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SUMMARY:

One of the hallmarks of the immune system is a dynamic landscape of cellular communication 

through the secretion of soluble factors, production of cell-bound ligands, and expression of 

surface receptors. This communication affects all aspects of immune cell behavior, integrates the 

responses of immune cells in tissues, and is fundamental to orchestrating effective immunity. 

Recent pioneering work has shown that the transfer of ribonucleic acids (RNAs) constitutes a 

novel mode of cellular communication. This communication involves diverse RNA species, with 

short noncoding RNAs especially enriched in the extracellular space. These RNAs are highly 

stable and selectively packaged for secretion. Transferred RNAs have functions in target cells 

that both mirror their cell-intrinsic roles as well as adopt novel mechanisms of action. These 

extracellular RNAs both impact the behavior of individual immune cells as well as participate 

in local and systemic immune responses. The impacts of RNA communication on immune cells 

and disease states have important implications for the development of novel clinical biomarkers 

and innovative therapeutic designs in immune-related disease. In this review, we will discuss the 

foundation of knowledge that is establishing RNA communication as an active and functional 

process in the immune system.
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1 INTRODUCTION

A complex ribonucleic acid (RNA) world exists in all cells. Our scientific understanding 

of this world began with RNAs that participate in protein synthesis through discoveries 

of messenger RNAs (mRNAs) which template, transfer RNAs (tRNAs) which decode, and 

ribosomal RNAs (rRNAs) which implement protein synthesis. While essential for cells 

to function, these RNAs are not the only classes of RNAs present within the cell. There 

has been an explosion in research which has uncovered multiple classes of noncoding 

RNAs that perform regulatory functions and partner with other biomolecules in the cell to 

execute function. Among these are long noncoding RNAs (lncRNAs) which serve diverse 

roles in regulating transcription, controlling protein function, and modifying the activity 

of other RNAs. There also exist many classes of <200 nucleotide short noncoding RNAs 

including small nuclear RNA (snRNAs) which participate in splicing, small nucleolar 

RNA (snoRNAs) which participate in RNA modification, microRNAs (miRNAs) which 

serve as post-transcriptional inhibitors of gene expression, vault RNAs (vtRNAs) which are 

implicated in intracellular transport, and YRNAs which are thought to participate in DNA 

replication and RNA quality control (Table 1).

We now know that this complex RNA world extends beyond the confines of the cell. 

Paradigm-shifting observations began 50 years ago when RNAs were first found in 

extracellular fluids.1 This has sparked much interest in RNAs as biomarkers for disease in 

plasma and other body fluids (reviewed2). While some have proposed that this extracellular 

RNA is simply cellular debris, accumulating evidence now strongly points to non-cell 

autonomous functions for actively secreted RNAs. What then are key features that would 

support a hypothesis that extracellular RNAs (exRNAs) serve as mediators of intracellular 

communication within the immune system?

First, we expect that exRNA should be stable outside the cell. Many studies demonstrate 

that exRNAs are stable, as they fail to degrade with the addition of exogenous RNA 

degrading enzymes.3–5 exRNAs are also abundant in biofluids which are naturally rich 

in RNA-degrading enzymes. While biofluids such as blood and airway lining fluid are 

capable of rapidly degrading naked RNA, endogenous exRNAs remain stable.6,7 Therefore 

protection, likely through selective packaging of exRNAs, should allow intact RNA to travel 

between cells.

Second, exRNAs should be secreted from immune cells. Cells of the immune system 

were among the first cells identified to produce exRNAs. In vitro studies of mast cell 

lines provided critical first evidence that immune cells can secrete exRNAs including 

mRNA and miRNA.3 Accumulated evidence now suggests that most, if not all, cells 

can produce exRNAs. In vitro a diverse population of exRNA are secreted by dendritic 

cells4,8,9, monocytes/macrophages10,11, mast cells3, T cells12,13, and B cells12. These studies 

also demonstrate that the exRNA content differs from the total RNA content of the 

producing immune cell. This especially includes selective secretion of small noncoding 

RNAs including miRNAs, snRNA, snoRNA, Y RNA, and fragments of tRNAs and rRNAs. 

Therefore, the RNA secretion into the extracellular space is not a simple dumping of 
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intracellular stores, but the mechanisms of selective packaging by cells are only beginning to 

be elucidated.

Finally, exRNAs should be bioactive molecules. Early evidence for functional transfer of 

RNAs was also evident in immune cells. Harvested mast cell ex-mRNAs are competent 

for in vitro protein translation.3 Cultured dendritic cells are capable of secreting miRNA 

that can be transferred to target dendritic cells to modify expression of luciferase reporter 

constructs used to measure sequence-specific gene repression.4 In vivo functional transfer of 

ex-miRNA resulting in endogenous target gene suppression has been demonstrated using 

genetic miRNA knockout models.14 In this manuscript, we will review the mounting 

evidence that functional RNAs transmit essential signals between donor and acceptor 

immune cells (Figure 1). We will highlight known mechanisms of this RNA transfer, as 

well as the impact of this novel form of RNA-mediated communication on immunity, 

inflammation, and disease.

2 FORMS OF EXTRACELLULAR RNA

The striking stability of RNAs detected in the extracellular space suggested that these 

RNAs must exist in a form shielded from RNase degrading activity. The most well-studied 

and widely identified form of packaging for exRNA is within extracellular vesicles (EVs) 

(Figure 2A). EVs are small lipid-bilayer delimited vesicles secreted from cells which 

contain cargos of lipids, proteins, and nucleic acids (reviewed15). EVs can either bud 

directly from the plasma membrane (so called microvesicles or ectosomes), or they can 

be released when the multivesicular body fuses with the plasma membrane to secrete 

inwardly budded vesicles that have formed within this organelle (so called exosomes). 

