/Y1 ratios in the volunteers at t=0 (black dots) and t=6 (blue 
dots), similar to B.
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Discussion

Several studies have reported the abundant presence of Y-RNA in cell culture EV 
and body fluids (24,32,35,36,41,60–64). Yet, the function and biomarker potential 
of extracellular Y-RNAs is an understudied research area. We therefore have limited 
knowledge on the presence of full length versus fragmented versions of Y-RNA in 
the extracellular space, the type of macromolecular structures to which extracellular 
Y-RNA is associated, and how this varies between different Y-RNA subtypes. Here, we 
performed extensive fractionation and characterization of macromolecular structures 
in plasma to show that the majority of full length Y-RNA is present in EV. This is 
importantly different from most of the studied miRNAs in plasma, which are known to 
distribute over both EV, LPP and RNP (1–3). In addition, we show that EV released by 
various blood-related cell types differed in Y-RNA subtype composition. This cell type-
specific ‘Y-RNA signature’ remained stable upon LPS-stimulation of these cells. In a 
human endotoxemia model for systemic inflammation, we obtained proof-of-concept 
that the number of circulating immune cells correlates with the abundance of cell 
type-specific Y-RNA subtype ratios in plasma. The abundance of full length Y-RNAs 
in body fluids, their stability due to association with EV, and the immune cell type 
specific Y-RNA signatures may render these non-coding RNAs interesting candidate 
biomarkers for immune-related diseases.

T=2
AUC 0.82

T=6
AUC 0.88

Figure 6

Figure 6. ROC curves of Y-RNA ratios. Y-RNA was quantified in RNA isolated from 100 µl plasma 
obtained from 16 volunteers before, 2h and 6h after LPS infusion. Y-RNA ratios were calculated 
as described before, after which receiver operator characteristic (ROC) curves of the Y4/Y3 ratios 
were determined with t=0 versus t=2 data (left), and t=0 versus t=6 data (right). Area-under-curve 
(AUC) is indicated, diagonal line represents no predictive value (AUC 0.5).
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 In the field of exRNA research there is an increasing awareness that extracellular 
miRNAs are distributed over different macromolecular complexes, including EV, 
LPP and RNP (5,23,51,65). These different RNA carriers overlap in size and buoyant 
density (51), which complicates strict separation of the different particles. The 
different types of EV isolation methods that are currently in use vary largely in the 
level of contamination with LPP and RNP (22,66–68). Moreover, the currently used 
RNA isolation kits exhibit variable recovery efficiencies for RNAs enclosed in each 
of the different macromolecular complexes (EV, LPP, RNP) (22). All of these factors 
complicate the accurate characterization of carrier-specific RNA profiles and cause 
inter-study and inter-laboratory variation in exRNA analysis. In this study, plasma 
was fractionated by consecutive application of size-exclusion chromatography and 
density gradient centrifugation. This is currently considered the most optimal method 
for separation of EV and LPP/RNP (51). Yet, our data indicate that this approach 
did not achieve complete separation of EV and LPP/RNP. This is illustrated by some 
residual ApoAI (found in chylomicrons and HDL (50)) in the EV fractions. This may be 
due to incomplete separation of EV and LPP using this approach, or because LPP can 
physically interact with EV (69). In addition, the non-pelletable fractions that were 
most enriched in the LPP proteins ApoAI and ApoB100 contained some residual CD9, 
which may point towards a subset of EV that are not efficiently pelleted at 100,000 
g. Another approach to distinguish between EV- or LPP/RNP-associated RNA is to 
test for sensitivity to Protease/RNase treatment. Arroyo et al. applied enzymatic 
treatment of unfractionated plasma to demonstrate that plasma contained both 
miRNAs that are insensitive to protease/RNase treatment, likely due to enclosure in 
EV, and miRNAs that are sensitive to these enzymes (2). In our current study, we built 
on this approach by performing size- and density-based enrichment for EV and LPP/
RNP prior to applying the enzymatic treatment. Our data illustrate that the early SEC 
fractions not only contained EV-associated miRNAs that were resistant to enzymatic 
degradation, but also LPP/RNP-associated miRNAs that were sensitive to degradation. 
All of the full length Y-RNA in plasma, on the contrary, was protected by lipid 
membranes, supporting a predominant localization inside EV. In previous publication 
it was reported that Y-RNA in plasma and in culture medium of glioblastoma cells 
was associated to RNP complexes (61,65,70). However, the glioblastoma studies were 
focused on detection of Y-RNA fragments and the data indicated that such fragments 
were more abundant in RNP than in EV and microvesicles (61,65). The study that 
identified RNP-associated Y-RNA in plasma employed plasma samples collected from 
individuals with autoimmune diseases (70,71). It is known that plasma sample of these 
patients contain more Y-RNA containing RNP and higher levels of anti-Ro60 antibodies 
compared to healthy controls (72). Our current data show that in healthy plasma the 
full length Y-RNA molecules are predominantly associated to EV.
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 The human genome encodes 4 different Y-RNAs, but little is known about functional 
differentiation of these Y-RNA subtypes inside cells. In many exRNA sequencing 
studies, the data were biased towards detection of Y-RNA fragments derived from the 
Y-RNA stem regions that are highly conserved between the Y-RNA subtypes (25). The 
use of loop-specific primers, employed in our current study, allowed discrimination 
of the full length forms of the different Y-RNA subtypes. The cell type specific Y-RNA 
ratio signatures were most pronounced for EV from neutrophils (high Y4/Y3 – low Y3/
Y1) and PBMC (high Y3/Y1 – high Y4/Y1). We used a human systemic endotoxemia 
model to provide proof-of-concept that Y-RNA subtype ratios in plasma can change 
during systemic inflammation. This model system is commonly used to mimic the 
inflammatory response during sepsis (39,56,57). The inflammatory responses induced 
by LPS infusion recapitulate those during sepsis, including major changes in circulating 
immune cells and inflammatory cytokines (39,55). Our data provide strong evidence 
that the abundant presence of specific immune cell types, such as neutrophils, can 
cause changes in the plasma Y-RNA composition. The neutrophil-specific Y4/Y3 ratio 
was increased at 2 and 6 hrs after induction of systemic inflammation and correlated 
well with the number of neutrophils in the circulation. An earlier study reported a 
strong increase in neutrophil-derived large microparticles in plasma of sepsis patients 
(73). In our current study, we focused on small EV and demonstrate in primary 
neutrophil cultures that in vitro LPS stimulation induces a large and rapid increase 
in the number of small EV released by these cells. Neutrophils are the most abundant 
immune cells in blood and are among the first to migrate and respond to infection 
(74,75). The increased Y4/Y3 ratio we observed during systemic inflammation may 
therefore be caused by both the larger number of neutrophils that release EV and 
the activation-induced increase in EV release per neutrophil. Besides the changes 
in neutrophil-specific Y-RNA signatures, we observed a decrease in the Y3/Y1 ratio 
during inflammation. Our in vitro experiments indicated that EV from both PBMC and 
platelets were characterized by high Y3/Y1 ratios. Although we cannot exclude that 
EV from platelets contribute to the changes in Y3/Y1 ratios during inflammation, we 
observed that the Y3/Y1 levels in the endotoxemia plasma samples correlated with 
the monocyte counts at t=2 and t=6. Future research is needed to further establish 
the monocyte-specificity of Y3/Y1 ratios in EV and the use of plasma Y3/Y1 ratios as 
indicators of monocyte-driven disease processes. 
 Based on our data, we argue that Y-RNA subtype ratios represent an interesting 
set of biomarkers to be further explored as biomarkers in the context of infection 
and inflammation. Detection of EV-associated full length Y-RNAs may provide several 
advantages over detection of miRNAs, which have until now been a primary focus in 
EV-RNA biomarker research (22,76–78). First, our data indicate that full length Y-RNAs 
are predominantly present in EV. As a result, they are stable and resistant to enzymes 
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that degrade proteins and RNAs, which reduces variability in their detection. Second, 
quantification of EV-associated full length Y-RNA in plasma does not require initial 
enrichment or purification of EV. Quantification of Y-RNA ratios can therefore be 
achieved by simply isolating total RNA from unprocessed plasma. This circumvents 
introduction of variation caused by variability in efficiency or purity of EV isolation. 
Third, Y-RNA subtype ratios are based on the relative abundance of two transcripts in 
the same sample, which circumvents the need for RT-qPCR normalization or spike-in 
controls, which may further increase its detection accuracy. 
 Assessment of Y-RNA subtype ratios could potentially be used in diagnosis and 
monitoring of inflammatory conditions such as sepsis syndrome, for which early 
biomarkers are an unmet need (79–81). Assessment of Y-RNA subtype ratios such as 
the Y4/Y3 ratio could be useful in diagnosis of sepsis because these ratios showed 
sufficient discriminatory potential between inflammatory and healthy plasma at the 
early activation of systemic inflammation and in the later resolution phase. At the later 
timepoint in our endotoxemia model, neutrophil counts and Y4/Y3 ratios were still 
high whereas the level of proinflammatory cytokines had returned to normal levels. 
This suggests that neutrophils and their EV may play a role in both the induction and 
the resolution of inflammation. In support of this, EV have been shown to exert both 
pro- and anti-inflammatory roles (reviewed in (82)). EV from activated neutrophils 
can cause tissue damage in the lungs (83), whereas anti-inflammatory effects include 
the reduction of phagocytosis and increasing LPS-resistance in dendritic cells (84). 
Compared to the volunteers in the endotoxemia study, sepsis patients are much more 
heterogeneous with regard to the initial site of infection, causative organisms, and 
the overall health status of the patient (85). We propose that combined assessment of 
Y-RNA subtype ratios and other clinical parameters may provide novel opportunities 
for stratification of sepsis patient populations, or give additional information on 
the disease stadium. In case of local instead of systemic inflammation, neutrophils 
migrate into the inflamed tissues. Neutrophil-derived EV levels in the circulation may 
remain high under these conditions based on the idea that EV can cross epithelial and 
endothelial barriers (86,87). Future research is needed to evaluate the applicability of 
Y-RNA subtype based diagnosis in diseases involving local tissue inflammation, such 
as in rheumatoid arthritis. 
 In conclusion, our data demonstrate that full length Y-RNAs in plasma are stably 
associated to EV. Moreover, we provide proof-of-concept that that Y-RNA ratios 
in pools of plasma EV are indicative for the number and type immune-related cells 
during systemic inflammation. Hence, EV-associated Y-RNAs provide an abundant and 
stable source of candidate biomarkers for infectious and inflammatory diseases.  
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Supplementary Figure 1. Responses of blood cells to treatment with LPS. A) Neutrophils, 
HUVEC, RBC and platelets were cultured in EV-depleted medium for 2-4h in the presence or 
absence of LPS. Activation was measured by flow cytometric analysis of cell type specific activation 
markers, gates were set relative to unstained cells. Neutrophil activation (top) was measured as % 
CD16-lo/CD63hi and % CD62L-lo cells, RBC activation was measured as % annexin-V positive 
cells. HUVEC and platelet activation was measured as the geomean fluorescence of ICAM-1 or 
P-selectin, respectively. * p < 0.05, ** < p 0.01, Student’s paired samples t-test B) PBMC were 
cultured in EV-depleted medium for 4h in the presence or absence of LPS. Total cellular RNA was 
isolated and RT-qPCR was performed for the quantification of IL-6 and TNFα mRNA. Gene 
expression was shown as log2fold change in LPS stimulated cells versus unstimulated cells. n=3 
experiments, * p < 0.05, Student’s paired samples t-test. C) Neutrophils were cultured in EV-
depleted medium in the absence (C) or presence of LPS (L). EV were purified by differential 
centrifugation and density gradient centrifugation. Equal amounts of cellular proteins, or proteins 
from EV produced by equal numbers of cells were run on a SDS-PAGE gel and immunoblotted with 
antibodies to CD63, CD9 and Calnexin. 



238

6. Y-RNA subtype ratios in plasma extracellular vesicles are cell type specific

a b

d

Correlations
t=0 vs t=2

Correlations
t=0 vs t=6

c

Supplementary Figure 2

 

Supplementary Figure 2. The total RNA concentration in plasma is increased during 
endotoxemia. 16 healthy volunteers were infused with LPS and plasma was collected before, two 
and six hours after infusion. RNA was isolated from 100 µl plasma. A) Isolated RNA was quantified 
on a Bioanalyzer Pico chip. Depicted are the RNA concentrations for all volunteers at t=0 and 
t=2. * p < 0.05, Student’s paired t-test. B) Circulating immune cells and cytokine levels were 
previously determined in Peters et al 2016. Pearson’s correlations between all measured immune 
cells, cytokine concentrations in plasma, and Y-RNA ratios at t=0 and t=2 in 16 volunteers were 
calculated. Correlation heatmap shows the correlation coefficient between the different immune 
cells, cytokines and Y-RNA ratios. Positive correlations in shades of red, negative correlations in 
shades of blue. C) Isolated RNA was quantified on a Bioanalyzer Pico chip. Depicted are the RNA 
concentrations for all volunteers at t=0 and t=6. * p < 0.05, Student’s paired t-test D) Correlation 
heatmap showing the Pearson’s correlations between all measured immune cells, cytokine 
concentrations in plasma, and Y-RNA ratios at t=0 and t=6 in 16 volunteers, similar to B.
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Supplementary Figure 3. All linear correlations between immune cells, cytokines and Y-RNA 
ratios between t=0 and t=2. 16 healthy volunteers were infused with LPS and plasma was collected 
before, and two hours after infusion. RNA was isolated from 100 µl plasma. Circulating immune 
cells and cytokine levels were previously determined in Peters et al 2016. Linear correlations 
between all circulating immune cells and Y-RNA ratios in the volunteers at t=0 (black dots) and t=2 
(red dots). Trendlines are shown in turquoise and the grey area depicts 95% confidence intervals. 
Pearson correlation coefficient (R) and significance (p) are shown based on n=16 volunteers.

 



240

6. Y-RNA subtype ratios in plasma extracellular vesicles are cell type specific

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Neutrophils (*10E9 c/L)Leukocytes (*10E9 c/L) Lymphocytes (*10E9 c/L) Monocytes (*10E9 c/L)

IL-6 (pg/mL) IL-8 (pg/mL) IL-10 (pg/mL)TNFα (pg/mL)

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Y4
/Y

3 
ra

tio

Neutrophils (*10E9 c/L)Leukocytes (*10E9 c/L) Lymphocytes (*10E9 c/L) Monocytes (*10E9 c/L)

IL-6 (pg/mL) IL-8 (pg/mL) IL-10 (pg/mL)TNFα (pg/mL)

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Y4
/Y

1 
ra

tio

Neutrophils (*10E9 c/L)Leukocytes (*10E9 c/L) Lymphocytes (*10E9 c/L) Monocytes (*10E9 c/L)

IL-6 (pg/mL) IL-8 (pg/mL) IL-10 (pg/mL)TNFα (pg/mL)

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Y3
/Y

1 
ra

tio

Supplementary Figure 4

Supplementary Figure 4. All linear correlations between immune cells, cytokines and Y-RNA 
ratios between t=0 and t=6. 16 healthy volunteers were infused with LPS and plasma was collected 
before, and six hours after infusion. RNA was isolated from 100 µl plasma. Circulating immune 
cells and cytokine levels were previously determined in Peters et al 2016. Linear correlations 
between all circulating immune cells and Y-RNA ratios in the volunteers at t=0 (black dots) and t=6 
(blue dots). Trendlines are shown in turquoise and the grey area depicts 95% confidence intervals. 
Pearson correlation coefficient (R) and significance (p) are shown based on n=16 volunteers.
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Abstract

Various small non-coding RNA species have been detected in extracellular vesicles 
(EV), Most of the previously performed studies have focused on the miRNA content 
of EV. However, other types of non-coding RNAs are more abundantly present in 
EV. Y-RNA has been detected in EV from various different cell types and body fluids. 
This small non-coding RNA type is evolutionary conserved and, in conjunction with 
interacting proteins, plays a role in maintaining cellular homeostasis. When associated 
to EV, Y-RNA has been implicated in immune-regulatory functions, and has been 
proposed as biomarker for cancer and coronary artery disease. Our previous work 
has shown that the levels of Y-RNA in EV released by primary dendritic cells were 
modulated by Toll-Like Receptor (TLR) signaling. This type of stimulation did not affect 
the cytoplasmic levels of Y-RNA, suggesting that Y-RNA shuttling into EV is a regulated 
process. It is currently unknown which mechanisms control the shuttling of Y-RNA 
into EV, but this process likely involves RNA-binding proteins (RBP). In cells, Y-RNA 
interacts with various RBP and some of these proteins have previously been detected 
in EV. We investigated whether these RBP could drive the TLR-mediated increase in 
Y-RNA shuttling into EV released by macrophages. Hereto, we tested whether Y-RNA 
binding proteins colocalized with Y-RNA in subcellular compartments and in EV. Our 
data indicate that TLR stimulation led to increased sorting of Y-RNA and Ro60 into EV, 
whereas other Y-RNA binding proteins were not detected in EV. In TLR-stimulated cells, 
Y-RNA levels were slightly but significantly increased in the endosomal compartments 
where EV biogenesis takes place. However, we did not observe increased recruitment 
of Ro60 to this compartment. Instead, we show that two Y-RNA binding proteins 
that are known to stabilize mRNAs, HuR and hnRNP K, translocated from the late 
endosomes to ER in response to TLR triggering. Based on these data, we speculate 
that RBP-mediated export of Y-RNA via EV is a mechanism to fine-tune the function 
of EV-producing cells, e.g. by changing the localization and function of Y-RNA binding 
proteins involved in translation. 
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Introduction 

Various types of non-coding RNA (ncRNA) have been discovered in EV (1,2). Of these 
RNA types, miRNA have been studied most intensively because of their known 
effects on gene expression. In conjunction with the RISC complex, miRNAs bind to 
mRNAs in a sequence-specific manner, which leads to mRNA cleavage or translational 
repression (3). It has been shown that EV-mediated transfer of miRNAs functionally 
represses target mRNAs in recipient cells (4–6). Besides miRNAs, EV contain various 
other ncRNA types, such as Y-RNA, 7SL (SRP-RNA), tRNA, and snRNA (1,2). In cells, many 
of these ncRNAs function as structural components of protein complexes involved 
in housekeeping processes, such as mRNA splicing, RNA quality control, and protein 
translation (7–10). It is largely unknown whether all of these ncRNA types contribute 
to cell-cell signaling via EV.
 One of the ncRNA types that has been abundantly detected in EV released by 
different cell types and in various biofluids is Y-RNA (reviewed in (11)). This RNA is 
transcribed by RNA polymerase III and is evolutionary conserved among mammals 
(12). A structurally homologous stem-bulge RNAs have been found in nematodes (13) 
and bacteria (14). The human genome contains four different Y-RNA subtypes (Y1, 
Y3, Y4 and Y5), which all form stem-loop structures composed of a conserved stem 
and a variable loop region (15). Y-RNA acts as a scaffold for various proteins (9,11,16). 
Of these proteins, Ro60 and La have been studied most intensively (9,17–19). Ro60 
stabilizes cytoplasmic Y-RNA by binding its stem region, whereas La protects the 3’ 
oligo-uridine tail from exonucleic degradation. Binding by La additionally shields 
the 5’ triphosphate motif of Y-RNA (19), which is a ligand for the innate immune 
receptor RIG-I (20). Besides these two ‘canonical’ Y-RNA binding proteins, RNA affinity 
purification and RNA co-immunoprecipitation have revealed a wide range of other 
Y-RNA binding proteins (11,16), which mostly bind to specific oligopyrimidine loops 
present in Y1 and Y3 RNA. There are various examples of how Y-RNA affects protein 
localization (9). For instance, binding of Y-RNA to Ro60 is required to retain Ro60 in the 
cytoplasm (21). Binding of the foreign DNA binding protein ZBP1 (22) to Ro60/Y-RNA 
complexes in the nucleus mediates nuclear export (23). Although La complexed to 
Y-RNA is predominantly present in the nucleus (24), a minor fraction of La additionally 
localizes to the cytoplasm, potentially after cleavage of its nuclear localization signal 
(19,25). 
 Besides influencing protein localization, Y-RNA binding can also influence the 
activity of its protein partners. For instance, Y-RNA regulates the binding of misfolded 
RNAs to the central cavity of Ro60, which has an important role in RNA degradation 
(26,27). Furthermore, depletion of Y-RNA was shown to increase the affinity of 
enhancer protein HuD for the 3’ UTR region of its mRNA targets, thereby increasing 
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mRNA stability and translation (28). Apart from these roles in RNA quality control 
and regulation of translation, Ro60 and Y-RNA have been implicated in various stress 
responses and DNA replication (reviewed in (9)), although the mechanisms underlying 
these processes remain to be uncovered. Together, this illustrates how cellular Y-RNA 
serves as a protein scaffold that regulates various cell functions.
 A major question in the EV field is how specific RNA transcripts are packaged into EV, 
and how the activation status of cells controls these processes. The dominant idea is that 
RNAs are actively incorporated into EV by RNA binding proteins (29). Various proteins 
have been implicated in packaging miRNAs into EV, such as hnRNP A2B1, SYNCRIP, 
HuR and YBX1 (30–34). It is not understood how these miRNA-sorting processes are 
modulated by the activation status of cells. There is also limited knowledge on the 
mechanisms underlying incorporation of other small non-coding RNAs into EV. 
 We recently demonstrated that TLR-activation of primary dendritic cells not only 
modulated the EV miRNA composition, but also controlled the incorporation of Y-RNAs 
into EV (11,35). Interestingly, TLR stimulation led to changes in EV-associated Y-RNA, 
whereas intracellular Y-RNA levels remained constant. This suggests that alterations in the 
amount of Y-RNA packaged in EV is not determined by intracellular levels of Y-RNA, but 
may be caused by changes in local concentrations of Y-RNA and Y-RNA binding proteins 
at sites of EV-biogenesis. In our current study, we designed an experimental approach 
to investigate which Y-RNA binding proteins drive enhanced shuttling of Y-RNAs into 
EV released by TLR-activated macrophages. We employed human THP1 monocytic cells 
differentiated into macrophages, which respond readily to TLR-activation but do not 
exhibit the donor variations observed in cultures of in vitro matured monocyte-derived 
dendritic cells or macrophages. In our approach, we performed parallel assessment 
of the colocalization of Y-RNAs with various Y-RNA binding proteins in subcellular 
compartments that are involved in EV biogenesis and in EV released by the cells. To 
identify proteins involved in Y-RNA sorting, we monitored TLR-induced changes in the 
subcellular localization of Y-RNA and various Y-RNA binding proteins. While multiple 
Y-RNA binding proteins were expressed by THP-1 cells, Ro60 was the only Y-RNA binding 
protein present at detectable levels in EV released by these cells. Inside cells, Y-RNA 
and Ro60 localized to late endosomal compartments where EV can be formed. TLR 
stimulation led to a small but significant increase in Y-RNA localization in the endosomal 
compartment. Interestingly, other Y-RNA binding proteins known to stabilize mRNAs 
for enhanced translation relocalized from late endosomes to ER upon TLR stimulation. 
We propose that specific Y-RNA binding proteins mediate sorting of Y-RNA into EV. 
Moreover, we speculate that enhanced release of Y-RNA via EV upon cellular activation 
may lead to changes in the localization and function of Y-RNA binding proteins involved 
in translation in the EV-releasing cells. 
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Materials and methods

Cells and EV production
The human monocytic cell line THP1 was a kind gift from M. Boes at UMC Utrecht and 
was maintained in IMDM (Gibco, Paisley, UK) supplemented with 10% FCS (Bodinco, 
Alkmaar, The Netherlands), 2 mM ultraglutamine and 100 U/ml penicillin / streptomycin 
(Gibco, Paisley, UK). EV-depleted FCS was prepared as described before (36). FCS was 
diluted to 30% in IMDM and ultracentrifuged at 100,000 g (k-factor 334.2) for 15-
18h in a SW28 rotor. Medium was removed by pipetting until 10% was left on top of 
the pellet, filtered in a 0.45 µm bottle top filter. EV-depleted FCS was subsequently 
diluted to 10% and supplemented with ultraglutamine, penicillin and streptomycin 
(as described above) to make EV-depleted medium. Cells were sub-cultured by 
dilution twice per week. For all experiments, cells were seeded at 0.5 million cells/ml. 
The time-course experiment was done in 6-well dishes, all other experiments were 
done in T75 and T175 flasks. Cells were differentiated into a macrophage phenotype 
by treatment with 10 nM phorbol-12-myristate-13-acetate (PMA, Sigma, St. Louis, 
MO) for 24 h. Medium was removed, after which cells were washed with 3 ml PBS 
(Gibco, Paisley, UK) and replenished with EV-depleted medium. Where indicated, cells 
were stimulated with 5 µg/ml Pam3CSK4 (EMC Microcollections, Tübingen, Germany). 
Subcellular fractionation was done after 4h of culture, the culturing times of the 
timecourse experiment are indicated in Figure 2A. Cells were cultured for 20 – 24 h for 
EV production. Viability of cells was checked by Trypan Blue (Sigma, Sigma, St. Louis, 
MO) exclusion and was above 95% for all experiments.

EV purification
EV were purified by differential ultracentrifugation as described before (35). In brief, 
supernatant was collected and centrifuged 2x 10 min at 200 g, 2x 10 min at 500 g, and 
1x 30 min at 10,000 g. Supernatant was carefully removed by pipetting, not disturbing 
the 10,000 g pellet, and EV were pelleted from this supernatant by centrifugation 
at 100,000 g for 65 min in a SW28 (k-factor 334.2) or SW40 (k-factor 280.3) rotor. EV 
pellets were resuspended in 20 µl PBS + 0.2% BSA (previously depleted of particles 
by overnight centrifugation at 100,000g), and labeled with 1.5 µl fluorescent dye 
PKH67 in 100 µl diluent C (Sigma, St. Louis, MO). Labeled EV were mixed with 2.5 
M sucrose, overlaid with a sucrose density gradient (2.0 M – 0.4 M sucrose in PBS) 
and centrifuged 15 – 18 h at 192,000 g in a SW40 rotor (k-factor 144.5). EV in sucrose 
fractions were quantified using high-resolution flow cytometry, or were pelleted from 
the fractions with densities of 1.11 – 1.18 g/ml by dilution in PBS + 0.2% BSA followed 
by centrifugation for 65 min at 192,000 g in a SW40 rotor (k-factor 144.5).
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High-resolution flow-cytometry
Sucrose density fractions were diluted 20x in PBS just before flow-cytometric 
quantification on a BD Influx (BD Biosciences, San Jose, CA) with an optimized 
configuration for small particle detection (37,38). In brief, fluorescence based 
threshold triggering was applied, and forward-scatter (FSC) was detected at a 15 – 25 
degree collection angle. Fluorescent 100 and 200 nm polystyrene beads (Fluospheres, 
Invitrogen, Carlsbad, CA) were used to calibrate the instrument before measurement. 
Fluorescent events were collected in a 30 second timeframe for all samples and were 
measured at event rates below 10,000 events/sec, which is below the limit of the 
electronic pulse processing of the BD Influx (39).

Subcellular fractionation
For the time course experiment, stimulated and unstimulated cells were washed and 
detached with PBS + 2 mM EDTA at timepoints indicated in Figure 2A. Cells were 
pelleted 1 min at 10,000 g, lysed in PBS + 1% Triton-X100 for 5 min on ice, after 
which nuclei were spun down 5 min at 16,000 g at 4°C. Supernatant was collected, 
centrifuged again to remove any residual nuclei, mixed with 700 µl Qiazol and stored 
at -80°C until RNA was isolated. Subcellular fractionation performed using a protocol 
based on Gibbings et al (40,41). Four hours after activation with Pam3CSK4, cells 
were harvested from flasks using a rubber cell scraper. 5 million cells per condition 
were pelleted at 200 g for 10 min at 4°C, washed in ice-cold PBS and incubated for 
10 minutes in ice-cold hypotonic homogenization buffer (0.083 M sucrose, 10 mM 
HEPES, 1 mM EGTA) supplemented with the following inhibitors: Complete Mini 
protease inhibitor cocktail (Roche, Basel, Switzerland), 200 µM MG132 proteasome 
inhibitor (Calbiochem, Darmstadt Germany), 8 mM vanadyl ribonucleoside (New 
England Biolabs, Ipswitch, MA), 8 µl RNAse Out (Invitrogen, Carlsbad, CA). Cells were 
homogenized by 40 passages through a 26G needle using a 1 mL syringe. Trypan blue 
exclusion was performed on the homogenates to ensure comparable numbers of cells 
were disrupted. Nuclei and large cell debris were removed by centrifugation for 5 min 
at 1000 g at 4°C, after which the supernatant was subjected to a second centrifugation 
step to ensure all debris was removed. The post-nuclear cytosolic fraction was loaded 
on top of a 5 – 40% Optiprep (Axis-Shield, Dundee, UK) gradient in 78 mM KCl, 4 mM 
MgCl2, 8.4 mM CaCl2, 10 mM EGTA, 50 mM HEPES-NaOH pH 7.0 prepared in SW60 
tubes. Tubes were spun in a SW60 rotor at 100,000 g (32,000 rpm k-factor 159.6) for 
18 – 20h at 4°C to separate the subcellular organelles according to their buoyant 
density. Subsequently, 300 µl fractions were collected. Of these fractions 50 µl aliquots 
were pooled for RNA isolation (fractions 1+2+3, 4+5, 6+7, 8+9 and 10+11+12). The 
remaining 250 µl was pooled for TCA precipitation using the following protocol: 
sodium-deoxycholate (Sigma, St. Louis, MO) was added to the fractions at 125 µg/
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ml, after which 10% tricholoroacetic acid (final concentration) was added. Samples 
were incubated on ice for 15 min, protein precipitates were pelleted for 10 min at 
16,000 g in a cooled epifuge. Supernatant was removed gently, after which 0.5 ml 
-20°C acetone was added. Samples were incubated at -20°C for 10 min followed by 
centrifugation for 10 min at 16,000 g at 4°C. Supernatant was removed and 0.5 ml 
-20°C acetone was added followed by centrifugation for 10 min at 16,000 g at 4°C to 
wash. Supernatant was taken off, pellets were left to dry to the air until all acetone had 
evaporated. Pellets were resuspended in 30 µl 2x SDS sample buffer and 5 µl 1M Tris 
pH 8.8 was added to adjust the pH.

Western blot
Protein samples were denatured for 3 minutes at 100°C in 2x SDS sample buffer 
and separated on a 10% SDS-PAGE gel, followed by protein transfer onto 0.45 µm 
Immobilon-P PVDF membranes (Millipore, Cork, Ireland). After blocking for >1 h in 
blocking buffer (0.5% Cold Fish Skin Gelatin (Sigma-Aldrich, St. Louis, MO) in PBS + 
0.05% Tween-20), blots were incubated overnight at 4°C with primary antibodies 
rabbit-anti-YBX1 (Cell Signaling, 4202, 1:1000), rabbit-anti-Lamp-1 (SantaCruz, sc-5571, 
1: 1000), mouse-anti-hnRNP K (SantaCruz, sc-28380, 1:5000), mouse-anti-Calnexin 
(Transduction Labs, clone 37, 1 : 1000), mouse-anti-HuR (SantaCruz, sc-5261, 1:1000), 
mouse-anti-Ro60 (a kind gift from S.L. Wolin, 1:50), rabbit-anti-La (Cell Signaling, 
5034, 1:1000), mouse-anti-CD9 (BioLegend, HI9a, 1:1000), mouse-anti-CD63 (Abcam, 
ab59479, 1:1000), rabbit-anti-Histone-H3 (Cell Signaling, 9715, 1:1000), mouse-anti-
CD81 (SantaCruz, clone B-11, 1:1000), mouse-anti-EEA1 (Transduction Labs, clone 14/
EEA1, 1:1000), mouse-anti-gm130 (BD, clone 35/GM130, 1 : 500), and rabbit-anti-Tsg101 
(reduced conditions with 100 mM DTT, Sigma, T5951, 1 : 1000) in blocking buffer. Blots 
were washed and incubated for 1 - 2h with HRP-coupled secondary antibodies (Dako, 
cat P0450 and P0448, 1 : 5000). ECL solution (ThermoScientific, SuperSignal West 
Dura Extended Duration Substrate, cat. 34075) was used for detection on a Chemidoc 
imager (BioRad, Hercules, CA). Images were analyzed by Image Lab software (BioRad, 
Hercules, CA).

RNA isolation, cDNA synthesis and RT-qPCR
mRNA was isolated from cell pellets 4 h after stimulation using the Nucleospin RNA 
kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. 
cDNA was prepared using the RevertAid cDNA kit (ThermoScientific) following the 
manufacturer’s instructions and using random hexamer primers.
 Small non-coding RNA was isolated from pelleted cells, EV, or from pooled 
subcellular fractions using the miRNeasy micro kit (Qiagen, Hilden, Germany). 700 µl 
Qiazol was added to pellets or to 150 µl pooled Optiprep fractions, after which the 
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manufacturer’s instructions were followed. Quantification of the eluted RNA was done 
by Bioanalyzer Pico 6000 (Agilent, Waldbronn, Germany). cDNA synthesis was done 
using the miScript RT II kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions, RNA input was normalized according to the concentration of 20 – 300 
nt small RNA. cDNA was diluted 10x in MQ water, and 2 µl diluted cDNA template 
was used for amplification of target RNAs in qPCR with 0.8 µM primers (IDT, Leuven, 
Belgium) in SensiMix PCR master mix (BioLine, United Kingdom). The following PCR 
program was used for amplification of mRNA: 95°C 10 min, followed by 40 cycles of 
10 s at 95°C, 20 s at 60°C and 45 s at 72°C. For small RNA we used the following PCR 
program: 95°C 10 min, followed by 50 cycles of 10 s at 95°C, 20 s at 57°C and 30 s at 
72°C. Melt curves were run from 65-95°C after each PCR. All qPCRs were performed on 
a Biorad CFX96 or CFX384 machine (BioRad, Hercules, CA). Normalization of small RNA 
qPCR data was done relative to U6 snRNA in line with earlier studies (35,42), and to 
beta-actin for mRNA qPCR data.
 The following PCR primers were used, primers 1 – 7 were used in combination with 
the miScript universal reverse primer, primers 8 – 17 were used as pairs of specific 
forward and reverse primers:

Table 1. qPCR primers

No Primer name Sequence (5’ – 3’)

1 Y1 loop-F GATCGAACTCCTTGTTCTACTC

2 Y3 loop-F AGATTTCTTTGTTCCTTCTCCACTC

3 Y4 loop-F GTGTCACTAAAGTTGGTATACAAC

4 Y5 loop-F GTTAAGTTGATTTAACATTGTCTC

5 miR-146a TGAGAACTGAATTCCATGGGT

6 U6-F CTCGCTTCGGCAGCACA

7 7SL-F GGAGTTCTGGGCTGTAGTGC

8 5S-F TCTACGGCCATACCACCCTGA

9 5S-R GCCTACAGCACCCGGTATTCC

10 18S-F CGCGGTTCTATTTTGTTGGT

11 18S-R AGTCGGCATCGTTTATGGTT

12 hActin-F CCTTCCTGGGCATGGAGTCCTG

13 hActin-R GGAGCAATGATCTTGATCTTC

14 hIL-6-F AACCTGAACCTTCCAAAGATGG

15 hIL-6-R TCTGGCTTGTTCCTCACTACT

16 hTNFa-F ATGAGCACTGAAAGCATGATCC

17 hTNFa-R GAGGGCTGATTAGAGAGAGGTC
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Microscopy
Microscopic images were taken on a Olympus CK2 light microscope with a Leica 
camera at 200x magnification.

Statistical analysis
Statistical analyses were done in SPSS v24, p-values < 0.05 were considered statistically 
significant.