Although exosomes are typically smaller than microvesicles, they can have overlapping 

sizes with exosomes typically ranging from 50–150nm in size while microvesicles range 

from 100–500nm in size. As yet, there are no markers or cargos that universally distinguish 

EVs arising from these two distinct biogenesis pathways; however, both often carry a 

common set of EV markers including tetraspanins (i.e. CD9, CD63 and/or CD81) and 

intracellular cargos important for vesicle biogenesis or cargo loading (i.e. Alix, TSG101, 

Flotillin, Syntenin, ARF6). Immune cells secrete EVs containing exRNAs. This has been 

demonstrated through detergent disruption experiments that define exRNAs as cargos 

loaded within lipid-encapsulated structures secreted from T cells.13 This can also be 

demonstrated by rigorous EV purification methods which may include ultrafiltration, 

differential ultracentrifugation, density gradient ultracentrifugation and/or size exclusion 

chromatography.16 Density gradient ultracentrifugation has been used to separate light EVs 

from dense protein aggregates to demonstrate the presence of EV-encapsulated exRNAs 

from both T cells13 and dendritic cells4,8. The functional nature of EV-contained exRNAs 

has been demonstrated in EV-deficient Rab27a/Rab27b double knockout mice, where 

defects in systemic responses to lipopolysaccharide (LPS) can only be rescued by EVs 

carrying miR-155.17

While EVs may be common carriers of exRNAs, RNAs can also exist within the 

extracellular space in non-vesicular forms. In plasma, cerebrospinal fluid, and cell culture 

supernatants, miRNAs associate with Argonaute (AGO) protein outside of vesicles5,18–20 
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(Figure 2B). AGO is a central component of the RNA induced silencing complex that 

binds mature single stranded miRNAs and is required for miRNAs to target and destabilize 

mRNAs within cells (reviewed21). Identifying miRNAs in association with AGO suggests 

that loaded and functionally active miRNAs could be available for transfer to acceptor cells. 

AGO-miRNA complexes isolated from plasma are capable of binding synthetic RNA target 

sequences, and ≥50% of tested miRNAs can be depleted by this strategy demonstrating that 

most of these ex-miRNAs retain their targeting capabilities.19 However, their ability to be 

transferred to and function within target cells remains to be determined. Although we do 

not yet understand the cellular sources for these complexes and have little insight into their 

secretion, there is some early evidence that the distribution of ex-miRNAs contained in AGO 

complexes change in disease. The cerebrospinal fluid of patients with amyotrophic lateral 

sclerosis (ALS) contains fewer miRNAs in AGO-containing complexes, suggesting a shift 

or alteration in the form of exRNA present during disease.19 Understanding the function of 

these complexes is particularly important given that the majority of AGO protein in some 

extracellular and biofluids is associated with EV-free fractions as shown by density gradient 

centrifugation and ultrafiltration experiments.5,22,23

Although EVs and Ago-containing protein complexes are the most well-studied forms of 

exRNAs, there are likely additional packaging partners for secreted RNAs that contribute 

to their stability and targeting. A wide array of proteins and protein complexes exist 

within extracellular fluids and biofluids, and some of these are likely to interact with 

exRNA. exRNAs can be associated with small (<20–40nm) protein-rich nanoparticles, 

termed exomeres24 (Figure 2C). exRNAs in this non-vesicular fraction appear to be enriched 

in small noncoding RNAs, especially fragments of tRNAs, fragments of YRNAs, vtRNAs, 

and a subset of miRNA species.23,25 In circulation, there is evidence that extracellular 

miRNAs can be carried on lipoprotein particles as well (Figure 2D). Extracellular miRNAs 

bind to high density lipoprotein (HDL), and the composition of miRNAs carried on 

HDL changes in hypercholesterolemia, atherosclerosis, and acute coronary syndrome.26,27 

HDL-bound miRNAs can be delivered to target cells to change gene expression in target 

reporter constructs26, and miR-223 delivered by HDL to endothelial cells can change 

intracellular adhesion molecule 1 (Icam1) expression.28 miR-223 can be exported to HDL 

from neutrophils and macrophages, and the amount of export to this form changes after 

cellular activation.29 Therefore, lipoprotein-loaded forms of exRNAs may participate in 

exRNA communication during inflammation in vivo.

3 STOCHIOMETRY OF PACKAGING RNA INTO EXTRACELLULAR 

VESICLES

While it is clear that RNAs can be packaged into vesicles in the extracellular space, the 

distribution of exRNAs within EVs remains an area of active investigation. Conflicting 

experimental results suggest that we do not yet understand the numbers and distribution of 

exRNAs in EVs. The stoichiometry of packing RNA into EVs has been most well studied 

for ex-miRNAs. Comparisons of EV numbers quantified by nanoparticle tracking and 

miRNA content quantified by quantitative real time PCR and next generation sequencing 

have suggested that less than 1 miRNA molecule is present on average per EV. These studies 
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have investigated biofluids including plasma/serum, urine, and bronchoalveolar lavage fluid 

as well as EV-derived RNAs from cell culture supernatants from mast cells, dendritic cells, 

and tumor cell lines.7,25,30 For the most abundantly expressed miRNAs, ~1 miRNA is 

present for every 10–100 vesicles. More limited data is available for other exRNA species, 

but a comprehensive study in glioma cell lines has demonstrated the most abundant exRNAs 