Results

To study how TLR stimulation affected the trafficking of Y-RNA inside cells and into EV, we 
used the human monocytic cell line THP1, which we differentiated into macrophages. First, 
we assessed how TLR-stimulation of THP1 cells affected the number and Y-RNA content of 
EV released by these cells. THP1 cells differentiated into macrophages were stimulated 
with the TLR2/1 ligand Pam3CSK4. Treatment with this TLR ligand more potently activated 
the THP1 cells than LPS treatment (data not shown). Four hours after TLR activation, 
the cells displayed morphological changes characteristic for cellular activation (43) 
(Supplementary Figure 1A). Other hallmarks of cellular activation were the increased 
levels of mRNA for the inflammatory cytokines IL-6 and TNFα, which could readily be 
observed at four hours after TLR activation (Supplementary Figure 1B). We collected EV 
produced during overnight incubation of stimulated and non-stimulated cells. EV were 
purified from cell culture supernatant by differential ultracentrifugation followed by 
density gradient purification and quantified by high-resolution flow cytometry (Figure 
1A). Pam3CSK4-stimulated cells released over 2-fold more EV than unstimulated cells, 
while the buoyant density of these EV was similar (Figure 1A,B). In addition, we observed a 
stimulation-induced increase in the release of common EV-associated proteins CD9, CD63 
and CD81, as determined by western blotting.(Figure 1C). We previously observed that 
TLR4 stimulation of primary dendritic cells led to changes in the amount of Y-RNA in EV, 
while intracellular Y-RNA levels remained constant (35). For various endotoxin-responsive 
miRNAs, however, we observed that stimulation-induced changes in EV-associated 
miRNA levels reflected the changes in the intracellular miRNA levels (35). To evaluate 
whether RNA levels in EV were similarly regulated in Pam3CSK4-stimulated THP1 cells, we 
quantified changes in Y-RNA subtypes and endotoxin responsive miRNAs in stimulated 
and unstimulated THP1 cells and their released EV, using RT-qPCR analysis (Figure 1D-F). 
Pam3CSK4-activation of THP1 cells led to an increase in the amount of  Y1, Y3 and Y4 per 
EV released by these cells (Figure 1D). In contrast, the intracellular levels of these Y-RNA 
subtypes remained unchanged after TLR-stimulation (Figure 1E), which is in line with our 
earlier findings in DC (35). As expected, the levels of the TLR-responsive miR-146a were 
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Figure 1. Pam3CSK stimulation of THP1 macrophages increases the release of EV-associated 
Y-RNA. THP1 macrophages cultured in EV-depleted medium were stimulated with Pam3CSK4 or 
left unstimulated. After overnight incubation, EV were purified by differential ultracentrifugation, 
labelled with PKH67 fluorescent dye, and floated into a sucrose density gradient. A) High resolution 
flow cytometry based quantification of EV in the different sucrose density fractions. Indicated are 
the numbers of detected events within the fixed time frame of 30 seconds. Black line: unstimulated 
THP1, red line: Pam3CSK stimulated THP1. Distribution of EV over different density fractions is 
representative for n=3 experiments. B) Relative quantification of EV in the peak fractions (1.11 -1.18 
g/ml) as determined by high resolution flow cytometry. Data are normalized to the unstimulated 
condition for each experiment. * p < 0.05, Student’s paired t test, n=3 independent experiments. 
C) EV from unstimulated and Pam3CSK4 stimulated THP1 cells were purified from equal volumes 
of culture supernatant and were analyzed by Western blot for the presence of CD63, CD9, and 
CD81. Data are representative for n=3 independent experiments. D) RNA was isolated from EV 
released by unstimulated and Pam3CSK4 stimulated THP1 cells. An equal amount of RNA per 
condition was used as input in RT-qPCR analysis of all Y-RNA subtypes. Log2fold differences 
in Y-RNA between EV from Pam3CSK4 stimulated versus unstimulated cells are depicted. U6 
RNA was used for normalization. * p < 0.05, Student’s t test, n=4 independent experiments. E) 
Cellular RNA from unstimulated and Pam3CSK4 stimulated THP1 cells was used for RT-qPCR 
analysis of all Y-RNA subtypes. Log2fold differences in Y-RNA in Pam3CSK4 stimulated versus 
unstimulated cells are depicted. U6 RNA was used for normalization. * p < 0.05, Student’s t test, 
n=3 independent experiments. F) RT-qPCR analysis of  miR-146a in cellular and EV RNA as in (D 
and E). * p < 0.05, Student’s t test, n=3 independent experiments.
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strongly upregulated in cells (44) and to a similar extent in EV (Figure 1F). Taken together, 
TLR-stimulation of THP1 macrophages increases both the number of released EV and the 
amount of Y1, Y3 and Y4 per released EV. In addition, the data suggest that Y-RNA levels 
associated to EV are regulated independently of cellular Y-RNA levels.
 The specific increase in EV-associated Y-RNA after TLR stimulation may be caused 
by an increase in the efficiency with which cytoplasmic Y-RNA is incorporated into 
EV. Alternatively, cellular Y-RNA levels are upregulated early after activation, causing 
a parallel increase in Y-RNA incorporation into EV, but return to baseline levels at the 
time of RNA isolation. To investigate this latter possibility, we performed a time course 
experiment in which cellular RNA was isolated at different timepoints after activation 
(Figure 2A). In this experiment, we specifically isolated Y-RNA from the cytoplasm to 
exclude that a much larger pool of co-isolated nuclear Y-RNA prevents detection of 
changes in the cytoplasmic pool of Y-RNA, which is likely the main source of Y-RNA in 
EV. We confirmed that cytoplasmic fractions were largely devoid of nuclear proteins 
(Supplementary Figure 2A). Using RT-qPCR analysis, we observed that cytoplasmic 
Y-RNA levels did not change in response to Pam3CSK-stimulation throughout the 
time course (Figure 2B). In contrast, the cytoplasmic levels of miR-146a, which we 
included for comparison, were significantly increased at timepoint zero (two hours 
after activation) and increased steadily for the following 24h (in line with (44,45)). This 
suggests that processes other than transcriptional regulation steer enhanced Y-RNA 
sorting into EV upon TLR stimulation.
 Sorting of RNAs into EV is likely mediated by proteins that specifically interact with 
these RNAs. We here investigated whether proteins known to interact with Y-RNAs 
were present in EV from THP1 cells, and whether increased levels of these proteins 
were sorted into EV upon TLR-stimulation. We recently made a list of known Y-RNA 
binding proteins (11), which we compared to EV-associated proteins catalogued in 
Vesiclepedia (46). This resulted in the following shortlist of Y-RNA binding proteins that 
are potentially associated to EV: Ro60, La, hnRNP K, YBX1, HuR (ELAVL1) and APOBEC3G. 
Unfortunately, APOBEC3G could not be tested because antibodies against this protein 
were not available to us. We observed that all other selected proteins, as well as CD9 
and CD81, were present in lysates of THP1 cells (Figure 3A). To assess which of these 
proteins were packaged into EV, we purified EV from supernatants of activated and 
non-activated THP1 macrophages by differential centrifugation followed by  density 
gradient purification. Non-floating RNP complexes, which resided in the bottom 
fractions of the gradient, were recovered as well. Equal numbers of EV, as quantified 
by high-resolution flow cytometry, were loaded per lane. EV from activated and non-
activated THP1 contained comparable levels of CD9, while CD81 levels were higher in 
EV from unstimulated cells (Figure 3B). Of all tested Y-RNA binding proteins, only Ro60 
was detected in the purified population of THP1-derived EV, but not in RNP. Western 
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blot detection of Ro60 in EV yielded a second band with lower molecular weight, 
which may represent a cleavage product of Ro60. Even after prolonged exposure of 
the blots, the other Y-RNA binding proteins could not be detected in EV (data not 
shown). Because the lysate was prepared from a large number of EV (calculated to 
contain 1x10E9 EV per lane, based on high resolution flow cytometric analysis) and 
because La, YBX1, HuR and hnRNP K could be readily detected in cell lysates, our 
data suggest that these proteins are not at all or in very low quantities shuttled into 
EV from THP1 cells. Importantly, we found that EV released by stimulated THP1 cells 

Figure 2. Y-RNA levels in the cytosol remain stable during Pam3CSK4-stimulation. A) 
Schematic overview of the experiment. THP1 macrophages were stimulated with Pam3CSK4 
or left untreated. Two hours later (t=0), culture medium was removed and wells were washed 
with PBS, after which cells were incubated in EV-depleted medium for the indicated amounts of 
time. At each timepoint, cells were detached, lysed in 1% Triton-X100, and nuclei were removed 
by centrifugation after which RNA was isolated from the cytoplasm. B) Quantification of Y-RNA 
subtypes and miR-146a by RT-qPCR analysis of the RNA samples obtained in (A). Log2fold 
changes in RNA expression were calculated relative to the RNA abundance at the beginning of the 
time course (t= -2). Black line: unstimulated, red line: Pam3CSK4 stimulated. * p < 0.05, paired t 
test, n=3 independent experiments.
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were more enriched in Ro60 compared to EV from non-stimulated cells. Together, the 
data indicate that Ro60 is the most prominent Y-RNA binding protein present in EV 
from THP1 cells and that TLR2-mediated activation of these cells results in increased 
shuttling of both Y-RNA and Ro60 into EV. 
 Next, we questioned how cellular activation could lead to increased packaging 
of Y-RNA and Ro60 into EV. We hypothesized that cellular activation increases the 
selective recruitment of Y-RNA/Ro60 complexes to sites of EV biogenesis, such as 
the multivesicular endosome (MVE), thereby increasing the local availability of such 
complexes for incorporation into EV. To investigate this, we employed a subcellular 
fractionation approach, adapted from Gibbings et al. (40,41). This method allows the 
separation of cytosolic organelles by density gradient centrifugation and parallel 
analysis of both proteins and small ncRNA in these organelles. We first investigated the 
subcellular distribution of various organelle-specific proteins and RNAs under non-
stimulated conditions. Post-nuclear cytosol was fractionated overnight on a 5%-40% 
Optiprep gradient and the different density fractions were analyzed for the presence 
of marker proteins for endoplasmic reticulum (ER), Golgi apparatus, early endosomes, 
and MVE (Figure 4A). The ER-associated protein Calnexin and Golgi marker gm130 
were detected in high-density fractions. The endolysosomal-associated proteins CD63 
and Lamp-1 (47,48) were enriched in intermediate density fractions, consistent with 
earlier reports (42,49). The early endosome markers EEA1 and Tsg101 (ESCRT-I) were 
expectedly enriched in low density fractions (49,50). Next, we evaluated the presence of 
specific ncRNA types known to be associated with the different organelles. Bioanalyzer 
measurement indicated that peaks of large ribosomal RNAs (18S and 28S) were most 
abundant in the high density fractions (1.20 g/ml – 1.13 g/ml), while most small RNA 
was found in intermediate and low density fractions (< 1.09 g/ml) (Supplementary 
Figure 2B). By RT-qPCR analysis (Figure 4B), we confirmed that the ribosomal 18S RNA, 
which is often excluded from EV, was mainly present in the high density ER fractions. 
The ribosomal 5S RNA and the signal-recognition particle complex associated 7SL-
RNA (7), which are often detected in EV, were present in both the ER and MVE fractions. 
U6-snRNA is a nuclear RNA that also localizes to cytoplasmic RNP complexes called 
U-bodies (51). This RNA was previously found to be abundantly present in EV (35). We 
here observed that U6 was predominantly detected in the lighter fractions enriched in 
endosomal and endolysosomal markers. These data confirmed that our fractionation 
approach separates ncRNAs and organelles to distinct densities. Next, we quantified 
the abundance of different Y-RNA subtypes in the subcellular fractions (Figure 4C). 
The highest levels of all Y-RNA subtypes were detected in the fractions enriched in 
the endolysosomal proteins Lamp-1 and CD63, and a considerable amount coincided 
with the Tsg101 and EEA1 positive fractions (1.09 – 1.05 g/ml). Both CD63 and Tsg101 
have been implicated in EV biogenesis. Furthermore, the distribution of the Y-RNA 
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binding proteins Ro60 and La overlapped with the distribution of Y-RNA subtypes 
(Figure 4D). The other Y-RNA binding proteins displayed a wider  distribution over the 
density fractions. HuR and hnRNP K localized to the fractions of 1.20 – 1.09 g/ml and 
thus partly co-fractionated with Y-RNAs. In contrast, YBX1 was predominantly found in 
high density fractions and did not overlap with Y-RNA. Overall, the data indicate that 
Y-RNAs and the Y-RNA binding proteins Ro60, La, HuR and hnRNP K at least partially 
co-fractionate with the endosomal/MVE-proteins CD63 and Tsg101, suggesting that 
Y-RNAs and several of their protein binding partners are physically associated with 
sites of EV biogenesis (52,53).

Figure 3. Effects of Pam3CSK4 stimulation on cellular and EV-associated levels of 
tetraspanins and Y-RNA binding proteins. THP1 cells grown in EV-depleted medium were 
stimulated with Pam3CSK4 or were left unstimulated. EV were purified by density gradient 
centrifugation. Cells and EV were assessed for the presence of tetraspanins commonly detected 
in EV (CD9 and CD81) and Y-RNA binding proteins (Ro60, La, YBX1, HuR, and hnRNP K) A) 
Western blot indicating the expression of the indicated proteins in THP1 macrophages. Data 
are representative of n=3 independent experiments B) Western blot indicating protein levels in 
equal numbers of EV and RNP derived from stimulated or unstimulated THP1 cells. Prolonged 
exposure did not yield positive signals for the other tested proteins. Data are representative of n=3 
independent experiments.

a b

Figure 3
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Figure 4. Co-fractionation of Y-RNA and selective Y-RNA binding proteins in subcellular 
fractions enriched for endolysosomal markers. Post-nuclear lysates of THP-1 cells were 
separated on a 5-40% Optiprep gradient, yielding density fractions enriched in different subcellular 
compartments. RNA was isolated directly from the density gradient fractions and analyzed by RT-
qPCR. Proteins were retrieved by TCA precipitation and analyzed by Western blotting. A) Western 
blot analysis of the ER-associated protein Calnexin, Golgi marker gm130, endolysosomal proteins 
Lamp-1 and CD63, and early endosome markers EEA1 and Tsg101 in the different subcellular 
fractions. Gm130, EEA1 and Tsg101 were tested once, data for Calnexin, Lamp-1 and CD63 are 
representative of n=3 independent experiments. B) RT-qPCR based quantification of various non-
coding RNAs in the subcellular density fractions. Raw Cq values are shown, lower values indicate 
higher RNA abundance. Data from n=2 independent experiments are shown. C) RT-qPCR based 
quantification of all Y-RNA subtypes in the subcellular density fractions. Raw Cq values are shown, 
lower values indicate higher RNA abundance. Data from n=3 independent experiments are shown. 
D) Western blot analysis of various proteins with reported association to Y-RNA in the different 
subcellular fractions. Data are representative of n=3 independent experiments.
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 Next, we determined whether the subcellular localization of Y-RNA and Y-RNA 
binding proteins changed after TLR-activation. Cells were stimulated with Pam3CSK4 for 
4h, and subcellular fractionation was carried out as described before. At this timepoint, 
cells were notably activated (Figure 1) and we assumed that changes in subcellular 
localization of proteins and RNA leading to increased Y-RNA shuttling had taken place. 
We aimed to quantify TLR signaling-induced changes in protein and RNA distribution 
over the subcellular fractions. To compare the protein distributions in stimulated and 
unstimulated conditions, we expressed the signal intensity of each band as a percentage 
of the total abundance in all fractions of each condition. For RNAs quantified by RT-
qPCR, we quantified the abundance of RNAs in each fraction relative to the average Cq in 
unstimulated fractions. No differences were observed in the distribution of the ER- and 
MVE-associated proteins Calnexin, Lamp-1 and CD63 between Pam3CSK4-stimulated 
and unstimulated cells (Supplementary Figure 3). The distribution of the Y-RNAs 
was nearly identical between unstimulated and stimulated cells. However, a small but 
significant enrichment of Y1, Y3 and Y5 was observed in the 1.05 g/ml fraction during 
stimulation (Figure 5A). In contrast, miR-146a did not localize to a specific fraction, but 
was robustly upregulated in all fractions of activated cells (Supplementary Figure 4). 
We then determined whether the localization of Y-RNA binding proteins changed during 
activation (Figure 5B and C). The subcellular fractionation of Ro60, La, and YBX1 did not 
differ between stimulated and unstimulated cells. These data therefore do not provide a 
lead for the potential role of Ro60 in the increased sorting of Y-RNA into EV upon cellular 
activation. Interestingly, however, we observed a remarkable shift in the localization 
of HuR and hnRNP K during cellular activation. In activated cells, the abundance of 
HuR decreased in the 1.09 g/ml fractions and simultaneously increased in the 1.20 g/
ml fractions. A similar shift in distribution was observed for hnRNP K, although these 
data did not reach significance. These data suggest that TLR-activation drives the partial 
relocalization of HuR and hnRNP K from subcellular locations rich in Y-RNAs to ER which 
contains low levels of Y-RNA. HuR and hnRNP K are known to function as mRNA-binding 
proteins at the ER. For HuD, which is the neuron-specific homolog of HuR, it was found 
that this function can only be exerted when Y-RNA is not bound (28). Based on these 
data, we speculate that removal of Y-RNA from cells via EV may regulate the localization 
and function of mRNA stabilizing proteins, and thereby regulate the translation of 
specific proteins. 
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Figure 5. Pam3CSK4-stimulation causes a partial shift of HuR and hnRNP K from 
endolysosomal towards ER-containing fractions. THP1 macrophages were left unstimulated 
or were treated with Pam3CSK4 for 4 hours. Post-nuclear lysates of THP-1 cells were separated 
on a 5-40% Optiprep gradient, yielding density fractions enriched in different subcellular 
compartments. RNA was isolated directly from the density gradient fractions and analyzed by 
RT-qPCR. Proteins were retrieved by TCA precipitation and analyzed by Western blotting. A) RT-
qPCR based quantification of the distribution of Y-RNA subtypes in different density fractions. To 
analyze stimulation-induced changes in both the distribution of RNAs over the different fractions 
and changes in RNA levels, data are expressed as the log2fold change relative to the average 
Cq value in fractions of unstimulated cells. Black line: unstimulated, red line: stimulated. * p < 
0.05, paired t test, n=3 independent experiments. B) Western blot analysis of different Y-RNA 
binding proteins in subcellular fractions of Pam3CSK4 stimulated and unstimulated THP1 cells. 
Data are representative for n=3 independent experiments. C) Quantification of band intensities 
shown in (C). The abundance of the indicated proteins in the different fractions was calculated as 
a percentage of the total signal over all fractions in each condition. Black line: unstimulated, red 
line: stimulated. * p < 0.05, paired t test, n=3 independent experiments.
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Figure 6. Hypothetical model illustrating how Pam3CSK4 -induced Y-RNA export via EV may 
affect translocation of mRNA binding proteins, such as HuR. A) In the resting state, Y-RNA 
is localized at or near the en dolysosomal system and is stabilized by Ro60 and La (1). The loop 
structure is available for binding of other Y-RNA binding proteins, such as HuR (2). The packaging 
efficiency of Y-RNA into EV and the number of Y-RNA-containing EV released by the cells are low 
in this condition (3). Cytokine mRNAs are not bound by enhancers, are thus relatively unstable and 
not translated (4). B) Cellular activation by TLR stimulation (5) increases the number of EV that are 
released (6) as well as the incorporation efficiency of Y-RNA into EV (7) via mechanisms that are 
yet unknown. While Ro60 is incorporated into EV together with Y-RNA, La is not.  TLR-stimulation 
also increases the translocation of HuR to the cytoplasm (8). The increased export of Y-RNA via 
EV reduces the amount of available binding sites for HuR. Together, this results in increased 
HuR binding to AU-rich elements on cytokine mRNAs (9), which leads to their stabilization and 
enhances their translation (10). This results in a subsequent increase in cytokine release (11). 
Taken together, Y-RNA shuttling may thus regulate mRNA translation in the EV-producing cell.
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Discussion