such as U1/U2 snRNA fragments and RNY1 have ~1 copy per EV present while less 

abundant miRNA and most mRNAs are present at less than one molecule per ≥ 10,000 

vesicles. Our own calibrated small RNA sequencing data in BALF suggests that the most 

abundant miRNAs are present in ~1 in 100 EVs.7

Although some take these findings as evidence that exRNAs are unlikely to efficiently 

communicate with target cells, experimental data supports active communication along an 

exRNA axis (see section 6). At a minimum, this stoichiometry raises critical questions about 

the distribution of RNAs within EVs. Selective loading of RNA into a minority of vesicles 

and/or selective targeting of vesicles carrying exRNA cargos to cells could help to explain 

the dissonance between the exRNA-to-EV ratios and observed biology. Identifying subsets 

of EVs that carry exRNAs is critical for understanding the function of exRNAs. Indeed, we 

still do not know whether each EV typically contains a single RNA molecule or a single 

class of RNA molecule, or whether there are subsets of EVs that are highly abundant in 

RNA species (Figure 3). The idea that subsets of EVs may be enriched in exRNAs has some 

supporting experimental evidence within the hematopoietic system. Fluorescence-activated 

vesicle sorting of EVs carrying either platelet or erythroid markers from blood has shown 

the most abundant miRNA in each is present at >20 copies per sorted event.31 Continuing 

to investigate the number of EVs in the body is essential for future exRNA research in the 

immune system and beyond.

4 PACKAGING EXTRACELLULAR RNAs FOR EXPORT

Although there is little data about the origin and mechanisms of RNA secretion found 

outside of vesicles in the extracellular space, there is a body of emerging research about 

the sources and mechanisms of export of exRNAs within EVs. First, sorting into EVs 

is intimately linked to endogenous cellular pathways for RNA function. This is most 

evident to date in emerging associations between pathways of canonical miRNA function 

with EV secretion. This includes both spatial relationships within the cell as well as 

molecular interactions (Figure 4A). Key proteins that are required for miRNA-mediated 

gene silencing, including AGO and the AGO-binding protein GW182, have been found 

in close spatial association with endosomes and multivesicular bodies in monocytes by 

cellular fractionation and immunofluorescent studies.32 Depletion of select proteins of 

endosomal sorting complexes including HRS and Alix compromise miRNA-mediated gene 

silencing, suggesting this may be an active site for post transcriptional inhibition of gene 

expression in the cell.32 AGO shuttling to the multivesicular body is also regulated, 

and shuttling is inhibited by phosphorylation at serine 387 downstream of KRAS-driven 

MAPK activation.33 Given that expression of mutant AGO protein incapable of being 

phosphorylated at this site is sufficient to drive increased secretion of a subset of miRNAs 

within colon cancer cell lines33, packaging of some miRNAs into EVs may require shuttling 

to multivesicular bodies by AGO protein. In addition, competitive binding of miRNA 
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away from AGO by the AU-rich binding protein HuR (derived from the Elavl1 gene) 

is also required to deliver some miRNAs to EVs for export, as has been demonstrated 

in liver cells under starvation conditions.34 Together this work supports an intimate 

and complex association between miRNA endogenous function and secretion. Activation-

induced changes in mRNA target transcripts also can indirectly alter loading of miRNAs 

into EVs in macrophages. High levels of endogenous targets or synthetic miRNA binding 

sponge sequences can reduce miRNA secretion into EVs in these cells after activation, 

shifting the miRNA out of the multi vesicular bodies (sites of exosome EV production) and 

into P bodies (sites of miRNA-mediated target transcript repression).11

RNA binding proteins (RBP) are common cargos of EVs and have been implicated in 

sorting RNA into EVs for secretion. RBP cargos have been identified from EV proteomic 

studies from dendritic cells35, neutrophils36, T cells37, and B cells38. Efforts to compile the 

EV proteome have shown that a diversity of RBPs are secreted into the extracellular space 

across multiple cell types (Vesicleopedia39, microvesicle.org; Exocarta40, exocarta.org). 

Primary RNA sequence motifs within noncoding exRNAs help to dictate sorting into EVs. 

Sequence-specific sorting of ex-miRNAs depend on the RBPs hnRNPA2B1 in T cells, 

SYNCRIP (also known as hnRNPQ) in hepatocytes, and the lupus LA protein in tumor cell 

lines. In all these cases, short sequences are targets for RBP binding and control loading 

(Figure 4A). However, the sequences targeted by each are unique, with the most common 

EV-enriched RNA motifs being ‘GGAG’ for hnRNPA2B141, ‘GGCU’ for SYNCRIP42,43, 

and both ‘UUU’ and ‘UGGA’ for LA protein44 (Figure 4B). This results in differential 

sorting of miRNAs by each RBP. Sorting specificity therefore will depend on the paired 

activity of both the RBP and miRNA expression within a cell. In addition, both hnRNPA2B1 

and SYNCRIP can be found in a sumoylated form within EVs.41,42 Sumoylation controls 

miRNAs binding to hnRNPA2B141, providing evidence for additional post-translational 

control to RBP-mediated ex-miRNA secretion.

mRNAs can also contain primary RNA sequence motifs, termed “zip codes”, which 

allow for sorting into vesicles for secretion. A 25-nucleotide sequence in the 3’UTR of 

transcripts containing a ‘CUGCC’ core on a stem loop structure is sufficient to drive 

reporter constructs into vesicles for secretion in HEK293T cells.45 Interestingly, miRNA 

binding enhances secretion of mRNA carrying this zip code, suggesting that multiple 

sequence-based interaction can cooperate to regulate delivery of mRNAs into secretion 

pathways. mRNAs can also be exported via interaction with the GAG-like protein ARC, 

which is derived from ancient retrotransposons.46 Within neuronal cells, ARC proteins form 

capsid-like structures that shuttle functional mRNAs to target cells, though whether or how 

specificity is imparted in this interaction is not yet known. Whether these mechanisms for 

packaging of ex-mRNAs exist in immune cells remains to be determined.

In addition to primary RNA motifs, exRNAs are also sorted and packaged for export based 

on structural RNA motifs. Given the diversity of structures present among small noncoding 

RNAs and their relative enrichment in the extracellular space, this may be a critical 

feature for their sorting. The RBP YBX1 is capable of binding to and sorting into vesicles 

diverse small noncoding RNAs, including miRNAs, tRNAs, YRNAs and vtRNAs.47,48 The 

binding between YBX1 and RNA has been shown to depend on hairpin structural motifs 
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in target RNAs as opposed to primary sequence motifs.49,50 Finally, there are many RBPs 

present in EVs whose sorting capability and specificity remain to be investigated. For 

example, the RBP major vault protein (MVP) participates in miRNA sorting into EVs for 

secretion51,52, although the molecular mechanisms or motifs by which MVP interact with 

these extracellular-bound miRNAs are not known.

Finally, exRNA secretion is partially dependent on lipids. Lipids including cholesterol, 

ceramide, and phosphatidyl serine are enriched in EVs and play important roles in 

their biogenesis pathway (reviewed53). Lipids in the EV membrane also contribute to 

loading of miRNA into EVs for secretion (Figure 4A). Pharmacologic inhibition of 

Neutral sphingomyelinase 2 with the chemical inhibitor GW4869 or by gene knockdown 

reduces ex-miRNAs and EV secretion of exRNAs.54 Neutral sphingomyelinase 2 is a rate-

limiting enzyme for ceramide biosynthesis, implicating this lipid in EV-mediated exRNA 

secretion. Given the role of ceramide in coalescing lipid raft domains, it is likely that 

interactions with these microdomains drive loading functions.55 In the immune system, 

transfer of ex-miRNAs from T cells to antigen presenting cell lines is dependent on 

Neutral sphingomyelinase 2.9 Some RNA-lipid interactions may be mediated by proteins. 

For example, knockdown of the calcium dependent phospholipid binding protein Annexin 

A2 results in reduced ex-miRNA secretion without changes in total EV numbers.56 Annexin 

A2 may act as a bridge between lipids and RNAs, as this protein interacts with miRNAs 

as shown by immunoprecipitation experiments.56 However, it is intriguing to propose that 

direct RNA-lipid binding may help package RNA for secretion as well. RNA structure and 

lipid membrane composition can affect direct interactions between RNAs and vesicles.57,58 

Lipid interactions may also be important within the cell for exRNA secretion. Regions 

of close apposition of the endoplasmic reticulum and other organelles, termed membrane 

contact sites, are important for loading of cholesterol, ceramide, RBPs, and miRNAs into 

a dense fraction of small EVs dependent on the expression of a tether protein VAPA.59 

Together it is clear that multiple and diverse mechanisms contribute to RNA loading into 

EVs for extracellular communication.

5 EXTRACELLULAR RNAs CHANGE WITH INFLAMMATION

Secretion of soluble factors is a defining feature of both the classification and function of 

cells of the immune system. It is widely known that the secretion of soluble molecules not 

only is critical for immune cell recruitment and activation, but also helps define unique 

types and subsets of immune cells. exRNA secretion is emerging as a unique and defining 

property of immune cells. Dendritic cells4,8,9, monocytes/macrophage10,11, mast cells3, T 

cells12,13, and B cells12 each produce a distinct exRNAome. The complement of RNAs 

secreted by each cell type partially reflects the unique content of RNAs present within 

the parental cell, giving cell-type specificity to the secreted products. However, exRNAs 

produced by these cells are also distinct from their parental cells with clear evidence of 

selective secretion of RNA subsets. How shared and unique secreted products define related 

immune cell function will provide a useful tool to understand the role of exRNAs in immune 

responses.
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exRNAs secreted by immune cells contribute unique and measurable RNA content to 

extracellular fluids in vivo. Analysis of blood ex-miRNAs of lymphocyte knockout mice 

or mice with a lymphocyte-specific deletion of miRNA biogenesis machinery demonstrate 

up to an ~80% reduction of select ex-miRNAs in the blood of mice, including miR-128, 

miR-142a, miR-150, miR-297a, and miR-706.60 T cells, B cells and NKT cells also make 

unique contributions to the pool of ex-miRNA. This is particularly striking for NKT cells 

which comprise ≤ 1% of circulating cells but contribute much of the miR-181c found 

in blood61, a miRNA that is essential in their development60. Fluorescence activated 

vesicle sorting of EVs from plasma has directly demonstrated unique exRNA content from 

different hematopoietic cells in circulation. Sorted CD41+ platelet EVs contain high levels 

of miR-223 and miR-199a, while sorted CD235a+ erythroid EVs contain high levels of 

miR-451a.31 It will be interesting to directly assess EVs from immune cells to determine 

preferential cargos carried into biofluids in vivo.

exRNA cargos depend not only on their immune cell origin, but also on the activation 

state of that immune cell as part of a local or systemic immune response. Some of 

these changes reflect alterations in the relative abundance of miRNAs in the parental cell 

in response to preferential activation, while others reflect new differential secretion into 

exosomes. Activating LPS stimulation of dendritic cells enhances ex-miRNA production 

of multiple miRNA species such as miR-9, miR-155, and miR-146.4,8 LPS stimulation 

in dendritic cells also reduces secretion of several other species of noncoding RNAs, 

especially snoRNAs and YRNAs.8 In macrophages, stimulation with the cytokine IL-4, 

which induces an alternative activation program, results in changes in ex-miRNA secretion. 