Several studies have investigated which RNA binding proteins are involved in the 
shuttling of miRNA into EV (30–34) Nevertheless, other ncRNA species are more 
abundantly present in EV than miRNA (1,2). For instance, Y-RNA is abundantly detected 
in EV from various cell types and in biofluids (reviewed in (11)). In this study, we 
have investigated in more detail whether and how TLR-activation leads to increased 
incorporation of Y-RNA into EV. Using a human monocytic cell line, we have shown that 
Pam3CSK4-stimulation increased the Y-RNA content in EV, while cellular Y-RNA levels 
remained unchanged. This finding suggested that Y-RNA packaging is an active process 
that is potentially mediated by proteins interacting with Y-RNA. Such proteins may be 
incorporated into EV together with Y-RNA, or may deliver Y-RNA to sites of EV biogenesis 
by transient RNA-protein interactions. We tested a number of proteins known to interact 
with Y-RNA for their presence in EV. Only Ro60 could be detected in EV, while YBX1, HuR, 
hnRNP K, and La were only detected in cell lysates and not in EV isolates. Although not 
detected as EV-cargo, these proteins may be involved in selective recruitment of Y-RNA/
Ro60 complexes to the EV biogenesis site in the producing cells. Using subcellular 
fractionation we observed co-fractionation of Y-RNA with Ro60, La, HuR and hnRNP K 
in fractions that were positive for endolysosomal proteins, suggesting these proteins 
may be involved in Y-RNA delivery to EV-generating compartments. By comparing 
Pam3CSK4-stimulated versus unstimulated cells, we only observed a minor increase 
in the localization of Y-RNA to endolysosomal fractions. Interestingly, we observed 
substantial relocalization of the Y-RNA binding protein HuR, which is known to regulate 
mRNA translation and mRNA stability, towards ER-fractions.
 Subcellular fractionation is commonly used to assess changes in protein localization 
within cells (34,40,42,49,50). In our current study we used this approach to obtain 
clues on where Y-RNA and Y-RNA binding proteins localize inside cells and how their 
localization may change upon cellular activation. A limitation of this approach is that 
co-fractionation of components in the same density fraction does not necessarily mean 
that these components are spatially close together in the cell. Ideally, the presumed 
colocalization of Y-RNA, the Y-RNA binding proteins and endososomal markers should 
be substantiated by fluorescence microscopy. However, the sensitivity of detecting 
small  ncRNAs by fluorescent in situ hybridization is generally low and simultaneous 
detection of proteins is technically difficult (54). Using subcellular fractionation, we here 
demonstrated that Y-RNA primarily localized to fractions enriched for CD63 and Tsg101. 
This calls for further research to establish whether Y-RNA is shuttled into EV via both 
ESCRT independent (CD63 (52)) and ESCRT dependent (Tsg101 (53)) biogenesis routes. 
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 Although we observed co-fractionation of various Y-RNA binding proteins with 
endolysosomal proteins, only Ro60 was incorporated into EV. This was not expected 
since in our assessment we only included  Y-RNA binding proteins that were previously 
reported to be present in EV preparations (11). In these studies, EV had been prepared 
from a very wide range of biological specimens (sperm (55), glioblastoma cells (56), 
bladder cancer cells (57), macrophages (58), T cells (59), mesenchymal stem cells (60) 
and liver cells (34)). EV from these sources may differ in protein composition, and Y-RNA 
binding proteins found in one particular type of EV may not necessarily be present in EV 
from another source. An alternative explanation is that the EV populations described 
in these earlier studies were contaminated with non-EV-associated proteins, because 
in many of these studies crude preparations of 100,000 g pelleted EV were used. A 
recent study confirmed that many RBP that were previously thought to be present 
in EV may rather be associated to non-vesicular structures (61). This was shown for 
YBX1, but may additionally be the case for a number of other Y-RNA binding proteins 
analyzed in our current study. 
 Interestingly, western blot analysis of Ro60 in our high-grade purified population 
of EV revealed two distinct bands, one of which could be a cleavage product of Ro60. 
A similar, smaller-sized Ro60 band was observed in the 1.09 g/ml subcellular fractions 
(Figure 4D, 5B), while Ro60 in the whole cell lysates was visible as a single band at the 
expected height (Figure 3). This pattern is reminiscent of the cleavage of the C.elegans 
Ro-homolog ROP-1 that occurs during larval development, and is carried out by an 
aspartic protease (62). It has been reported that these proteases may be packaged 
into EV (63), but cleavage may additionally occur in the cytosol. Nevertheless, it is 
unlikely that Ro60 cleavage is a strict requirement for incorporation into EV because 
uncleaved Ro60 was also detected in EV. In contrast to Ro60, La was not packaged into 
EV. This is remarkable, since La associates to the 3’-oligouridine tail of Y-RNA and is 
therefore expected to be loaded into EV together with Ro60 and Y-RNA. We speculate 
that La dissociates from Y-RNA upon cleavage of Y-RNA in between the 3’-stem and the 
3’-oligouridine tail. A similar cleavage reaction occurs during tRNA maturation, when 
the La-associated 3’-oligouridine tail is cleaved by tRNAse Z (64,65). Further research 
is needed to investigate a potential role for La in restricting Y-RNA packaging into EV 
and to establish whether and how Ro60 is actively involved in sorting of Y-RNA into EV.
 Unexpectedly, we did not observe detectable incorporation of HuR and hnRNP K in 
EV released by macrophages, although HuR and members of the hnRNP family have 
been implicated in miRNA shuttling into EV. For instance, HuR was shown to drive the 
shuttling of miR-122 in into EV from serum-starved liver cells (34). Additionally, hnRNP 
A2B1, hnRNP Q (SYNCRIP) and other hnRNP types have also been shown to play a 
role in miRNA shuttling (30,33,66). The involvement of HuR and hnRNP K in shuttling 
of other ncRNA species into EV has not been studied previously. Although we did 
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not observe any incorporation of HuR and hnRNP K into EV, we observed that TLR 
stimulation induced a partial relocalization of HuR and hnRNP K from endolysosomal 
fractions towards ER-fractions. Because this shift did not reach significance for hnRNP 
K, we will only elaborate on the potential effects on HuR function in relation to our 
observations. It is known that HuR can bind to AU-rich elements on mRNAs and control 
their translation (67–69). This kind of posttranscriptional regulation may enable rapid 
induction of protein expression from pre-formed mRNAs, as is for example required for 
induction of cytokine responses (68,69). HuR has been shown to enhance the translation 
of TNFα (70), and IFN-β (71). HuR is mainly localized in the nucleus, but is also known 
to shuttle between nucleus and cytoplasm (72). LPS stimulation of macrophages was 
shown to induce the translocation of HuR from the nucleus to the cytoplasm (73). HuR 
was previously found to cofractionate with Alix (34), which is a common component 
of endolysosomal compartments (74). The association of HuR with cellular Y-RNA has 
been shown by two studies (16,28). Our results suggest that TLR activation increases 
the expulsion of Y-RNA via EV, and additionally induces the recruitment of HuR to the 
ER (Figure 6). It is an outstanding question whether the observed shift in HuR to ER 
is a direct cause of the increased Y-RNA export from cells, or whether these are two 
independent events caused by TLR-activation. A recent study provides support for 
the idea that removal of Y-RNA causes changes in enhancer protein localization and 
function. Tebaldi et al. have shown in neuronal cells that siRNA-mediated depletion 
of Y3-RNA affects the subcellular localization of the enhancer protein HuD (28). HuD 
and HuR are both members of the Hu family of RBP and are highly homologous in 
sequence and function. The relocalization of HuD from cytosol to the ER reported by 
Tebaldi et al. seems similar to what we observed for HuR. Furthermore, it was shown 
that Y3-binding to HuD induced dissociation of this protein from the UTRs of ARE-
containing mRNAs, thereby inhibiting the mRNA stabilizing effect of HuD. This led to 
a reduction of the expression of proteins encoded by these mRNAs (28). HuD has a 
stronger affinity for Y3 than for AU-rich element-containing RNAs, which illustrates 
how Y-RNA can outcompete mRNA binding by HuD (28). Our current findings are 
consistent with these data and we speculate that enhanced release of Y-RNA via EV 
may lead to changes in the localization and function of Y-RNA binding proteins that 
regulate translation of specific mRNAs, such as those encoding cytokines (Figure 6). 
In this model, increased Y-RNA export via EV reduces the availability of binding sites 
for HuR, which then bind and stabilize mRNAs at the ER, thereby enhancing their 
translation. This would imply that EV-mediated export of cellular RNAs is not only a 
means of intercellular communication, but may additionally play a role in fine-tuning 
the function of EV-producing cells. This idea is supported by a recent study showing 
that the release of tRNA fragments into EV is required for appropriate T cell activation 
(75). Removal of RNAs via release in EV may be a more rapid way to dispose of RNAs 
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than enzymatic degradation, because small RNAs are less accessible to cellular RNA 
degradation pathways due to their highly structured nature and association with RBP 
(76). Such a mechanism could for example underly the rapid upregulation of cytokine 
release by innate immune cells (68) and memory T cells (77). These cells contain large 
numbers of pre-formed cytokine-encoding mRNAs, which are intrinsically unstable 
due to AU-rich elements (67). These mRNAs may be stabilized and translated during 
immune activation by the binding of enhancer proteins like HuR (70). 
 It is important to note that the increased export of Y-RNA via EV did not result in 
a detectable decrease in (sub)cellular Y-RNA levels. This may seem at odds with our 
hypothesis that increased Y-RNA export reduces the amount of binding sites for HuR. 
Nevertheless, it is highly likely that only a subset of cellular Y-RNA binds to HuR. It 
is possible that only this subset of Y-RNA molecules is exported, which leads to the 
observed relocalization of HuR, while the majority of Y-RNA is associated to other 
proteins and remains in the cell. To further test this hypothesis, it is important to 
acquire more knowledge on the stoichiometry of how many Y-RNA molecules are 
located in the different cellular compartments, how many of these are bound to HuR, 
and how many are released into EV. 
 Taken together, our findings shed light on the potential role of RNA binding proteins 
in sorting of Y-RNAs into EV. Ro60 and Y-RNA localize to endosomal compartments 
where EV biogenesis takes place and are both present in released  EV, suggesting that 
Ro60 plays a role in shuttling of Y-RNA into EV. Other Y-RNA binding proteins may 
recruit Ro60-bound Y-RNA to sites of EV-biogenesis but are subsequently retained in 
the cell. Furthermore, we speculate that increased export of Y-RNA via EV upon TLR 
stimulation may regulate the mRNA stabilizing function of enhancer proteins, which is 
controlled by binding of Y-RNAs.
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Supplementary Figure 1. Pam3CSK4-stimulated THP1 macrophages display morphological 
changes and increased cytokine expression. A) Brightfield microscopical image of unstimulated 
(left) and Pam3CSK4 stimulated THP1 cells at 200x magnification. B) Cellular RNA was isolated 
4 hours after addition of Pam3CSK4. Quantification of mRNAs for IL-6 and TNFα was performed 
by RT-qPCR analysis. Indicated are log2 fold changes of gene expression in the stimulated 
versus unstimulated condition, normalized to beta-actin mRNA. * p < 0.05, Student’s t test, n=3 
independent experiments.
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Supplementary Figure 2. THP1 
subcellular fractions contain distinct 
RNA profiles and are devoid of 
nuclear proteins. Unstimulated THP1 
cells were homogenized and the post-
nuclear cytosolic extract was loaded 
onto a 5-40% Optiprep gradient. Different 
density fractions were recovered which 
were used for RNA isolation directly from 
the fractions, and proteins were retrieved 
by TCA precipitation and analyzed by 
Western blotting. A) Bioanalyzer profiles 
of RNA isolated from the different 
THP1 subcellular fractions. Each peak 
represents RNAs of a specific size, 
indicated in arbitrary fluorescent units 
(FU). Small RNA, 18S rRNA and 28S rRNA 
peaks are indicated, as well as the fraction 
densities. Data are representative for n=3 
independent experiments B) Western blot 
analysis of subcellular density fractions 
for the presence of the endolysosomal 
protein Lamp-1 and the nuclear protein 
Histone H3. Total cell lysate, nuclei pellet 
and post-nuclear cytosolic extracts are 
included as controls.
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Supplementary Figure 3. Pam3CSK4-stimulation does not change the subcellular 
distribution of ER- and endolysosome-associated proteins. Pam3CSK4 stimulated or 
unstimulated THP1 cells were homogenized and the post-nuclear cytosol was loaded onto a 
5-40% Optiprep gradient. Density gradient fractions were subjected to TCA precipitation and 
proteins were analyzed by Western blotting. A) Western blot showing the distribution of Calnexin 
(ER), and Lamp-1 and CD63 (endolysosomes) in subcellular fractions isolated from stimulated 
and unstimulated THP1 cells, representative for n=3 independent experiments. B) Quantification 
of band intensities shown in (A). The relative abundance of each protein was calculated as a 
percentage of the total signal over all fractions. Black line: unstimulated, red line: stimulated. * p 
< 0.05, paired t test, n=3 independent experiments.
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Supplementary Figure 4

Supplementary Figure 4. Pam3CSK4-stimulation increases miR-146a levels in all subcellular 
fractions. THP1 macrophages were left unstimulated or were treated with Pam3CSK4 for 4 
hours. Post-nuclear lysates of THP-1 cells were separated on a 5-40% Optiprep gradient, yielding 
density fractions enriched in different subcellular compartments. RNA was isolated directly from 
the density gradient fractions, followed by RT-qPCR based quantification of miR-146a in different 
density fractions. To analyze stimulation-induced changes in both the distribution of RNAs over 
the different fractions and changes in RNA levels, data are expressed as the log2fold change 
relative to the average Cq value in fractions of unstimulated cells. Black line: unstimulated, red line: 
stimulated. * p < 0.05, paired t test, n=3 independent experiments.
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8. General Discussion

The discovery that extracellular vesicles (EV) can transfer RNA between cells has 
provided new perspectives in our understanding of intercellular communication (1). 
It has become clear that in response to environmental signals or mutations associated 
with diseases, the RNA content of EV released by these cells is modified (2–5). This 
likely also translates into changes in the effects that these EV have on recipient cells. 
The discovery that these ‘intercellular messages’ can be detected in biofluids, and 
thus may be used to detect diseases, has further sparked interest in EV-associated 
RNA as biomarkers (6–13). Numerous studies addressed how the RNA profiles of EV 
change due to cell signaling, oncogenic transformation, or other disease-related 
processes (3,4,14–18). However, most of these studies have focused on changes in 
miRNA content, whereas EV are known to contain a wealth of other non-coding RNA 
species (2,18–24). Many of these RNAs are more abundant in EV than miRNAs, and 
could therefore be important players in intercellular communication. Furthermore, 
these other RNA species may provide opportunities as novel disease biomarkers, 
which may be more easily detected because of their abundance. In this thesis, we 
explored whether the incorporation of these other non-coding RNA species in EV may 
be modulated by exogenous stimuli imposed on cells. In this work we predominantly 
studied EV released by antigen presenting immune cells, such as dendritic cells (DC) 
and macrophages, as well as EV from other immune cells such as neutrophils, both of 
which are known to robustly respond to immune-activating stimuli in order to initiate 
or regulate immune responses. First, we addressed a number of technical issues that 
affect reliable quantification of small non-coding RNA in EV from cultured cells and 
biofluids. We optimized and validated protocols for RNA sequencing (Chapter 2), 
and addressed the depletion of contaminant RNA species from fetal calf serum (FCS) 
(Chapter 3). We used this knowledge to characterize changes in the small non-coding 
RNA content of EV released by DC upon treatment with either immune stimulating 
or immune suppressive stimuli (Chapter 4). Besides expected differences in miRNA 
content, we discovered that the incorporation of Y-RNA into EV was changed in LPS-
stimulated DC. This finding sparked our interest, as numerous studies have abundantly 
detected Y-RNA in EV, and ideas on a role for Y-RNA in immune regulation and their 
biomarker potential are gaining ground within the field of extracellular RNA research. 
This motivated us to make an inventory of published data on extracellular Y-RNA and 
compare the various studies in this field (Chapter 5). Subsequently, we explored the 
presence of Y-RNA in blood plasma and investigated whether Y-RNA subtype ratios in 
plasma can be used as indicators of inflammatory processes (Chapter 6). Finally, we 
investigated how Y-RNA binding proteins may affect Y-RNA shuttling in immune cells 
under homeostatic and immune stimulatory conditions (Chapter 7) to learn more 
about the processes that underly the incorporation of Y-RNA into EV.
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Technical considerations for reliable isolation and 
characterization of EV-RNA

Identification and reduction of small RNA sequencing bias
Small RNA sequencing is increasingly used to obtain a comprehensive, quantitative 
profile of extracellular small RNA in studies on the role of EV-RNA in intercellular 
communication and for biomarker discovery (25). However, major challenges in 
small RNA sequencing are the various sources of bias that are introduced during the 
generation of sequencing libraries, such as ligation bias and PCR amplification bias 
(26,27). To ensure the comparability of RNA sequencing results obtained in different 
labs, in-depth knowledge about the accuracy and reproducibility of this technique is 
important to guide reliable biomarker discovery. It has been suggested that small RNA 
sequencing library preparation methods are generally reproducible between labs (28). 
However, this study did not address whether comparable biases are introduced by the 
different commercial small RNA sequencing kits that are available. Furthermore it was 
not known to what extent these kits capture the full complexity of RNA transcripts in 
a sample, and whether they allow accurate estimation of the abundance of each RNA 
transcript. 
 To address these questions, we had the opportunity to take part in a multi-center 
study for comparison of commercially available small RNA sequencing methods, led 
by the exRNA Communication Consortium (ERCC) of the National Institutes of Health. 
In this study, a standardized reference sample of 1152 synthetic miRNAs (in equimolar 
and ratiometric pools) was analyzed in several different laboratories using different 
small RNA sequencing methods to assess whether these methods allow for accurate 
absolute and relative quantification of miRNAs (Chapter 2, (29)). Strikingly, large 
protocol-dependent biases were observed in the absolute read counts for each of 
the miRNAs. Although all individual miRNAs were equally abundant in the equimolar 
RNA pool, numbers of read counts differed greatly between individual miRNAs, and 
differed between the same miRNA quantified with different protocols. This bias could 
be partially resolved using 4N-adapters containing unique molecular barcodes. In 
this procedure, each transcript was tagged with a unique barcode which allowed 
to computationally correct for differences in PCR-amplification between transcripts. 
While this approach resolved the bias that is introduced during PCR-based library 
amplification, other sources of bias could not be resolved. We assessed whether 
these biases could be attributed to differences in the physical properties of the RNA 
transcripts, such as differences in 5’- and 3’-terminal nucleotides, GC-content, free 
energy (dG), enthalpy (dH), entropy (dS), or melting temperature (Tm). Ideally, these 
properties may be used to predict and computationally correct for sequencing biases. 
However, none of these parameters had an unambiguous effect on their detection by 
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RNA sequencing, indicating that computational correction of sequencing bias based 
on these parameters may not be feasible. These findings have important implications 
for the interpretation of RNA sequencing data. Although our data indicated that 
sequencing counts do not correlate with the absolute RNA abundance, various studies 
select RNAs with high sequencing counts for follow-up experiments, assuming that 
these are the most abundant (and therefore important) transcripts in their samples 
(30–32). It would be advisable to validate the absolute abundance of non-coding 
RNAs of interest by additional methods, such as RT-qPCR. Despite difficulties with 
quantification of transcripts based on read counts, our study showed that relative 
differences in the abundance of the same miRNA type in different samples can be 
accurately assessed, provided that the samples have been prepared using the same 
library preparation protocol (Chapter 2, (29)). In conclusion, these results indicate 
that although biases interfere in the sequencing efficiency of small RNA transcript, the 
relative abundance of the same RNA transcripts in different samples can be reliably 
measured.