Some of the increased ex-miRNAs reflect upregulation in cellular expression, including 

miR-138 and miR-149, while other ex-miRNAs show new selective secretion, including 

miR-22, miR-99a, miR-125a and miR-130b.11 Pro-inflammatory LPS also leads to changes 

in exRNA production by macrophages, with rapid secretion of EV-contained snoRNAs 

within 1–2 hours after stimulation.62 And macrophages treated with other activating signals 

including oxidized low-density lipoprotein and palmitic acid secrete more YRNA fragments 

than unstimulated cells.63

exRNA cargos are also changed by activation of adaptive immune cells. In CD4+ T cells 

activated by the mitogen phytohemagglutinin (PHA), several miRNAs are both increased 

within the cell as well as within the extracellular space including miR-155 and members of 

the miR-17~92 family such as miR-17, miR-19b, and miR-20a.12 However, another set of 

miRNAs decrease within the cell and increase within the extracellular space, especially 

miR-150 and miR-342, suggesting a rapid activation-dependent selective secretion of 

miRNAs. T cell activation in vitro with CD3 and CD28 also increases secretion of select 

tRNA fragments, among other noncoding RNAs.13 And B cells stimulated with CpG, 

anti-CD40 and anti-IgM show enhanced secretion of miRNAs including miR-150 and 

miR-223.12

Activation-dependent changes in immune ex-miRNA secretion have also been documented 

with systemic inflammation in vivo. Correlating with in vitro secretion of miR-150 after 

lymphocyte activation, both humans and mice show enhanced miR-150 levels in circulation 

after immunization.12 Our own work assessing lavage fluid in the lungs of mice strongly 
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suggest that immune cells also contribute unique exRNA content to tissues with local 

inflammation. miRNAs preferentially expressed by immune cells including miR-142a, 

miR-150, and miR-223 are increased in extracellular fluid as well as small EVs during 

allergic lung inflammation.64 The in vivo dynamics, cellular targets, and immunologic 

functions of increased ex-miRNAs during inflammation remain to be determined. However, 

these findings support exRNA secretion as a new and fundamental aspect to coordinate 

systemic and local immune responses.

6 EXTRACELLULAR miRNA COMMUNICATION FOR TARGET GENE 

SUPRESSION

Communication among cells of the immune system is critical for both effective immune 

responses and pathologic inflammation. Functional ex-miRNA transfer provides a novel 

form of immune cell to immune cell communication. In some cases, this transfer of ex-

miRNAs occurs among cells of the same cell type. Transfer of miR-451 and miR-148a 

from bone marrow derived dendritic cell donors to an acceptor dendritic cell line results 

in suppression of target luciferase reporter constructs within acceptor cells.4 Transfer of 

miR-155 and miR-146 within EVs also occurs in vitro among bone marrow derived 

dendritic cells and is sufficient to repress known endogenous mRNA targets of these 

miRNAs.14 EV-mediated transfer of these miRNAs programs the response of dendritic 

cells to LPS in vitro and sepsis in vivo. Ex-miR-155 enhances pro-inflammatory IL-6 

and TNFα production, while ex-miR-146 enhances anti-inflammatory IL-10 and limits 

pro-inflammatory cytokine production14 (Figure 5A). These functions are consistent with 

the known cell-intrinsic functions of both miR-155 and miR-14665–68, demonstrating that 

transferred ex-miRNAs can function equivalently to endogenously expressed miRNAs. RNA 

communication between cells of the same immune cell subset may help propagate signals 

through immune cell populations as well as coordinate robust immune responses.

Immune cells also use ex-miRNAs to communicate with other cell types within the immune 

system. In mixed hematopoietic chimera experiments, wild type immune cells can transfer 

miR-155 to T cells, B cells, and CD11b+ myeloid linage miR-155−/− cells in vivo.14 This 

data suggests that a complex network of cell communication is likely to occur throughout 

the immune system. Regulatory T cells have also been shown to transfer both transfected 

fluorescently tagged miRNAs as well as endogenous miRNAs including miR-155, Let7b 

and Let7d to target effector T cells.69 EVs from regulatory T cells inhibited Th1 cell 

proliferation in vitro, and this effect was lost in EVs derived from Dicer−/− regulatory T 

cells which have impaired global miRNA biogenesis. While this result is consistent with 

transferred miRNA content being a critical functional cargo, Dicer−/− regulatory T cells 

have severely impaired function70–72, and therefore other aspects of EV biogenesis and 

function may be changed to affect suppression. T cell lines are also capable of transferring 

miR-335 to antigen presenting cells for target gene suppression.9 Interestingly, this transfer 

was dependent on formation of an immunologic synapse and correlates with alignment of 

multivesicular bodies with the synapse.
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Multiple tissue types have also been shown to be direct targets of ex-miRNA communication 

from immune cells. Neutrophil-derived large EVs can deliver ex-miR-155 to endothelial 

cells in vitro and the aorta in vivo, reducing expression of the known miR-155 target 

mRNA Bcl6 to induce NFκB-mediated inflammation, adhesion, and chemokine secretion 

by acceptor endothelial cells73 (Figure 5B). These neutrophil large EVs worsen lesion size, 

and this effect is lost in EVs derived from miR-155−/− cells. Monocyte-derived large EVs 

transfer functional miR-223 to lung epithelial cell lines as measured by luciferase reporter 

constructs, increasing expression of those miRNAs in target cells 10–100x.10 Macrophage 

cell lines can also transfer miR-150 to acceptor endothelial cell lines to enhance migration 

through the direct inhibition of target mRNAs74. Adipose tissue macrophage derived EVs 

can transfer miRNAs including miR-155 and/or miR-223 to adipocyte cell lines in vitro 
and to primary adipocytes in bone marrow chimeric mice. This transfer has been proposed 

to promote insulin resistance in this target tissue in part through the suppression of the 

miR-155 target gene Pparg.75 This activity of immune cell exRNAs may be critical for 

effector cell function in diverse types of tissue inflammation.