Characterization of fragmented and full-length forms of the same 
transcripts
In addition to biases that affect the quantification of RNA transcripts, other types of 
biases can affect the identification and characterization of RNA transcripts. During 
bioinformatic analysis of RNA sequencing data, transcripts are ‘mapped’ onto genomic 
data, which can be visualized in so-called ‘coverage plots’. These plots show which 
regions of an RNA transcript are found in a sequencing library, and whether the 
entire length of a transcript has been detected or only a particular region. This is of 
importance because many small non-coding RNAs can be cleaved into fragments, and 
therefore occur in the transcriptome in fragmented and full length forms. It is important 
to distinguish between these two forms, because fragmented RNAs often have other 
functions in cells than their full-length counterparts (33). For example, fragments 
of vault RNA and specific snoRNA fragments can repress the translation of mRNAs 
(34–36). Furthermore, specific tRNA fragments have been implicated in initiation of 
translation (37), in enhancing translation of mRNAs encoding ribosomal proteins 
(38), and in protection against endogenous retrotransposons (39). Interestingly, 
fragmented forms of various RNA types have been detected in EV, which may imply 
that these fragments play a role in intercellular communication (19–21,40). Also in 
the case of Y-RNA, various studies have reported the presence of Y-RNA cleavage 
fragments and tRNA fragments in EV (18–21,40–42). Indeed, it is known that Y-RNA 
can be cleaved under specific circumstances, such as apoptosis, poly-I:C stimulation 
or viral infection (43–45). However, technical limitations of the standard small RNA-seq 
protocols used in EV studies hamper accurate assessment of full length form of Y-RNA 
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and tRNA. First, the overrepresentation of RNA fragments in RNA sequencing studies 
may be caused by size selection of sequencing libraries. This is a common procedure 
in standard miRNA sequencing protocols, which enriches for miRNAs while excluding 
longer-sized RNAs, such as full-length Y-RNAs and tRNAs. Second, posttranscriptional 
modifications on these RNA transcripts may hamper the adapter ligation efficiency 
(46). Furthermore, the strong secondary structures of Y-RNAs and tRNAs may hamper 
reverse transcription of the full-length transcripts, causing preferential detection 
of fragments of these RNAs. These technical problems can be mitigated by library 
preparation at high temperatures using thermostable reverse transcriptases (24,47). 
Indeed, studies employing these protocols have indicated that the majority of Y-RNA 
and tRNA in plasma and EV from HEK293T cells is full-length (24,47). Northern blotting 
can be employed as an alternative method to accurately assess the size of RNA 
transcripts. In this procedure, RNA is separated on size by gel electrophoresis, followed 
by detection of specific transcripts by hybridization of detection oligonucleotides. Via 
this method, we found that the majority of Y-RNA in EV from in vitro cultured primary 
DC is full-length (Chapter 4, (18)). Furthermore, cleavage of Y-RNA was not increased 
in EV-RNA or cellular RNA from LPS-stimulated DC (Chapter 4, (18)). Additionally, using 
RT-qPCR primers against the loop region of Y-RNA (which is not present in fragmented 
Y-RNA) we have confirmed the predominant presence of full length Y-RNA in EV, 
thereby corroborating the data from Qin et al ((47), and Chapter 6). These findings 
contrast sharply the conclusions of several other studies, in which it was stated that 
most Y-RNA in EV and RNP is fragmented (23,42,48). However, all of these studies 
employed a narrow size-selection during library preparation, which does not allow 
the detection of full-length Y-RNA (which is 83 – 110 nt in size). This is in contrast to the 
studies by Shurtleff and Qin, where no size selection was applied and in which > 75 nt 
paired end sequencing was performed. Although our RNA sequencing data did show 
predominant coverage at the 5’ and 3’ ends of Y-RNA, we have shown by Northern 
blot that DC-EV predominantly contain full-length Y-RNA and tRNA (Chapter 4, (18)), 
thereby corroborating the data from Shurtleff et al.
 Another point of discussion is how Y-RNA is distributed across EV and RNP. We have 
shown that the full-length Y-RNA in plasma is protected from degradation by proteinase 
K and RNAse A, indicating that Y-RNA is predominantly present in EV (Chapter 6). 
In in vitro cultures of primary DC (Chapter 4) and immortalized B-cells (Driedonks, 
unpublished data) we have consistently found enrichment of Y-RNA in EV fractions 
compared to RNP fractions. Jeppesen et al., on the contrary, noted that most Y-RNA 
released by glioblastoma cells is fragmented and is predominantly associated with 
RNP (48). This confirmed the data of another study in which EV from a glioblastoma 
cell line were analyzed (23). The Jeppesen study also showed that in cultures of breast 
cancer cells, Y-RNA is equally distributed over EV and in RNP (48). These data suggests 
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that the high release of RNP-associated Y-RNA may be characteristic of glioblastoma, 
but cannot be generalized for other cell types (48) or body fluids. Summarizing, there is 
considerable discussion on the type of macromolecular structures in the extracellular 
space to which non-coding RNAs, such as tRNA and Y-RNA, are associated and on the 
fragmentation status of these RNAs. Differences in the conclusions drawn in multiple 
studies on this topic are likely caused by differences in biological material and in the 
employed methods for RNA sequencing.
 Taken together, accurate and reproducible small RNA sequencing results can be 
obtained through differential expression analysis between EV-RNA samples prepared 
in parallel using the same kits and by employing size selection that spans the 
entire size range of small RNAs. For subsequent RT-qPCR validation, full-length RNA 
transcripts can be specifically detected using oligonucleotide primers that recognize 
regions specifically present in the full-length transcript and not in fragments thereof 
(Chapter 6 and 7). Verification of RNA fragments and accurate size determination 
can be performed using Northern blot (Chapter 4). Together, these complementary 
techniques can be combined to obtain a comprehensive picture on the small non-
coding RNA content of EV.

Reducing background levels of contaminant RNAs in fetal bovine 
serum
Specific technical challenges are encountered when analyzing EV-RNA derived from in 
vitro cultured cells. The medium in which cells are grown is commonly supplemented 
with fetal calf serum (FCS), which is an abundant source of RNA-containing EV. These 
EV are commonly depleted by overnight ultracentrifugation (49,50), and it was 
previously proposed that this procedure sufficiently depletes FCS-derived RNA from 
culture medium (51). However, a more recent study highlighted that a considerable 
amount of FCS-derived RNA remains detectable in culture medium after prolonged 
ultracentrifugation (52,53). Importantly, these residual bovine small non-coding RNAs 
may interfere with the analysis of EV-RNA due to high sequence similarity with human 
and murine small non-coding RNAs (54,55). We investigated whether the depletion 
efficiency of RNA-carriers in FCS could be improved via technical optimization of 
ultracentrifugation protocols (Chapter 3, (56)). We found that dilution of FCS prior 
to ultracentrifugation increased the pelleting efficiency of RNA-containing structures, 
likely because it decreases the viscosity of the medium (50,57). In addition, not 
disturbing the pellet by leaving 10% of volume on top of the pellet by pipetting 
off the EV-depleted resulted a low degree of RNA contamination, in comparison to 
decanting of the supernatant (Chapter 3, (56)). Nevertheless, we observed that not 
all non-coding RNA was depleted by ultracentrifugation (Chapter 3, (56)). This is in 
line with the observed association of non-coding RNA to different macromolecular 
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structures in plasma and serum, such as ribonucleoprotein complexes (RNP) and 
lipoprotein particles (LPP) ((58–60), Chapter 6). Lipoprotein particles are highly 
abundant in serum and plasma. LDL, VLDL and chylomicrons have a low density which 
hampers their efficient sedimentation (Chapter 6). HDL particles are much smaller 
than EV, but overlap in buoyant density and may thus be partly depleted from FCS by 
prolonged ultracentrifugation. The presence of residual low-density and high density 
LPP may explain the observations by Lehrich et al., who reported that a high number 
of particles remained in FCS after depletion by overnight ultracentrifugation (61), and 
wrote a critical letter to the Journal of Extracellular Vesicles regarding our study (62). 
Their observations may be explained by the fact that particles were quantified using 
nanoparticle tracking analysis (NTA), which does not allow discrimination between EV 
and other types of particles, such as LPP (63,64). By using a combination of methods 
aiming to obtain high-grade purified EV and EV quantification by high-resolution 
flow cytometry, we have shown that 95% of FCS-derived EV were depleted using our 
optimized protocol (Chapter 3, (56)). In addition, we have shown that FCS-derived 
RNAs in EV-depleted culture medium were not co-purified with density gradient 
purified EV (Chapter 3, (56)). Furthermore, we demonstrated the importance of 
including medium controls to quantify the background levels of contaminant RNAs in 
purified EV samples. This does not only allow estimation of contaminant RNA derived 
from culture medium, but also addresses contaminant RNAs that are introduced 
via laboratory reagents used in sample processing (53,65). Therefore, addressing 
background RNA contamination using procedural controls is important, irrespective 
of the depletion method or medium alternative that is used. The use of EV-depleted 
medium controls is already recommended for studies on the biological effects of EV 
(66), and will hopefully be implemented for EV-RNA analysis in the next versions of the 
MISEV guidelines.

RNAs associated with lipoproteins and RNPs in plasma may 
confound EV-RNA biomarker studies
In addition to the challenges that LPP-associated RNAs pose in depletion of 
contaminant RNA from FCS, LPP-associated RNAs in human plasma also complicate 
the search for EV-RNA biomarkers ((58–60), Chapter 6). It has been estimated that 
only 38% of miRNA in plasma is EV-enclosed (67), and LPP were estimated to be 100-
fold more abundant in plasma than EV (68). As stated in the previous paragraphs, 
LPP are highly heterogeneous in size, and the buoyant density of HDL overlaps with 
that of EV (69), which complicates the separation of EV and LPP. Both HDL and LDL 
contain miRNAs (reviewed in (70)) and were recently shown to additionally contain 
tRNA-fragments (71), but other types of RNA have not (yet) been characterized in LPP. 
In principle, both LPP-associated RNA and EV-associated RNA may be explored for 
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their biomarker potential, although EV-RNA biomarkers have a number of advantages 
based on our current knowledge. For example, we have shown that RNAs associated 
to EV that are purified from plasma are more resistant to degradation by external 
proteases and RNAses than RNAs associated to purified LPP/RNP (Chapter 6). We 
recently validated these findings in total, unfractionated plasma. In line with our earlier 
findings (Chapter 6), specific EV-associated RNAs, such as Y-RNA, were resistant to 
degradation when proteases and RNAses were added to full plasma, whereas non-EV 
associated RNAs were degraded under these conditions (Driedonks, unpublished data). 
This suggests that EV-associated RNA biomarkers are more resistant to degradation 
by proteases and RNAses that may circulate in plasma. Another advantage of EV-
RNA biomarkers may be that changes in EV-RNA more directly resemble changes in 
(diseased) cells, as these changes are directly caused by (patho)physiological changes 
in EV-producing cells. Therefore, profiling EV-specific RNAs in plasma may provide a 
more direct ‘window’ through which the disease state of cells can be assessed. This 
was exemplified by a study on RNA biomarkers for classical Hodgkin lymphoma, which 
showed that RNA isolated from purified plasma EV outperformed RNA isolated from 
total plasma in distinguishing between diseased individuals versus healthy controls 
(72). The specificity of RNA profiling may be increased further by enrichment for 
cell-specific or tissue-specific EV subsets. This allows the selective quantification of 
RNA that is released from a specific cell type, e.g. from brain-derived EV to diagnose 
neurodegenerative diseases (73). Although this illustrates the specific advantages that 
EV-RNAs have in biomarker applications, LPP-RNA may also contain valuable disease 
related information, as it has been shown that the RNA composition of LPP in plasma 
can also change during disease. For example, it was shown that the levels of LPP-
associated miR-223 were altered during atherosclerosis (60). Furthermore, HDL- and 
LDL-associated miRNAs have been found to be dysregulated in hypercholesterolemia 
and heart diseases (reviewed in (70)). Additionally, the rate of uptake of LPP in the 
liver by scavenger receptor BI (SR-BI) affects the levels of LPP-associated miRNAs 
in plasma (71). Thus LPP may be of interest in these conditions, and the relation of 
LPP-RNA to other diseases may be discovered in the future. It should be noted that, 
besides disease-related changes, the LPP concentration in plasma also depends on 
the prandial status of individuals (74,75). As a result, LPP levels in plasma strongly 
fluctuate, which may cause large diurnal variability in the levels of LPP-associated 
miRNA present in plasma. Summarizing, LPP may provide a source of biomarkers, for 
example for liver conditions and heart diseases, but the diurnal variability and lower 
stability of LPP associated RNAs are points of attention. 
 Finally, it is important to note that many studies that aim to assess changes in the RNA 
content of plasma EV are confounded by co-isolated LPP structures. As we illustrated in 
Chapter 1, many EV-purification methods may co-purify contaminant LPP. In addition, 
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the level of contamination with LPP differs per EV-enrichment method, which may 
result in inter-study and inter-laboratory differences in the RNA pool recovered from 
plasma EV preparations (76). Furthermore, it was shown that LDL can associate to the 
EV, which further complicates the complete separation of LPP and EV from plasma 
(75). The current consensus is that combinations of size- and density-based separation 
techniques are considered as most effective to separate LPP and EV ((67,68), Chapter 
6). Nevertheless, this approach is labor-intense and largely impractical for processing 
large numbers of patient samples. Therefore, many plasma biomarker studies have 
employed direct RNA purification from plasma (76,77). Although this may be a 
practically feasible approach, the simultaneous isolation of RNA from both EV and LPP 
in total plasma may decrease the sensitivity with which disease-related biomarkers 
may be detected (72). Therefore, to assess the utility of a proposed RNA biomarker, it 
is important to determine whether this marker is associated to EV, LPP or RNP, as we 
have shown in Chapter 6. RNA markers that are exclusively associated with EV, LPP or 
RNP  may subsequently be profiled in unfractionated plasma for practical reasons.
 Summarizing, these points illustrate that LPP-associated RNAs form a considerable 
point of attention for liquid biopsy EV-RNA profiling, since they are extremely abundant 
in plasma, may co-purify with EVs, are more sensitive to degradation than EV, and their 
levels can greatly fluctuate throughout the day. In addition, technical parameters in 
EV-enrichment procedures may greatly affect the outcome of studies characterizing 
extracellular RNA in biofluids and in EV from in vitro cultured cells. As this awareness 
is growing in the EV-research field, initiatives are being developed to optimize and 
standardize technologies for EV-RNA isolation and characterization in order to move 
this exciting field forward (67). 

Immune-stimuli change the levels of various small 
non-coding RNA types in EV released by immune cells

While the miRNA content of EV is the current point of focus in the EV-research field, 
EV contain a wide range of other small non-coding RNA molecules (2,18–21,42,78). 
Importantly, these other RNA types are generally more abundant than miRNAs 
and have been reported to be enriched in EV compared to cells (18–21,78), which 
suggests that these molecules may be specifically recruited into EV for release into the 
extracellular milieu. While changes in EV-miRNA content have been reported in the 
context of various cellular stimuli (2–5,79), effects of cellular stimulation on the levels 
of other non-coding RNAs in EV are largely unexplored. Furthermore, our knowledge 
on processes that underlie activation-induced changes in RNA shuttling into EV are 
still limited. To address these topics, we have focused on EV-RNA released by antigen 
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presenting immune cells, such as dendritic cells and macrophages, and other immune 
cells such as neutrophils, which are known to robustly respond to immune-activating 
stimuli (Chapter 4, 6 and 7). We hypothesized that differentially incorporated non-
coding RNAs may have a functional role in cellular communication, or may be explored 
further in the context of disease biomarkers.
 As a starting point, we explored the small non-coding RNA transcriptome of EV 
from primary DC (Chapter 4, (18)). DC are master regulators of immune responses, 
and can differentiate into functionally different phenotypes depending on immune-
activating or immune-tolerizing signals they encounter in the environment. Every type 
of immune cell is equipped with pattern recognition receptors (PRRs), such as Toll-like 
receptors (TLRs) and the cytosolic RNA sensors RIG-I and MDA-5 (80,81). These sensors 
allow cells to recognize specific molecular patterns that are found on pathogens such 
as bacteria and viruses. For example, TLR4 recognizes lipopolysaccharide (LPS), which 
is a component of the outer membrane of Gram-negative bacteria, leading to the 
activation of a signaling cascade. TLR-activation in DC is critical for the production 
of inflammatory cytokines that stimulate T cells and B cells to mount an immune 
response. Furthermore, triggering of PRRs results in increased antigen presentation 
on MHC molecules and exposure of costimulatory molecules like CD40 and CD86 
(82). Apart from these immune-activating stimuli, various other stimuli have a 
tolerizing effect on DCs, such as 1,25α-vitamin-D3 (the biologically active form of 
Vitamin D3) and the anti-inflammatory cytokine IL-10 (83). These ligands bind to the 
vitamin-D receptor and IL-10 receptors, respectively, and render the DCs insensitive to 
subsequent activation by TLR ligands (82,84–86). Furthermore tolerogenic DC induce 
the differentiation of T regulatory cells via the release of anti-inflammatory cytokine 
IL-10 (82,83). Thus, environmental stimuli cause DC to take on functionally distinct 
phenotypes. Importantly, the EV that are released by DC contribute to the signaling to 
other immune cells (87–91). Furthermore, the EV released by DC may have therapeutic 
potential (92,93). It was attempted to use EV from immature DC to induce T cell-
mediated immune responses against cancer (94), and EV from IL-10 treated DC were 
shown to suppress inflammation in an arthritis model (95). How these functionally 
distinct phenotypes affect the RNA content of the EV is not fully understood. Therefore, 
we compared the RNA composition of EV released by unstimulated DC, immunogenic 
DC (stimulated with LPS), and tolerogenic DC (stimulated with 1,25α-vitamin-D3) using 
small RNA sequencing. As expected, we observed that the different stimuli imposed on 
the DC led to selective enrichment of specific miRNA subsets in EV released by these 
cells (Chapter 4, (18)). EV released by immunogenic DC contained higher levels of 
the endotoxin-responsive miRNAs miR-155 and miR-146a (96,97), while we observed 
enrichment of miRNAs with immune-suppressive functions in EV from tolerogenic 
DC, such as miR-10a and miR-27a (98,99). Furthermore, we observed that only a small 



285

8

percentage of the stimulation-induced changes in EV-miRNAs reflected the changes 
in the cellular levels of these miRNAs. Besides these changes in miRNA content, the 
treatments imposed on the DC led to changes in the Y-RNA and snoRNA content of the 
released EV (Chapter 4, (18)). Effects of immune-related stimuli on levels of snoRNA and 
Y-RNA in EV have not been described before. The changes observed in EV-associated 
snoRNAs did not reflect those observed in cells, suggesting that snoRNA levels in EV are 
regulated independently from their cellular levels. Alterations in snoRNA expression 
in human cells can affect various vital cellular processes, such as cancer, viral infection 
and neurodegenerative disease (100). While changes in snoRNA levels in cells have 
mostly been reported in relation with cancer (101), they have not been investigated in 
the context of  immune cells. Nevertheless, the functional involvement of snoRNAs in 
the development of disease has not been addressed. Furthermore, since snoRNAs are 
generally retained in cells (18–20,78), it remains to be investigated whether the low 
levels of snoRNA in EV may have functional relevance in intercellular communication. 

TLR-stimulation affects the incorporation of Y-RNA 
into EV from various immune cells

In contrast to snoRNAs, Y-RNAs were abundantly detected in EV (Chapter 4). We 
discovered that the incorporation of Y-RNA into EV was influenced by TLR-stimulation 
of dendritic cells (Chapter 4). We additionally observed that TLR-stimulation of  
altered the release of Y-RNA in EV from macrophages (Chapter 7) and neutrophils 
(Chapter 6). Interestingly, the TLR-activation induced changes in EV-associated 
Y-RNA levels were different for these different cell types. Namely, TLR-activation 
decreased the Y-RNA content of DC-EV (Chapter 4), it increased the Y-RNA content 
of THP1-macrophage EV (Chapter 7), and did not change the net amount of Y-RNA 
of neutrophil-EV (although it increased the overall EV release) (Chapter 6). These 
differences in Y-RNA release in response to TLR-stimulation might be due to intrinsic 
biological differences between these cell types. Additionally, they might be explained 
by differences in experimental setup and/or differences in the type of TLR ligands we 
used in these studies. Whereas in Chapter 4, we only started the EV production after 
TLR stimulation, in Chapter 6 and 7 EV production and TLR stimulation were done 
simultaneously. Despite these experimental differences, we consistently observed 
that cellular Y-RNA levels remained stable after TLR-stimulation (Chapters 4 and 
Chapter 7). This suggested that incorporation of Y-RNA in EV is an active, protein 
mediated process which can be regulated by external stimuli. A number of proteins 
have been identified which are involved in the packaging of miRNAs into EV, such as 
hnRNP A2B1 and hnRNP Q, HuR, and YBX1 (102–105). The efficiency with which these 
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proteins are incorporated into EV may depend on posttranslational modifications. For 
example, the incorporation of hnRNP A2B1 into EV from T cells seems to be controlled by 
SUMOylation (102). In addition, the incorporation of these miRNA-binding proteins may 
additionally be regulated through interactions with other proteins. It was recently shown 
that the shuttling of hnRNP A2B1-bound miRNAs (miR-17 and miR-93) is controlled 
by caveolin-1, which under hyperoxic conditions becomes phosphorylated, binds to 
hnRNP A2B1, and is exported into EV in complex with hnRNP A2B1 (106). Furthermore, 
it was suggested that the shuttling of other non-coding RNA species, such as Y-RNA, 
into EV was mediated by YBX1 (24). Nevertheless, we did not observe this protein in 
THP1 macrophage EV, nor did YBX1 co-localize with Y-RNA in subcellular compartments 
isolated by gradient fractionation (Chapter 7). For other proteins that are known to be 
associated with Y-RNA (summarized in Chapter 5, (107)), we did observe co-localization 
with Y-RNA in subcellular compartments isolated by density gradient fractionations. 
Furthermore, various proteins that are involved in EV biogenesis, such as Tsg101 (ESCRT-I) 
(108) and CD63 (109), also co-localized with Y-RNA in these subcellular compartments. 
This suggests that Y-RNA may be closely associated to sites of biogenesis within the 
cell. We observed that the release of Y-RNA was increased in EV from TLR-activated 
macrophages, which coincided with increased levels of Ro60 in EV. It is known that 
Ro60 is required for stabilization of Y-RNA in the cytosol (110), and may thus additionally 
stabilize Y-RNA in EV. Nevertheless, the increased incorporation of Y-RNA and Ro60 could 
not be explained by changes in their local concentration at the sites of EV-biogenesis. 
Based on our findings, it may be hypothesized that immediately after packaging of 
Y-RNA and Ro60 molecules into EV, they are directly replenished by other Y-RNA and 
Ro60 molecules. This would mean that immune stimuli would increase the total flux of 
Y-RNA from the nucleus and other sites in the cytosol into MVB, where they are more 
effectively packaged. Taken together, our results indicate that the RNA composition of 
EV does not completely correspond to that of the EV producing cell (Chapter 4 and 
7). Although a number of RNA-shuttling proteins have been discovered, we do not yet 
understand how their activity is controlled by the activation status of the EV-producing 
cell. Answering these questions in future studies will allow us to better understand how 
the EV-transcriptome relates to the transcriptional profiles of their parental cells. 

Potential functions of EV-enclosed Y-RNA in recipient 
cells

The observation that the incorporation of Y-RNA into EV is regulated by TLR-activation 
of various immune cells suggests it may be have a role in immune regulatory processes. 
Indeed, Y-RNA is emerging as a non-coding RNA type  with emerging immune-related 
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functions (summarized in Chapter 5, (107)). These functions likely depend on the 
type of macromolecular structure to which the Y-RNA is associated, and on whether 
this Y-RNA is fragmented or full-length. Previous studies indicate that RNP-associated 
Y-RNA predominantly mediate inflammatory effects, while anti-inflammatory effects 
have been proposed for EV-associated Y-RNA (Chapter 5, (107)). For example, an EV-
associated 5’-fragment of Y4-RNA has been implicated in the induction of the immune 
suppressive cytokine IL-10 when transfected into macrophages (32). In addition, full-
length Y4-RNA was shown to activate TLR7 when transfected into monocytes, leading 
to the production of various chemokines and the expression of PD-L1, a ligand for 
the immune inhibitory receptor PD1 (111). Although transfection is currently the 
most feasible method to assess the effects of single RNA components of EV, this 
delivery route may differ from Y-RNA that is transferred by EV. Importantly, transfected 
synthetic RNA may activate cellular RNA sensors, for instance TLR7 which is specifically 
activated by single-stranded RNA (such as synthetic Y-RNA). In contrast, RNA in EV 
may be associated to proteins that shield off parts of the RNA, thereby preventing the 
activation of RNA sensors in the cell. This is exemplified by a recent study by Nabet et 
al. who found that the non-coding RNA 7SL in EV from activated stromal cells is not 
shielded by proteins and can trigger cytosolic RNA sensor RIG-I in breast cancer cells 
(16).The exact mechanisms by which Y-RNA elicits an effect in recipient cells remain 
to be uncovered. These might include activation of cellular RNA sensors (such as TLR7 
(111)), or binding of proteins that affect mRNA translation (112). It has been shown 
that Y3-RNA in neuronal cells acts as a molecular scavenger for enhancer protein HuD, 
which enhances the translation of various proteins involved in neuronal development 
(112). Thus, increased Y3-levels induce the dissociation of HuD from mRNAs, thereby 
downregulating their translation. We have observed that increased Y-RNA export 
from cells via EV was accompanied by a translocation of the related protein HuR from 
endolysosomal compartments toward ER (Chapter 7). Similar to what was proposed 
by Tebaldi et al., our data therefore also suggest that local Y-RNA levels influence the 
localization and potentially the function of mRNA stabilizing proteins. In Chapter 7, 
we mainly discussed how Y-RNA export via EV could influence the function of the EV-
producing cell and we did not speculate on the effects of Y-RNA in recipient cells. 
However, it may be hypothesized that Y-RNA transferred into recipient cells via EV 
scavenge away proteins that stabilize mRNA, thereby regulating their translation or 
stability. More research is needed to more accurately evaluate the effects of Y-RNA 
on recipient cells, and to compare the functional effects of EV- versus RNP-associated 
Y-RNA released from the same cell. 
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Potential of Y-RNA based biomarkers for diagnosis of 
immune-mediated inflammatory diseases

Y-RNAs or Y-RNA fragments have been suggested as biomarkers in coronary artery 
disease and cancer (113,114). These studies did not address to which structures Y-RNA 
in plasma was associated, and were biased towards the detection of Y-RNA fragments. 
Based on our findings that TLR triggering led to changes in the Y-RNA content of EV, 
we investigated whether EV-associated Y-RNAs in plasma could serve as indicators 
for ongoing inflammatory processes (Chapter 6). Interestingly, we discovered that 
EV from different blood-related cell types contained specific Y-RNA subtype ratios. 
EV from neutrophils, for example, contained a unique Y4/Y3 ratio which was not 
detected in EV from other tested cell types. Furthermore, EV release by neutrophils 
was rapidly (within 2 hrs) upregulated after LPS stimulation, while the Y4/Y3 ratio in 
these EV remained stable. In a human model for systemic endotoxemia (115), where 
the numbers of circulating neutrophils increase upon LPS injection, we observed a 
positive correlation between the numbers of neutrophils and the Y4/Y3 ratio in total 
plasma. This observed change in circulating Y-RNA subtype levels may be caused by 
increased numbers of neutrophils in blood and perhaps also by increased EV release 
by these neutrophils. Our data provided proof-of-concept that systemic inflammation 
can change the overall Y-RNA composition of human plasma, and suggested that the 
Y4/Y3 ratio correlates with neutrophil recruitment during inflammatory conditions 
(Chapter 6). The endotoxemia model that we used is a common model for studying 
sepsis (116,117). It will be interesting to explore whether Y-RNA subtype ratio 
determination in plasma could also aid in the diagnosis of sepsis. Sepsis is characterized 
by a systemic inflammatory response which is caused by microbial infection and may 
lead to multi-organ failure (118). This condition is very heterogeneous with regard to 
the sites of infection, causative microbes, and the general health status of the patient 
(119). Diagnostic criteria include fever, elevated heart rate, elevated or decreased 
leukocyte counts, aberrant hemodynamic and organ-dysfunction variables, but the 
most definitive diagnosis is made through overnight microbial culture. Through the 
development of novel biomarkers, diagnosis times could be decreased which may 
lead to better care. Many cases of sepsis start with only subtle symptoms, which are 
likely caused by local inflammation (120). Novel biomarkers for sepsis that are sensitive 
enough to be of diagnostic value at these early timepoints are still heavily sought after 
(121–123). Several studies to date have investigated differences in plasma miRNAs 
during sepsis, few of which may be translated to clinical use (124). Recently, EV were 
proposed to have diagnostic potential, because their levels increase in inflammatory 
conditions and they may be functionally involved in the pathophysiology of sepsis 
(123). Neutrophils are one of the first cell types to respond to pathogens by infiltrating 
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infected tissues and controlling the infection. Since we have shown that neutrophils 
rapidly and strongly increase their EV release upon treatment with LPS (Chapter 6), 
the neutrophil-associated Y-RNA ratio might be sensitively detected already during the 
local inflammation phase of sepsis. Another reason why it is interesting to specifically 
monitor neutrophil-EV in plasma of patient with inflammatory conditions is that 
neutrophil EVs have been functionally implicated in immune-suppression (reviewed 
in(125)) and tissue damage (126). Nevertheless, in order to utilize this neutrophil-
specific Y-RNA ratio as marker for levels of neutrophil EV, a number of questions 
need to be addressed. For example, do Y4/Y3 ratios in plasma indeed correlate with 
neutrophil-specific EV protein markers? Is analysis of the Y-RNA subtype ratio in 
plasma sensitive enough to detect inflammatory processes in local tissues? How well 
does this biomarker candidate perform in an actual cohort of sepsis cases? Can Y-RNA 
subtype ratios additionally be used to detect other inflammatory diseases involving 
neutrophils, such as rheumatoid arthritis? Taken together, our findings provide 
support for the diagnostic value of Y-RNA ratios in inflammatory conditions, and their 
biomarker potential may be investigated further.

Future perspectives

The great technological advances in RNA-sequencing and the increased interest in EV-
RNA have led to many novel insights in the role of EV-RNA in health and disease and 
their applicability as biomarkers. Nevertheless, how the disease status of cells causes 
disease-related changes in circulating RNA in plasma is an important question that 
has remained largely unanswered. In my personal opinion, we need to increase our 
understanding of how diseases affect the incorporation of RNA into EV to evaluate 
changes that are observed in total biofluids. It is evident that diagnosis of diseases 
can be made based on aberrant levels of circulating RNA in plasma. However, 
understanding what these aberrant levels say about the disease condition of the 
parental cell will be of additional value, for example in prognosis or prediction of 
disease outcome, and may furthermore aid in patient stratification (e.g. into stages 
of disease progression). Furthermore, these insights will additionally increase our 
understanding of how aberrant RNA levels in EV functionally contribute to this 
disease.  Importantly, our experiments have shown that changes in EV-RNA do not 
necessarily represent changes observed in cells (Chapter 4, 7). Thus, based on their 
RNA content, EV are not simple ‘snapshots’ of cells as was proposed by Skog et al. 
(6). It has become clear that protein-mediated processes play an important role in 
the specific shuttling of various RNA species into EV, as a number of initial studies 
have shown (4,24,102,103,105,106). There are several important questions that need 
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to be addressed in future studies. For instance, what determines the specificity of RNA 
binding proteins for certain RNA species? How does the disease/activation status of 
cells control the sorting activity of these proteins? It is often assumed that the RNA 
content of plasma changes only because of EV from diseased cells. However, it is also 
important to address whether the RNA cargo of EV from healthy cells is also modulated 
due to the presence of diseased cells. Furthermore, more attention should be paid to 
whether putative RNA biomarkers are associated with EV, RNP, LPP, or a combination of 
these structures, as these structures greatly influence the stability of the RNAs.
 Strikingly, out of 150,000 proposed biomarkers, which include disease-associated 
proteins, lipids, metabolites and RNA both in tissues and biofluids, only 100 have 
become routinely used in the clinic (127). Although these cases do not just include EV-
based biomarkers, these numbers are a cause of concern. The lack of standardization 
of sample collection and matching of people from which these specimens are taken 
were named as reasons for this high failure rate (127,128). On the positive side, this 
leaves much room for EV-researchers to do better. Worldwide standardization efforts 
of biofluid collection and sample analysis will be required to reduce the variability 
and improve the quality of EV-research. Important groundwork has already been 
done by the EV-TRACK and MISEV2018 initiatives (66,129), and new taskforces aiming 
to improve the reproducibility of EV work are in preparation (67). The last decade of 
research has highlighted the applicability of RNA-based ‘liquid biopsies’ in prevention 
and monitoring of a broad range of diseases. The current challenge is to better 
understand the complex systems that underlie differential RNA shuttling in biofluids, 
so that we can correctly interpret changes in plasma RNA in the context of disease.
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Extracellulaire vesicles spelen een rol in cel-cel communicatie
Extracellulaire vesicles (EV) zijn 50 tot 1000 nanometer kleine ‘membraanblaasjes’, 
welke bestaan uit een lipide membraan, eiwitten en RNA. Deze membraanblaasjes 
worden uitgescheiden door vrijwel alle typen cellen in het lichaam, en zijn daarnaast 
aanwezig in verschillende lichaamsvloeistoffen zoals melk, urine, speeksel en 
bloedplasma. EV worden uitgescheiden door de ene cel, en opgenomen door een 
andere cel. Via deze EV worden signaalstoffen tussen cellen getransporteerd. Je 
zou EV kunnen vergelijken met een ‘cellulaire pakketjesdienst’ die eiwitten en RNA 
uitwisselt tussen cellen, wat op verschillende manieren processen in ontvangende 
cellen beïnvloedt. Behalve via EV wisselen cellen ook op andere manieren signalen uit, 
zoals via direct contact tussen receptoren op het celmembraan, en via uitgescheiden 
signaalstoffen zoals cytokines. Deze twee laatstgenoemde routes worden al jarenlang 
intensief onderzocht. Daarentegen is de rol van EV in de communicatie tussen cellen 
relatief kort geleden ontdekt. We willen beter begrijpen welke rol deze vesicles spelen 
in de signalering tussen cellen.

Extracellulaire vesicles worden via verschillende routes gevormd 
in de cel
De term EV omvat een zeer diverse populatie membraanblaasjes die zich afsplitsen 
van cellulaire membranen. Deze blaasjes kunnen op twee verschillende plaatsen 
in de cel gevormd worden. De zogenaamde ‘microvesicles’ worden gevormd door 
uitstulping en afsplitsing (‘budding’) van het celmembraan. De zogenaamde 
‘exosomen’ worden gevormd door instulping en afsplitsing van het membraan van 
het endosoom, een compartiment binnenin de cel. Deze ‘bubbels-in-een-bubbel’ 
(‘intraluminale vesicles’) komen vrij wanneer het endosoom fuseert met het plasma-
membraan. Tijdens de vorming van deze beide typen vesicles worden specifieke 
moleculen verpakt (bijvoorbeeld bepaalde eiwitten en bepaalde RNA typen), om te 
worden uitgezonden naar andere cellen. Ook al worden microvesicles en exosomen 
op verschillende plaatsen in de cel gevormd, op dit moment is het niet mogelijk 
deze verschillend gevormde vesicles van elkaar te onderscheiden nadat zij zijn 
uitgescheiden. Exosomen en microvesicles hebben namelijk een soortgelijke grootte, 
dichtheid en samenstelling. Omdat er dus geen unieke eigenschappen zijn waaraan je 
een exosoom of microvesicle kan herkennen, en in de meeste studies een combinatie 
van microvesicles en exosomen wordt onderzocht, gebruiken we bij voorkeur de 
collectieve term Extracellulaire Vesicles (EV).
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De samenstelling van EV verandert onder invloed van 
veranderingen in de activatiestatus van cellen
Interessant genoeg is de moleculaire inhoud van EV niet altijd hetzelfde. Onder 
invloed van externe factoren, zoals stress of als gevolg van een ziekteproces, kan een 
‘geactiveerde’ cel EV uitscheiden met een inhoud die afwijkt van EV van een niet-
geactiveerde cel. Door deze afwijkende inhoud hebben EV van geactiveerde cellen 
mogelijk een ander effect op ontvangende cellen dan EV van niet-geactiveerde cellen. 
Daarnaast kunnen afwijkingen in de samenstelling van EV in lichaamsvloeistoffen 
wijzen op de aanwezigheid van bepaalde ziekten, waardoor EV interessant zijn om 
als biomarker te worden toegepast. Hiervoor is het belangrijk om te weten welke 
veranderingen in EV samenhangen met een bepaalde ziekte, en welke cellulaire 
processen hierbij een rol spelen. Hoe de inhoud van EV verandert onder invloed van 
een bepaalde cellulaire stimulus staat centraal in dit proefschrift. Deze veranderingen 
kunnen zowel invloed hebben op de functie van deze EV, als wel nieuwe inzichten 
opleveren over een mogelijke toepassing als biomarker. 

Functies van verschillende typen RNA in cellen
Met name de RNA inhoud van EV heeft de laatste jaren sterk in de belangstelling 
gestaan. RNA is net als DNA een drager van genetische informatie, en fungeert als 
een kopie van genen die in het DNA liggen opgeslagen. Omdat EV-RNA centraal staat 
in dit proefschrift zal ik kort wat achtergrond geven over verschillende typen RNA en 
hun functie in de cel. Het meest bekende type RNA is het zogenaamde messenger 
RNA (‘boodschapper RNA’, mRNA), hetgeen fungeert als blauwdruk voor de productie 
van eiwitten. Genen die in het DNA liggen, worden ‘gekopieerd’ (transcriptie) naar 
RNA, en op basis van deze RNA-kopieën worden vervolgens eiwitten geproduceerd 
(translatie). Deze eiwitten zijn de ‘onderdelen’ van een cel, die ervoor zorgen dat deze 
kan functioneren. Naar schatting bestaat een cel uit wel 10.000 verschillende eiwitten, 
die tezamen vrijwel alle processen in de cel uitvoeren. Voor het optimaal functioneren 
van een cel moet elk eiwit op het juiste moment in de juiste hoeveelheid geproduceerd 
worden; met de juiste efficiëntie zijn functie vervullen; en ook weer op tijd worden 
afgebroken of stopgezet als zij niet meer nodig is. Je kunt je wel voorstellen dat een 
cel dus een enorm complex geheel is, waarin zich talrijke processen tegelijkertijd 
afspelen die strak gereguleerd moeten worden om te kunnen functioneren.
 Behalve eiwit-coderende mRNAs bestaat er ook een groep niet-coderende RNAs 
(‘non-coding RNAs’, (ncRNAs)) die andere essentiële functies vervullen in de cel. 
Veel ncRNAs vormen samen met verschillende eiwitten grote RNA-eiwitcomplexen 
die bepaalde biochemische processen uitvoeren. Deze complexen zou je kunnen 
vergelijken met minuscule ‘nano-robotjes’ die bepaalde functies vervullen. Het 
ribosoom bijvoorbeeld bestaat uit wel 50 verschillende eiwitten en 4 verschillende 
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ribosomale RNAs (rRNA), en produceert alle eiwitten in de cel aan de hand van de 
aanwezige mRNAs. De zogenaamde tRNAs zorgen voor de aanvoer van aminozuren 
die nodig zijn voor de productie van eiwitten. Daarnaast zorgen de snoRNAs voor de 
correcte vorming van ribosomale RNAs, en spelen de snRNAs een rol bij de vorming 
van functionele mRNAs. De Y-RNAs spelen mogelijk een rol bij de afbraak van foutief 
gevormde mRNAs. Verder spelen de zogenaamde microRNAs (miRNAs) een rol in de 
regulatie van gen-expressie. Deze extreem korte RNAs kunnen binden aan mRNAs, wat 
verhindert dat deze mRNAs worden getransleerd tot eiwitten, of leidt tot de afbraak 
van mRNAs. Deze voorbeelden illustreren dat de verschillende typen non-coding RNAs 
belangrijk zijn in allerlei processen die belangrijk zijn voor correcte eiwitexpressie.