Immune cells can additionally be the targets of ex-miRNA transfer from other 

cell types, allowing tissues to instruct and modify local inflammation. This transfer 

participates in pathologic, disease associated inflammation. Ex-miRNA communication 

may sensitize monocytes and macrophages to adopt a pro-inflammatory phenotype in 

diseases characterized by chronic inflammation. Hepatocyte cell lines treated with alcohol 

upregulate miR-122 and transfer this miRNA to macrophage cell lines.76 Transfection of this 

miRNA is sufficient to enhance IL-1β and TNF-α production in these macrophages, raising 

the possibility that delivery of ex-miR-122 is sufficient to exacerbate pro-inflammatory 

phenotypes. Adipocytes secrete miR-34a in EVs which can be transferred to macrophages 

in vitro to suppress the mRNA of a critical transcription factor Klf4 required for M2 

polarization77 (Figure 5C). Suggesting a critical role for this paracrine transfer in obesity, 

loss of miR-34a in adipocytes is sufficient to shift macrophages from away from a pro-

inflammatory M1-like and toward a protective M2-like phenotype ameliorating high fat 

diet induced metabolic dysfunction in mice. Tumor cells also are capable of transferring 

miRNAs to macrophages. Dying tumor cells transfer miR-375 to macrophages within 

the tumor microenvironment, targeting genes including Tensin 3 and Paxillin to enhance 

macrophage migration.78 In addition, glioma tumor cells transfer miR-21 via EVs to target 

microglial cells, inhibiting the expression of Btg2 to increase microglial proliferation.79 

In each of these studies, macrophages are identified as a major acceptor for ex-miRNA 

transfer. As cells designed to both take-up material and sense cues from the local tissue 

microenvironment, macrophages may be particularly apt acceptors of exRNAs from non-

immune cells.

7 OTHER RNA TRANSFER IN THE IMMUNE SYSTEM

Although ex-miRNA communication is best studied, there is emerging evidence that 

multiple classes of both long and short RNAs communicate signals via RNA transfer to 

and from immune cells. Mast cells of human and murine origin can secrete and receive 

mRNA containing EVs, and mRNA harvested from these EVs can be in vitro translated3. 

These data show that functional mRNAs are packaged in EVs by immune cells and raises 
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the possibility that they drive new protein expression in a target cell. mRNA transfer events 

have been captured in vivo using Cre recombinase mRNA transfer to floxed reporter systems 

in acceptor cells.80,81 Immune cell Cre recombinase driven by the pan-hematopoietic cell 

promoter for the Vav1 gene was found to deliver Cre mRNA to neurons, and this delivery 

increased with the induction of systemic inflammation.80 In this study, injection of EVs 

carrying Cre mRNA into the blood was sufficient for transfer, suggesting that immune 

cell RNA communication can act at a distance in endocrine-type signaling. However, the 

functional impact of endogenous mRNA transfer on immune cell function and inflammation 

is not yet known. Communication via long RNA transfer also is likely to occur via 

lncRNA transfer. The myeloid cell specific HIF-1α stabilizing lncRNA HISLA is packaged 

in tumor associated macrophage EVs, and treatment of breast cancer cells or tumors 

with HISLA-containing EVs enhances their aerobic glycolysis and apoptosis resistance.82 

siRNA knockdown of HISLA in tumor associated macrophages is sufficient to abrogate 

this effect, supporting a direct role for lncRNA in macrophage-to-tumor cell intercellular 

communication.82

Additional short RNAs have been implicated in cell-to-cell communication in the immune 

system. Defined fragments from the 5’ end and 3’ internal regions of tRNAs are enriched 

in EVs released by T cells in an activation-dependent manner.13 Antisense oligonucleotide 

knockdown of these tRNA fragments inhibits T cell activation.13 It is therefore interesting 

to hypothesize that both removal of tRNA fragments from donor cells as well as their 

transfer to acceptor cells could modulate T cell activation, possibly serving to equilibrate 

activation levels among a population of responding cells. Transwell co-culture assays have 

shown that snoRNAs can be transferred from wild type to snoRNA-deficient macrophages, 

with collection into nuclear punctae consistent with snoRNA activity.62 Following parabiont 

surgery with a wildtype mouse, snoRNA knockout mice show increased levels of 2’-O-

methylation in tissues with high levels of new rRNA synthesis due to rapid cell proliferation, 

a canonical sign for snoRNA activity.62 Whether this transfer occurs via snoRNA carried 

through the blood to distant site or through local secretion by migratory immune cells 

to those sites was not established. Together these data show that transfer of endogenous 

RNA within the immune system is a novel communication axis by which a donor cell may 

regulate the function and fate of target cells.

8 NONCANNONICAL FUNCTIONS OF EXTRACELLULAR RNA

exRNA communication can occur when an RNA is transferred and takes on its canonical 

cellular function within an acceptor cell. However, RNAs secreted into the extracellular 

space may also take on new or additional roles during or after transfer. Accumulating 

evidence suggests that exRNAs are capable of ligating receptors on target immune cells, 

and that this interaction may communicate signals that modify immune cell function. 

The most well-studied interaction of this type is the interaction of exRNAs with 

pattern recognition receptors (PRRs), which classically recognize exogenous pathogen-

associated molecular patterns (PAMPs) and endogenous damage-associated molecular 

patterns (DAMPs) (reviewed83). Ex-YRNA fragments as well as ex-miRNA have been 

shown to interact with the endosomal PRR Toll-like receptor 7 (TLR7) in mice and TLR8 

in humans (Figure 6). These receptors bind GU-rich single stranded RNAs of both viral and 
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endogenous origin.84,85. They can recognize very short RNAs down to ~10 nucleotides in 

length84 with GU stretches of ≥ 4 nucleotides86 The role of mouse TLR7 and human TLR8 

in recognizing these communicating endogenous exRNAs has been demonstrated through 

inhibition of endosome acidification using chloroquine63, specific chemical antagonists63, 

co-immunoprecipitation experiments87,88 and knockout of TLR7or its signaling adaptor 

MyD8887–90.

This TLR7-mediated exRNA communication contributes to pro-inflammatory signals. It 

leads to monocyte/macrophage NFκB pathway and caspase 3 activation63,87,88, as well as 

microglia and macrophage TNFα and IL-6 cytokine production87,88,90. In animal models, 

introduction of stabilized extracellular let-7b is sufficient to induce neuronal cell loss in a 

TLR7 dependent fashion, and this may have relevance for pathologic neurodegeneration as 

patients with Alzheimer’s disease have increased levels of this ex-miRNA in the CSF.90 

In addition, EV-independent ex-miR-122 released from the liver after damage can be taken 

up by macrophages in the lung and drive pulmonary inflammation.88 Activation of TLR7 

has been documented for miR-21, miR-29a, miR-147 and let-7 family members87,90, and 

in the case of let-7b the activation was shown to depend on GU-rich sequences90. To date, 

these noncanonical functions of secreted RNAs triggering TLR7 have been predominantly 

associated with cell death-associated changes in exRNA secretion. It will be important to 

determine whether this pathway is utilized in immune cell signaling in the absence of cell 

death.

exRNAs have also been shown to interact with additional PRRs, though this work has 

largely investigated roles of exRNAs in tumor cell communication rather than immune cell 

biology. The cytoplasmic PRR Retinoic acid-inducible gene I (RIG-I) has been implicated 

in exRNA communication (Figure 6). RIG-I typically recognizes short (20–300 nucleotide) 

dsRNA sequences that are 5’ tri-phosphorylated, and this receptor is capable of recognizing 

both viral RNAs as well as endogenous RNAs, typically derived from polymerase III 

transcription (reviewed91). The signal recognition particle RNA RN7SL1 can be transferred 

from stromal to breast cancer cells, bind to RIG-I receptor in target cells, and enhance 

tumor growth.92 This activity requires unshielding of the 5’ triphosphate of this RNA in 

EVs, as the endogenous cytoplasmic form of RN7SL1 is bound to RBPs to prevent RIG-I 

recognition. This EV encapsulated unshielded 5’ tri-phosphorylated RNA is also capable of 

inducing macrophage and dendritic cell maturation and activation92, suggesting it could be 

important for shaping the immune response in the tumor microenvironment. However, this 

possibility remains to be directly tested. This may expand the repertoire of ligands and scope 

of endogenous RNA recognition

9 CONCLUSIONS

In this review, we have presented emerging evidence that exRNAs constitute a novel 

communication axis within the immune system. The concept that RNAs may be readily 

transferred between cells is paradigm-shifting, challenging what has previously defined a 

single cell as an autonomous unit. exRNAs are enriched in small noncoding RNAs, are 

packaged into RNase-resistant forms, and are actively secreted from cells. They rely on 

interactions with RBPs and lipids to organize and select RNA cargos for secretion. In many 
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instances, their functions in target cells mirror their endogenous cell-autonomous function. 

However, through the ligation of PRRs they can also take on new signaling functions once 

secreted into the extracellular space. Although there is good empirical evidence that exRNAs 

are delivered to the cytoplasm of target cells with functional effects, the mechanisms of this 

delivery remain largely unknown. Many processes have been suggested to participate in the 

delivery of exRNAs to target cells including micropinocytosis, phagocytosis, endocytosis, 

and back fusion (reviewed53). However, much work remains to understand the molecular 

mechanism by which active RNAs can be delivered to an acceptor cell, and this is one of the 

most pressing questions in the field.

Within the immune system, exRNA communication has broad functions to regulate immune 

cells and inflammation. Likely we have only begun to understand their contributions to 

fundamental physiologic and pathologic processes. From the work to date, several themes 

and principles have emerged. First, a subset of exRNAs is both selectively secreted and has 

been repeatedly implicated in potent immune exRNA communication functions, especially 

ex-miRNAs miR-150, miR-155, and miR-223. Understanding the mechanisms by which 

these critical regulators act will help define principles for effective exRNA communication. 

Second, although most immune cells can participate in exRNA communication, the 

mechanism and efficiencies of this communication may vary significantly, depending on 

both the cell and its activation state. For example, determining how macrophages function 

as major recipients of exRNA communication from tissues will uncover critical features 

of exRNA communication between non-immune and immune cells. Finally, immune cell 

exRNAs may have a particularly broad reach within the body, both through delivery of 

immune exRNAs through the circulation as well as the cells’ widespread infiltration of 

tissues.