EV bevatten verschillende soorten non-coding RNA
Behalve dat deze ncRNAs belangrijke functies vervullen in cellen, is gebleken dat veel 
van deze ncRNAs ook zeer efficient in EVs terecht komen om te worden verzonden naar 
andere cellen. Waarom dit gebeurt, en of de ncRNAs in EV ook een functie vervullen 
wanneer zij worden opgenomen door ontvangende cellen, is grotendeels onbekend. 
Met name de miRNAs in EV zijn afgelopen jaren intensief onderzocht, omdat hun 
effect op gen-expressie grotendeels bekend is. Er is bijvoorbeeld aangetoond dat 
miRNAs via EV van de ene naar de andere cel getransporteerd kunnen worden. Er 
is ook aangetoond dat deze overgedragen miRNAs inderdaad de gen-expressie van 
hun specifieke target mRNAs kunnen remmen. Verder is aangetoond dat de activatie/
ziekte-status van cellen invloed heeft op de miRNA inhoud van EV die deze cellen 
uitscheiden. Zo verschilt bijvoorbeeld de miRNA inhoud van EV uit kankercellen van 
die van gezonde cellen. Ook verschilt de miRNA samenstelling in plasma van patiënten 
met verschillende ziektes zoals kanker, de ziekte van Alzheimer en rheumatoide 
arthritis. Behalve miRNAs bevatten EV ook allerlei andere ncRNA typen, zoals tRNA, 
Y-RNA, snRNA en snoRNA. Sommige hiervan zijn zelfs in hogere mate aanwezig dan 
de meeste miRNAs. Deze ncRNAs in EV dragen mogelijk bij aan de communicatie 
tussen cellen, maar dit is nog niet in detail onderzocht. Verder is ook onbekend of 
hun aanwezigheid in EV beïnvloed kan worden door ziekten of activatie van EV-
producerende cellen. Welke veranderingen in ncRNA samenstelling samenhangen 
met welke ziekte is een belangrijke vraag om in de toekomst te beantwoorden. Op 
basis hiervan kunnen in de toekomst in een paar druppels bloed de aanwezigheid 
van ziekte en ziektestadium worden bepaald, wat kan leiden tot betere diagnoses, 
prognoses en patiënt-specifieke behandelingen.
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In dit proefschift
Een eerste stap om te onderzoeken of andere typen ncRNA in EV, naast miRNAs, 
een rol spelen in cel-cel communicatie, is om te bepalen of hun aanwezigheid in EV 
beïnvloed wordt door de activatiestatus van EV-producerende cellen. Daarom hebben 
we onderzocht of veranderingen in de activatiestatus van gekweekte immuuncellen 
invloed hebben op de incorporatie van verschillende typen ncRNAs in EV. Omdat 
onbekend is welke RNAs in EV veranderen door deze stimuli, hebben we gebruik 
gemaakt van een geavanceerde techniek waarmee alle RNAs in een EV of cel bepaald 
kunnen worden, genaamd RNA sequencing. Behalve dat deze techniek belangrijk is 
voor het beantwoorden van fundamentele onderzoeksvragen, wordt RNA-sequencing 
ook steeds vaker gebruikt om afwijkingen in EV-RNA in lichaamsvloeistoffen te 
bepalen, bijvoorbeeld in relatie tot ziekten. RNA-sequencing is een extreem gevoelige 
methode, maar is ook vatbaar voor systematische meetfouten. Om deze meetfouten 
in kaart te brengen hebben wij deelgenomen aan een grote studie die is opgezet door 
de National Institutes of Health (NIH, de Amerikaanse overheidsinstelling die veel 
fundamenteel gezondheidsonderzoek uitvoert), beschreven in Hoofdstuk 2. In deze 
studie zijn 1152 verschillende microRNAs gemaakt in het lab die als referentie samples 
zijn gebruikt om de betrouwbaarheid en de nauwkeurigheid van RNA sequencing 
methoden te vergelijken tussen verschillende methoden uitgevoerd in 9 verschillende 
laboratoria. Uit deze studie is gebleken dat RNA sequencing data sterk afwijken van 
de daadwerkelijke samenstelling van een RNA sample. Sommige RNA moleculen 
werden zeer efficiënt gedetecteerd, en andere juist veel minder. Daarnaast bleken 
verschillende sequencing methoden elk een andere afwijking te geven. Hierdoor is 
het onmogelijk om data te vergelijken die met verschillende methodes verkregen 
zijn. Data gegenereerd met dezelfde methode in verschillende laboratoria was wel 
goed vergelijkbaar. Daarnaast bleek uit onze resultaten dat relatieve verschillen in 
RNAs tussen samples zeer nauwkeurig konden worden bepaald. Dus, RNA-sequencing 
geeft beperkt inzicht in de absolute samenstelling van een RNA sample, maar kan wel 
goed worden gebruikt om verschillen in de hoeveelheid van RNAs tussen samples te 
bepalen. 
 In Hoofdstuk 3 hebben we een ander technisch probleem onderzocht wat 
belangrijk is voor het betrouwbaar bepalen van de RNA inhoud van EV van gekweekte 
cellen. Deze cellen worden namelijk gekweekt in medium waaraan foetaal kalfsserum 
(fetal calf serum, FCS) wordt toegevoegd. Dit serum bevat allerlei voedingsstoffen en 
groeifactoren die nodig zijn om cellen te laten groeien in plastic petrischaaltjes. Echter, 
net als andere lichaamsvloeistoffen bevat FCS ook EV waar RNA in zit. Het RNA in FCS-
EV is niet te onderscheiden van EV van de cellen die worden onderzocht. Doorgaans 
worden de FCS-EV verwijderd door middel van ultracentrifugatie, wat voor de meeste 
studies voldoende is. Er is echter kort geleden aangetoond dat na ultracentrifugatie 
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nog allerlei FCS-RNA achterblijft. Omdat het RNA in FCS niet te onderscheiden is van 
het EV-RNA van gekweekte cellen, kan dit de meting van EV-RNA verstoren. Daarom 
hebben we in Hoofdstuk 3 onderzocht welke technische optimalisaties de hoeveelheid 
achtergebleven FCS-RNA kan verminderen, en in hoeverre het achtergebleven FCS-
RNA terecht komt in gezuiverde EV uit gekweekte cellen. Hierin hebben wij gevonden 
dat sommige typen RNA wel degelijk efficiënt verwijderd kunnen worden door middel 
van ultracentrifugatie. Daarentegen worden andere RNA typen niet efficiënt verwijderd 
en blijven inderdaad achter in het kweekmedium. Desalniettemin bleken veel van 
deze achtergebleven RNAs niet detecteerbaar in opgezuiverde EV. Op basis van onze 
resultaten hebben wij aanbevelingen opgesteld voor experimentele controles om de 
hoeveelheid achtergebleven FCS-RNA in opgezuiverd EV-RNA te bepalen, en dit te 
rapporteren in publicaties. Verder hebben wij de meest optimale methode gebruikt in 
onze verdere studies waarin EV van gekweekte cellen onderzocht werden.
 In Hoofdstuk 4 hebben we onderzocht hoe de RNA inhoud van EV verandert ten 
gevolge van verschillende immuun-gerelateerde stimuli. In deze studie hebben we 
gebruik gemaakt van gekweekte dendritische cellen (DC), welke een belangrijke 
rol spelen in de aansturing van het immuunsysteem. Door middel van immuun-
activerende (LPS, een bestanddeel van bacteriën wat een sterke immuun activerende 
werking heeft) en immuun-remmende (Vitamine D3) stoffen toe te voegen aan deze 
cellen, verandert de cel-status en functie van deze DC. Op basis van de opgedane kennis 
uit Hoofdstukken 2 en 3 hebben wij RNA sequencing gebruikt om te bepalen hoe 
de RNA inhoud verschilt tussen EV geproduceerd door LPS- en VitD3-gestimuleerde 
en door ongestimuleerde DC. Naast verwachte verschillen in miRNA inhoud bleken 
de EV ook te verschillen in de hoeveelheid Y-RNA en snoRNA die zij bevatten. Met 
name de veranderingen in Y-RNA waren interessant omdat dit type RNA in hoge mate 
aanwezig is in EV van verschillende typen cellen, en het mogelijk een rol speelt in 
regulatie van processen in het immuunsysteem. Onze resultaten waren een eerste 
indicatie dat naast miRNAs ook andere typen RNA kunnen veranderen onder invloed 
van cel-stimulatie. Daarnaast hebben we de veranderingen in het EV-RNA vergeleken 
met de veranderingen in het RNA in de cellen. Het werd voorheen aangenomen 
dat het EV-RNA een volledige afspiegeling is van EV-producerende cellen. Echter, 
uit onze gegevens bleek dat slechts een klein deel van de veranderingen in EV-RNA 
overeenkwamen met die in cellulair RNA. Verschillende typen RNA, waaronder Y-RNA, 
vertoonden verschillen in EV terwijl in cellen geen verschil was in de hoeveelheid van 
deze RNAs. Dit suggereert dat het merendeel van het RNA in EV op een zeer specifieke 
wijze verpakt wordt in deze vesicles.
 Omdat het Y-RNA zo veelvuldig is gevonden in verschillende studies naar EV-
RNA, en het mogelijk een rol speelt in immuun-regulatie hebben we hier een 
literatuuronderzoek naar gedaan. In Hoofdstuk 5 bespreken we de functies die 
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Y-RNA vervult in de cellen en welke studies Y-RNA hebben aangetoond in EV. In 
Hoofdstuk 4 hebben we gezien dat de hoeveelheid Y-RNA die in EV verpakt wordt, 
niet beïnvloed wordt door de hoeveelheid Y-RNA in de cel. Dit is een aanwijzing 
dat bepaalde eiwitten betrokken zijn bij de verpakking van Y-RNA in EV. Om uit te 
zoeken welke eiwitten hierbij een rol zouden kunnen spelen, hebben we een overzicht 
gemaakt van de eiwitten waarvan is aangetoond dat ze kunnen binden aan Y-RNA. 
Vervolgens hebben we bepaald of deze eiwitten al eerder in EV zijn aangetoond. Dit 
zou hints kunnen geven over welke eiwitten verantwoordelijk zijn voor de verpakking 
van Y-RNA in EV. Verder hebben we verschillende studies vergeleken die effecten van 
Y-RNA beschrijven in relatie tot het immuunsysteem. Interessant genoeg worden er 
zowel immuun-activerende als immuun-onderdrukkende functies van extracellulair 
Y-RNA beschreven. Mogelijk hangt dit af van of Y-RNA in een EV zit of is gebonden aan 
een extracellulair eiwitcomplex.
 We hebben in Hoofdstuk 4 gezien dat de hoeveelheid Y-RNA in EV afhankelijk 
is van immuun-stimulatie, waardoor het mogelijk bruikbaar kan zijn als biomarker 
voor ontstekingsziekten. Daarnaast is bekend dat Y-RNA in hoge mate aanwezig is 
in bloedplasma. Plasma bevat verschillende RNA-bevattende structuren, waaronder 
EV, maar ook lipoproteïne partikels (LPP) en RNA-eiwitcomplexen. Het is onbekend 
welke structuren in plasma Y-RNA bevatten. In Hoofdstuk 6 hebben we verschillende 
structuren in plasma van elkaar gescheiden op basis van grootte en soortelijk gewicht. 
Y-RNA bleek met name in EV te lokaliseren, terwijl verschillende miRNAs ook in LPP 
en eiwitcomplexen gevonden werden. We hebben aangetoond dat Y-RNA omsloten 
is door het EV-membraan en daardoor bestand is tegen afbraak door verschillende 
enzymen, terwijl miRNAs in LPP daardoor afgebroken werden. Er zijn 4 subtypen 
bekend van het Y-RNA (Y1, Y3, Y4 en Y5) en deze zijn alle vier aan te tonen in het bloed. 
Vervolgens hebben we bestudeerd of EV van verschillende typen bloedcellen deze 
Y-RNA subtypen bevatten. Hierbij viel op dat de EV van verschillende celtypen andere 
hoeveelheden van Y-RNA subtypen bevatten. De EV van de meest voorkomende 
immuuncel in bloed, de zgn. neutrofiel, bevatte relatief veel Y4-RNA en weinig Y3-
RNA. Deze unieke hoge Y4/Y3 ratio zagen we niet in EV van andere bloedcellen (witte 
bloedcellen, rode bloedcellen, bloedplaatjes en endotheliale cellen). Neutrofielen 
bleken in korte tijd zeer veel EV uit te scheiden wanneer zij geactiveerd raakten door 
LPS, terwijl andere celtypen niet reageerden in deze tijd. Vervolgens hebben we 
gekeken of we dit effect van immuunactivatie dat we zagen in kweekbakjes, ook terug 
zouden vinden als een verandering in circulerend Y-RNA in humaan plasma. Hiervoor 
hebben we gebruik gemaakt van een studie waarbij vrijwilligers geïnjecteerd zijn met 
LPS. Dit leidde tot een sterke ontstekingsreactie en veranderingen in immuuncel-
aantallen in het bloed. Van deze vrijwilligers is op verschillende tijdpunten na injectie 
plasma afgenomen. In dit plasma hebben we de hoeveelheid van verschillende Y-RNAs 
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gemeten. Interessant genoeg zagen we dat de Y4/Y3 ratio in plasma verhoogd was 
tijdens en na de ontstekingsreactie, en dat deze ratio correleerde met een verhoging 
in circulerende neutrofielen. Dit duidt erop dat de Y4/Y3 ratio mogelijk verband houdt 
met EV uitgescheiden door geactiveerde neutrofielen. De toepasbaarheid van de Y4/
Y3 ratio als cel type-specifieke biomarker kan verder worden onderzocht in relatie tot 
ontstekingsziekten zoals sepsis of arthritis.
 Uit de voorgaande hoofstukken is gebleken dat Y-RNA mogelijk belangrijk is voor de 
signalering tussen immuuncellen en mogelijk kan worden ingezet als biomarker voor 
ontstekingsziekten. Om beter te begrijpen welke cellulaire processen invloed hebben 
op de sortering van Y-RNA naar EV, hebben we in Hoofdstuk 7 onderzocht welke 
eiwitten hierin een rol zouden kunnen spelen. Hiervoor hebben we gebruik gemaakt 
van een aanverwant type immuuncel, de macrofaag. Net als dendritische cellen en 
neutrofielen reageren macrofagen sterk op de aanwezigheid van ziekteverwekkers. 
Deze macrofagen hebben we gestimuleerd met een ander type bacteriële component, 
genaamd Pam3CSK4. Als gevolg van activatie produceerden zij meer EV waarin zich 
een hogere concentratie Y-RNA bevond. We hebben onderzocht of de Y-RNA bindende 
eiwitten die we in Hoofdstuk 5 gevonden hadden, in deze EV te detecteren waren. Dit 
was alleen het geval voor het belangrijkste Y-RNA-bindende eiwit Ro60, terwijl andere 
eiwitten niet gedetecteerd werden in EV. Het is mogelijk dat deze eiwitten de Y-RNA 
moleculen alleen afleveren op de plaats waar EV gevormd worden, maar zelf niet 
verpakt worden in deze EV. Deze hypothese hebben we onderzocht door structuren 
waar EV gevormd worden te scheiden van andere structuren in de cel. We vonden een 
hoge concentratie Y-RNA op plaatsen waar EV gevormd werden. Hier bevonden zich 
ook meerdere Y-RNA bindende eiwitten die we in Hoofdstuk 5 hadden gevonden. 
Om Y-RNA efficiënter te verpakken, zou je je voor kunnen stellen dat de lokale 
concentratie Y-RNA waar EVs gevormd worden verhoogd moet zijn. Activatie leidde 
tot een licht verhoogde Y-RNA concentratie op de plek waar EV gevormd worden, 
maar gaf geen duidelijke verplaatsing van de meeste Y-RNA bindende eiwitten. Dus, 
het is onwaarschijnlijk dat deze eiwitten direct een rol spelen in de verpakking van 
Y-RNA in EV. We zagen wél een verschuiving van een Y-RNA bindend eiwit genaamd 
HuR. De lokalisatie van dit eiwit veranderde van Y-RNA bevattende fracties naar het 
endoplasmisch reticulum, waar eiwitten geproduceerd worden. Het is bekend dat 
HuR de aanmaak van signaaleiwitten zoals cytokinen kan bevorderen. Onze data 
suggereren dat de toegenomen Y-RNA verpakking in EV de lokalisatie van HuR zou 
kunnen beïnvloeden. Dit zou betekenen dat het verpakken van Y-RNA in EV niet alleen 
dient om een signaal naar andere cellen te verzenden, maar ook een manier is om 
processen in de EV-producerende cel aan te sturen.
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Conclusie
In dit proefschrift hebben we een aantal experimentele procedures onderzocht en 
geoptimaliseerd die belangrijk zijn voor een betrouwbare isolatie en karakterisatie 
van EV-RNA. Onze vindingen kunnen bijdragen aan betrouwbaardere data en 
betere reproduceerbaarheid, en zijn belangrijk voor zowel biomarker-studies als 
fundamentele celbiologische vraagstukken. Verder hebben we in verschillende 
immuuncellen aangetoond dat activerende stimuli niet alleen de miRNA-samenstelling 
van EV beïnvloeden, maar ook de hoeveelheid Y-RNA die in EV wordt verpakt. Dit is 
een aanwijzing dat Y-RNA mogelijk bijdraagt aan de signalering tussen immuuncellen. 
Daarnaast blijkt uit onze resultaten dat Y-RNA potentie heeft als nieuwe biomarker 
voor ontstekingsziekten.
 Uit onze resultaten blijkt ook dat veranderingen in EV-RNA slechts ten dele overeen 
komen met veranderingen in de cel. Dit wijst erop dat de RNA inhoud van EV geen 
directe weerspiegeling is van zijn cel van oorsprong. Verschillende onderzoeken 
hebben laten zien dat afwijkingen in EV-RNA in lichaamsvloeistoffen voldoende 
kunnen zijn voor een diagnose. Desalniettemin kunnen we meer te weten komen 
over wat deze afwijkingen zeggen over het type en de conditie van de cel als we de 
onderliggende mechanismen beter begrijpen. Dit kan leiden tot betere classificaties 
van ziektestadia, hetgeen kan leiden tot betere diagnoses, prognoses en een beter 
afgestemde behandeling voor patiënten.
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“The solution often turns out more beautiful than the puzzle”
Richard Dawkins
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Dankwoord

Zo, het zit erop! Nu kan ik terecht zeggen dat alle geruchten over het doen van een 
PhD op waarheid berusten: het is zwaar, experimenten werken nooit precies zoals je 
ze plant, resultaten zijn nooit duidelijk genoeg, het is nooit af en zie de boel dan maar 
eens gepubliceerd te krijgen… Maar wat wás het de moeite waard en wat heb ik veel 
geleerd! Wetenschap bedrijven is een teamsport, je kunt nooit alles zelf en dat hoeft 
ook niet. Ik heb uit eerste hand gezien hoe waardevol het is om technieken, kennis en 
klinische samples te delen om uiteindelijk tot een gezamenlijk eindproduct te komen. 
Ik wil hier graag iedereen bedanken die ik de afgelopen 5 jaar heb leren kennen 
tijdens dit avontuur in ‘Vesicletopia’ en die direct of indirect heeft meegeholpen aan 
de totstandkoming van dit proefschrift.

Esther, ik begin bij jou. Wat ben ik enorm dankbaar dat je me deze PhD positie hebt 
gegund en dat je me al die jaren de juiste kant op hebt geholpen. In het begin 
moest ik wat wennen aan je kritische blik, maar ik ben gaan inzien dat dit een 
belangrijke voorwaarde is voor het doen van kwalitatief hoogstaand onderzoek. 
Onder druk ontstaan vaak de mooiste dingen! Ik denk met veel plezier terug aan de 
vele werkbesprekingen, waarin we zowel in het diepste detail op ruwe data konden 
puzzelen, maar waarin ook aandacht was voor het opzetten van ‘argumentatiebomen’ 
voor papers én voor persoonlijke ontwikkeling. Ik waardeer het enorm hoe je me altijd 
hebt gestimuleerd om te blijven nadenken over het nut van een experiment en hoe dit 
bijdraagt aan een stuk, in plaats van als een kip zonder kop experimenten te draaien. 
Jouw mantra ‘welke vraag wil je hiermee beantwoorden’ komt in een gouden lijstje 
op mijn volgende werkplek. Naast ‘gericht proeven doen’, was jouw talent voor het 
opzetten van samenwerkingen een eye-opener waar ik ook in de toekomst nog veel 
aan zal hebben. Ook jouw aansporing aan het begin van het laatste jaar om ‘zelf de 
drijvende kracht achter je onderzoek te zijn’ heb ik ter harte genomen. Hopelijk blijkt 
dit uit de laatste twee experimentele hoofdstukken die allebei in korte tijd tot stand 
zijn gekomen en daarnaast interessante inzichten hebben opgeleverd. Ik wil je enorm 
bedanken voor alle support, ik weet zeker dat we elkaar tegen zullen blijven komen in 
het kleine EV-veld!

Marca, ontzettend bedankt dat je me zo hebt gesteund tijdens dit project. Ik kon 
altijd rekenen op enorm veel enthousiasme en support wanneer ik updates gaf over 
de laatste ontwikkelingen binnen mijn project. Daarnaast heb je ook mijn kijk op 
het schrijfproces van papers veranderd: toen ik stond te klagen over de eindeloze 
stroom commentaar op één van de manuscripten heb je me laten inzien dat schrijven 
teamwerk is, en dat het krijgen van veel correcties niet wil zeggen dat je niet kunt 
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schrijven. Sindsdien heb ik met steeds meer plezier correcties doorgevoerd, want 
als ik die eerste versie niet schrijf is er ook niks om op te schieten. Ik heb gemerkt 
dat je alleen zo tot een mooi eindresultaat komt. En wat was het tof om samen de 
barricades op te gaan bij de March for Science! Enorm bedankt voor je aanstekelijke 
enthousiasme, we houden contact!

Susanne, bedankt dat je al deze jaren mijn partner-in-crime in het DC-EV project bent 
geweest. Waar onze projecten eigenlijk naar elkaar hadden moeten groeien, was 
de werkelijkheid nogal weerbarstig. Wat hebben we een hoop ellende gehad met 
celkweken die om uiteenlopende redenen niet meer wilden groeien. Gelukkig konden 
we onze vele frustraties kwijt bij elkaar en wisten we elkaar goed te supporten bij het 
uitschrobben van incubators. Je bent een echte doorzetter en ik ben blij dat jouw 
promotiedatum inmiddels ook in de planning zit. Fijn dat we op het allerlaatst onze 
experimentele lijntjes nog aan elkaar konden knopen. Natuurlijk ook heel erg bedankt 
dat je me als paranimf wil ondersteunen tijdens mijn verdediging. Enorm veel succes 
met de allerlaatste loodjes, jouw titel is straks dubbel en dwars verdiend!

Henrike, bedankt voor alle technische ondersteuning die ik de opstartfase van jou 
heb gehad. Er viel enorm veel uit te zoeken en te optimaliseren en jij pakte alles aan; 
lentivirale transducties, SEC kolommetjes gieten, Western blots optimaliseren, RNA 
isolatie kits vergelijken, EV isolatie methodes fine-tunen en nog veel meer. Ik kan me 
ook nog een enorme DC-kweek herinneren met wel 80 kweekschaaltjes die je in je 
uppie hebt opgewerkt om een recordhoeveelheid RNA te verkrijgen. Daar heb ik heel 
wat sequencing en Northern blots op kunnen doen! Enorm bedankt voor alles wat je 
hebt gedaan en veel geluk in de toekomst.

Martijn, wat heb ik een hoop gelachen met jou (‘Kun je zien dat ik geplast heb?’, ‘unas 
apapas, unas peperas’). Daarnaast is volgens mij het halve repertoire van Jiskefet voorbij 
gekomen de afgelopen jaren. Als de melk-EVs ooit uitgemolken raken, kun je altijd nog 
cabaretier worden. Maar naast alle flauwekul hebben we ook nog serieuze wetenschap 
bedreven. Ik vond het een mooie uitdaging om gezamenlijk uit te puzzelen hoe die 
miRNAs in melk-EVs hun functionele effecten konden verklaren. En laten we vooral ons 
paper in Frontiers in Nutrition niet vergeten ;-) ! Bedankt ook voor al jouw adviezen op 
basis van jouw ervaring als postdoc en natuurlijk ook voor de vele Vinex-Vesicle BBQs!

Tom, TGK, Tommeehhh, ik was altijd erg onder de indruk van jouw gedrevenheid, dat 
heeft aanstekelijk gewerkt en ervoor gezorgd dat ik zelf ook wel wat harder door kon 
werken. Daarnaast heb ik de vele gezamenlijke uurtjes in de celkweek en de hulp met 
de muizen erg gewaardeerd. En wat is het tof dat er zelfs na jouw vertrek nog een 
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mooie samenwerking is ontstaan waar een mooi hoofdstuk uit is voortgevloeid. Ik 
wens je veel succes in Amsterdam, we gaan elkaar ongetwijfeld nog vaak tegenkomen 
op allerlei ISEV meetings en andere gelegenheden. 

Sten, zelfs de meest simpele werkbespreking-presentatie kreeg van jou altijd een 
thematisch sausje met een persoonlijke touch. En natuurlijk moeten alle grafiek-assen 
op dezelfde schaal staan en moet alles netjes worden uitgelijnd! Dat geldt natuurlijk 
ook voor de Influx, wat een geweldig apparaat maar wat kun je daar een hoop aan 
uitlijnen, optimaliseren en tweaken…man man man man! Bedankt ook voor alle hele 
goede én minder goede muzikale tips (du weisst?) die ik van je heb gekregen. Verder 
moet ik helaas bekennen dat ik nog steeds niet weet in welke drie Italiaanse dorpjes 
nou de échte mozzarella gemaakt wordt! Heel veel succes in Cambridge en houdoe 
war!

Marijke, jij was voor mij het levende bewijs dat alles goed komt in het laatste jaar van 
je promotie. Daar heb ik me al die jaren mee op de been gehouden, gelukkig ging 
ook bij mij alles op het laatst in een stroomversnelling. Bedankt voor alle gezelligheid 
in het lab, met jouw zonnige (what’s in a name?) persoonlijkheid is het altijd feest. 
STOP!….en door! Ik wens je heel veel succes in Maastricht, hopelijk kun je daar nog 
even aanblijven en mooie resultaten behalen.

Marthe, bedankt dat ik gebruik mocht maken van jouw expertise op het gebied van 
humane cellen! Daar heb ik zeker veel van geleerd en ik ben blij dat ik jóu dan weer 
kon helpen met qPCRs. Het was ook altijd leuk om de verhalen over jouw sportieve 
weekendprestaties te horen, maar of ik me zelf nou ooit aan een triathlon ga wagen…
ik weet het nog niet. Wat een geweldig idee trouwens om een hele middag ‘They’re 
Taking The Hobbits to Isengard’ op repeat op vol volume in het lab te draaien, ik ben 
blij dat we dit hebben doorgezet. En mocht ik in de toekomst nog iets patenteerbaars 
uitvinden, dan weet ik je zeker te vinden!

Ellen, grappig dat ik jou al tijdens mijn eerste sollicitatie hier tegenkwam en dat het 
meteen klikte. Het was altijd fijn om met jou de laatste lab-roddels te delen en kleine 
irritaties te ventileren. Ook kon ik met kleine technische vragen altijd bij jou terecht. 
Ik weet zeker dat jouw georganiseerde stijl van werken bij Genmab in de smaak gaat 
vallen. Enneehm, gaan we nog een keer koffie drinken daar?

Janneke, met jou was het ook altijd gezellig: wadlopen, dinner parties, zelfs 
salsadansen, jij bent overal voor in. En ook bedankt dat je op Koos hebt gepast in 
een van onze vakanties, gelukkig heb je nu zelf twee lieve poezebeesten om plat te 
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knuffelen. Ik klop zeker bij je aan als ik van plan ben een hele grote beursaanvraag te 
doen, maar ook om gewoon bij te buurten natuurlijk.

Marije, bedankt voor alle ondersteuning door de jaren heen. Alle bestellingen, 
uitgevulde FCS, R1 sup, ingevroren beenmerg, schoonmaakroosters, boze mailtjes... 
Zonder jouw bezielende leiding zou het lab allang in elkaar gestort zijn. En daarnaast 
run je ook nog allerlei experimenten, ben je te porren voor poster presentaties en 
uitwisseling naar Sydney; jij bent geen technician maar een duizendpoot! Heel veel 
succes in de komende jaren, ik weet zeker dat het goed gaat komen.

Kyra, toen je hier als stagiair binnen kwam maakte je al een vliegende start, heel 
indrukwekkend. Met jouw proefschrift gaat het ongetwijfeld helemaal goed komen, 
gezien jouw vrolijke, positieve persoonlijkheid en motivatie. Heel veel succes!

Alberta, crazy cat lady, thanks for being such a nice and vibrant colleague. It was 
always nice to have you around at borrels, to annoy you with remarks about pineapple 
pizza and to drink a Duveltje or two. It’s been a pleasure to teach you some Dutch 
curse words while working in the cell culture lab, I hope you’ll never have to use them. 
I wish you all the best for the coming years, I’m sure you will write a great thesis!

Estefanía, it was really nice having you as a colleague. Everything is one big project, 
right? Thanks for the help with lipoprotein particles in the Influx, I hope you can figure 
out how to get rid of them in the near future. And thanks for helping me keep my 
Spanish vocabulary on point, I’m sure it will become rusty once I leave. I wish you all 
the best finishing your thesis, and may the flow be with you!

Xiaogang, Master of Western blots, thanks for all the help with lipoprotein-related 
questions. I’m always amazed how much work you get done in (what seems to me 
like) a short time, and I hope this efficiency will guide you towards a very good thesis. 
I think you’re on the right track, maybe you have enough data already ;-) ? It was really 
nice to have you as a colleague, and I wish you the best for your final year and years 
to come.

Marije, bedankt voor de gezelligheid op de verschillende congressen en symposia. Ik 
hoop dat de parasiet-vesicles lief voor je zijn en dat je een geweldig proefschrift gaat 
afleveren.
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Sanne, bedankt voor de vele neutrofiel-proeven, daar is in no-time toch een mooi 
hoofdstuk uit voortgekomen. Ik hoop dat je ook nog iets aan mijn PCR data hebt. Ook 
jij bent lekker bezig in je PhD project, ik wens je heel veel succes in de komende jaren!

Willem, bedankt voor alle stimulerende discussies in de wandelgangen over de 
mogelijke functies van allerhande types RNA. En ook bedankt voor alle kritische vragen 
en opmerkingen tijdens de vrijdagochtend werkbesprekingen, het is altijd goed om 
in een vroeg stadium tegengas te krijgen. Ik zal mijn best doen om in de toekomst net 
zo’n wandelende encyclopedie te worden net als jij. Bedankt voor alles!

Ger, bedankt voor alle vele uurtjes achter de Influx, daar keek ik altijd erg naar uit. 
Al had ik nog zoveel gradiënten om te meten, jij draaide er je hand niet voor om. 
Natuurlijk was er ook altijd tijd voor gezellige gesprekken over vakanties, lekker eten 
en natuurlijk talloze muzikale discussies, daardoor vloog de tijd altijd voorbij. Heel erg 
bedankt voor alle ondersteuning!

Richard, bedankt voor de gezamenlijke stageprojecten die we hebben vormgegeven. 
Het was leuk om samen allerlei wilde ideeën uit te werken, want jouw enthousiasme 
en vindingrijkheid werken aanstekelijk. Kon ik me maar in tweeën splitsen, dan had 
ik handen genoeg om eindelijk die fusie events tussen EV en cellen op de gevoelige 
plaat vast te leggen. Met de kennis van nu denk ik dat je daar gerust een hele PhD aan 
kunt besteden. Ik hoop dat het je in de toekomst gaat lukken!

Aike, bedankt voor alle gezelligheid en niet-lab-gerelateerde activiteiten, dinertjes en 
concerten. Die avond waarop we hebben bewezen dat je overal een bitterbal van kunt 
maken zal ik niet snel vergeten. Het is fijn om te horen dat je een leuk lab hebt gevonden 
in Groningen, verder wens ik je veel succes met je verdediging zeer binnenkort!

Martijn, jij ook bedankt voor alle gezelligheid op bovenstaande niet-lab-gerelateerde 
activiteiten en natuurlijk alle zelfgebrouwen biertjes van jou en Aike, waarvoor ik me 
graag als proefkonijn wilde inzetten. Ik denk dat ik nog veel kan leren van jouw R-skills 
en ik zal zeker mijn best doen om jouw lipidomics tools te promoten binnen het EV-veld. 
Veel succes in de loop naar je promotie en natuurlijk ook bij het vervolg in Genève!

Ruud, bedankt voor het oplossen van allerhande technische problemen, kapotgedraaide 
centrifugebuizen, lege stikstofvaten en opgebruikte competente E.coli’s. Daarnaast 
ook bedankt voor het luisterende oor dat je aanbood op de zwaardere momenten en 
uiteraard ook voor alle gezelligheid binnen en buiten het lab om. Nu ga je de labs op 
de faculteit een stukje veiliger maken, heel veel succes daarbij!
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Liz, thanks a lot for the mental support you provided during the last months of my 
project. It was a very stressful period and you always offered a listening ear. Your 
overseas PhD students must be blessed with you as a supervisor. I wish you all the 
best during your postdoc here. And don’t forget the goat!

Maya, Nafiseh, Laura, Ziying, Min, Jie, thanks for all the conversations and the good 
vibes during lunch at the coffee table. I wish you all the best in finishing your PhD 
projects.

Bernd, Dora, Bart, Martin, Chris, Jos, Bas, Nick, Celia, Jeroen, Rachid, Theo, Carla, Jillis, 
Petra, Louise, Esther V en Esther Z, jullie ook bedankt voor alles! 

Dan mijn studenten, Matthijs, Sharnilla, Maarten en Delaram, bedankt voor jullie inzet 
en bedankt dat ik jullie mocht begeleiden tijdens jullie stages. Ik heb veel geleerd van 
het supervisen, proefopzetten bedenken, samen op ruwe data puzzelen en jullie de 
juiste weg op sturen. Ik hoop dat jullie hier een goede tijd hebben gehad en dat ik iets 
van mijn enthousiasme voor onderzoek doen op jullie heb kunnen overbrengen. Ik 
wens jullie heel veel succes in jullie verdere loopbaan!

Amy, thanks for hosting me in your lab in Edinburgh. In the short time I had to perform 
experiments, you really taught me to plan experiments efficiently and think them 
through in advance. In the end, things worked out really well, so thanks a lot for your 
help and enthousiasm. I hope we’ll stay in touch and that we’ll meet again at future 
conferences.

Franklin, thanks for supervising me in Amy’s lab and helping me out with the Northern 
blots. It was great working with you, always cheerful and willing to help out. It was a 
pleasure to show you around when you visited Amsterdam. I hope I’ll have the chance 
to visit you in Hong Kong. Good luck with your postdoc project there, we will stay in 
touch!

Peter-Bram, bedankt voor de hulp bij het ontwerp van de RNA-sequencing 
experimenten, de hulp bij en de kritische blik op de statistische analyses. Henk, bedankt 
voor alle bioinformatische analyses en het organiseren van de vele sequencing runs. 
Yavuz, bedankt voor alle technische hulp met het maken van de sequencing libraries, 
ik heb veel geleerd van jouw technische expertise.

Alexander, Robin, Coert, Erhard, Esther, Anna-Linda, Sanne, Boukje, Anne-Marieke, 
Thom, veel dank voor jullie hulp met de verschillende bloedcellen en bloedplaatjes, 
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en uiteraard ook voor het delen van de klinische samples en bijbehorende data. Uit 
onze samenwerking is een mooi hoofdstuk voortgekomen, ik heb veel geleerd van dit 
project en denk hier met veel plezier aan terug.

Bernard en Pascal, ik ben blij dat we ondanks alle werkzaamheden in het buitenland en 
alle reisavonturen regelmatig zijn blijven afspreken. Heel erg fijn dat jullie zo hebben 
meegeleefd en dat we mijn eerste paper samen hebben kunnen vieren. Daarnaast was 
het ook fijn om het over minder wetenschappelijke dingen te hebben. Als ik straks in 
de US zit zijn jullie uiteraard van harte welkom!

Joris, bedankt voor alle dansjes die we op Lowlands en in 013 hebben gemaakt. Af en 
toe moet je gewoon het lab uit en even uit de band springen. Ik ben blij dat we dat 
gewoon hebben volgehouden de afgelopen jaren.

Cas, jij ook bedankt voor de gezelligheid in de afgelopen jaren, muziekjes uitwisselen, 
nachtjes losgaan bij Mr. Scruff en lekker skaten op de boulevard van Scheveningen.

Jery, bedankt voor de vele skatetochtjes die we samen hebben gemaakt, naar de 
March for Science en de tourtochtjes in omgeving Utrecht. Samen in de prijzen vallen 
op het I&I PhD retreat was ook een mooi moment. Succes met het afronden van jouw 
PhD project!

Verder aan alle Dutch Distance Skaters, in het bijzonder Lennart, Lonneke, Rick, Stan, 
Patrick, Anton, Joey, Eric en Saskia: bedankt voor alle longboard events die me hebben 
gemotiveerd om in vorm te blijven. Met een goede conditie is het makkelijker om door 
te blijven ploeteren in het lab. Natuurlijk ook bedankt voor alle kletspraat en slechte 
grappen tijdens de lange tochten!

Paps, mams, bedankt dat jullie me altijd gestimuleerd en ondersteund hebben. Zonder 
jullie support was ik niet gekomen waar ik nu ben. Helaas kun je van spelen met Lego 
niet je beroep maken, in plaats daarvan komt spelen met plastic eppendorf buisjes 
toch vrij dicht in de buurt. Tijdens het doen van alle proeven is wel weer gebleken 
dat kleine details vaak een groot verschil kunnen maken, dus ik ben blij dat jullie een 
pietje-precies van me hebben gemaakt. De rest is een kwestie van doorgaan en je 
boerenverstand gebruiken (toch, mam?). En paps, je hebt toch gelijk gekregen dat 
je werkelijk overal aan kan rekenen, alleen zijn het bij mij geen moeren en bouten 
geworden. Bedankt dat jullie me vrij hebben gelaten om hier in het lab de volle 100% 
te kunnen geven, alle keren dat ik mijn frustraties en onzekerheden kon delen en alle 
onvoorwaardelijke support. Jullie zijn de beste! 
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Nicky, lief zusje, bedankt voor de steun die ik van je heb gehad. Het was fijn dat we 
enkele jaren samen in het PhD-schuitje zaten, ook al lag jij iets op mij voor. Het was 
fijn om onze ervaringen en frustraties met elkaar te kunnen delen en er voor elkaar te 
kunnen zijn. Jij wist precies wat ik doormaakte en andersom. Super bedankt dat je me 
als paranimf wil ondersteunen tijdens mijn verdediging. Luuk, jij ook heel erg bedankt 
voor je steun in de afgelopen jaren.

Jannie en Chris, Linda en Sjoerd, bedankt voor alle gezelligheid in Tilburg en jullie 
steun de afgelopen jaren. Het was altijd fijn om bij jullie over de vloer te komen en lief 
dat jullie zo met mij en Ellen hebben meegeleefd.

Koos, jij mag als pluizige, miauwende scientific advisor op pootjes niet ontbreken in 
dit rijtje. Bedankt voor alle kopjes en alle keren dat je me ’s ochtends uit bed hebt 
gehaald omdat je brokjes wilde, alle stress die ik bij jou heb mogen weg-aaien en 
voor alle keren dat je over mijn toetsenbord hebt gewandeld (ook al hebben deze 
toevoegingen het proefschrift niet gehaald…). Je bent het liefste poezebeest wat er is!

Lieve Ellen, wat ontzettend lief dat je er altijd voor me bent geweest. Fijn dat we 
samen in hetzelfde schuitje zaten en dat we dit PhD avontuur samen hebben beleefd, 
dat je mijn chagrijnige buien hebt doorstaan, dat je eindeloos rondjes met me hebt 
gewandeld en dat je me hebt gemotiveerd om te blijven sporten en spinnen. Lief dat 
je straks het volgende avontuur in Baltimore met me aan wil gaan. Het zal vast even 
wennen zijn om een nieuw leven op te bouwen, maar weet zeker dat we daar net 
zoveel lol gaan hebben als hier. Het is de afgelopen jaren maar weer gebleken dat we 
een geweldig team zijn, nu in het bijzonder als husband & wife. Je bent de liefste van 
de wereld!