The study of exRNAs is not only of profound biological relevance, but the investigation 

of exRNA in the immune system has major implications for clinical medicine. Broad 

efforts are underway to characterize the exRNA profiles of biofluids including plasma, 

serum, urine, and cerebrospinal fluid2,20,93,94. This research will establish which exRNA 

are present in different biofluid, the steady-state levels of exRNAs in healthy individuals, 

and methodologies to facilitate and standardize the use of exRNAs as novel biomarkers 

for disease. While this new class of biomarkers offers important tools for the diagnosis 

and monitoring of disease, perhaps even more exciting are the therapeutic opportunities 

afforded through understanding endogenous exRNA transfer. In 2018 the FDA approved 

the first siRNA therapeutic delivered by lipid nanoparticles for the treatment of hereditary 

transthyretin-mediated amyloidosis95. Furthermore, the remarkable mRNA vaccines which 

addressed the COIVD-19 global pandemic used extracellular RNA-mediated delivery 

of viral proteins to induce potent immunity.96–99 In development are numerous other 

RNA-based therapies, some of which are loading siRNAs (NCT03608631) and miRNAs 

(NCT03384433) into EVs to leverage the biology of exRNA communication. exRNA 

communication is likely to both guide design of novel drug classes and afford new 

therapeutic targets. Together, strong partnerships between basic, translational, and clinical 

science will help propel this field forward and lead to exciting discoveries in this new 

domain of RNA biology.
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Figure 1: Extracellular RNA communication regulates immune cell function.
[1] Immune cells receive signals that result in their activation. [2] This stimulates the 

release of extracellular RNAs (exRNAs) and extracellular vesicles (EVs) from the donor 

cells. [3] These secreted exRNAs are of various classes and forms, some contained within 

EVs and some outside of EVs. [4] The exRNAs are delivered to acceptor cells where they 

are internalized. exRNAs can deliver signals to the acceptor cells to induce a more [5] 

pro-inflammatory response or [6] more anti-inflammatory response, which depends on the 

exRNA cell origin, initiating stimulus, form, and class.
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Figure 2: Forms of RNAs in the extracellular space.
RNAs are packaged and protected from degradation by (A) extracellular vesicles, (B) 

within Argonaute protein, (C) in protein-rich nanoparticles, and (D) bound to the surface 

of lipoprotein particles.
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Figure 3: Distribution of extracellular RNAs in extracellular vesicles.
The distribution of RNAs within populations of extracellular vesicles (EVs) is not known. 

[1] There could be one RNA macromolecule per EV, [2] multiple RNAs of identical 

sequences or classes could be packaged together, or [3] there could be a subset of EVs 

that contain many RNAs packaged together. These possibilities are not mutually exclusive 

and may depend on the identity and activation state of the donor cell.
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Figure 4: Extracellular RNA export is mediated by RBPs and lipids.
A, Various proteins and lipids are involved in RNA packaging into extracellular vesicles and 

release from the cell. [1] Upon leaving the nucleus, RNA binding proteins (RBPs) bind to 

and sort RNA into vesicles based on primary sequences and secondary structure. [2] Mature 

miRNAs packaging into vesicles can depend on Ago2 and/or HuR. [3] Membrane contact 

sites connecting the multivesicular body with the endoplasmic reticulum are important 

for RNA and lipid loading into vesicles. Additionally, interaction between RNA lipid 

raft domains may drive RNA packaging into EVs. B, Summary of RBPs involved in 

RNA packaging/export. Domain abbreviations in include RNA recognition motif (RRM), 

nuclear localization signal (NLS), helix-turn-helix (HTH) La-type RNA binding, cold shock 

domain (CSD), and Piwi Argonaut Zwille (PAZ) domains. Nucleic acid binding domains are 

highlighted in purple.
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Figure 5: Extracellular miRNAs as part of immune cell signaling to suppress target genes and 
change cell function.
Extracellular miRNAs can be communicated between immune cells (A) or between immune 

cells and tissues (C,D). Upon transfer, they can serve as post transcriptional inhibitors of 

gene expression of direct mRNA targets and affect signaling pathways within cells.
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Figure 6: Extracellular RNAs can function as pattern recognition receptor ligands.
RNA from donor cells has been shown to activate Toll-like receptor 7/8 (TLR 7/8) and 

PRR Retinoic Acid-Inducible Gene I (RIG-I). miRNA binding to TLR7/8 is dependent on 

GU-rich sequences. Activation of RIG-I by exRNA requires the RNA to have an unshielded 

5’ tri-phosphate. Evidence of RIG-I activation by extracellular RNA is in tumor cells, so its 

role in immune cell signaling and inflammation requires further study.
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Table 1:
Summary of different classes of coding and noncoding RNAs.

Size in nucleotides (nt). References (Ref) for review of RNA class included.

RNA Type Class Size Structure Function Ref

Messenger RNA 
(mRNA)

Coding Variable Single stranded with a guanine 5’ cap 
and a polyadenylated 3’ tail.

Templates the genetic code 
and is directly translated into 
protein.

100 

Transfer RNA 
(tRNA)

Noncoding, 
housekeeping

75–90 nt Three hairpin loops and stem. Anticodon 
loop base pairs with mRNA, and stem 
carries codon-specific amino acid.

Deliver amino acids to the 
nascent polypeptide chain 
during translation.

101 

Ribosomal RNA 
(rRNA)

Noncoding, 
housekeeping

120–1900 nt Complex stem loop configurations form 
large and small ribosomal subunits.

Combine with proteins to form 
the ribosome to catalyze protein 
synthesis.

102 

Long non-coding 
RNA (lncRNA)

Noncoding, 
regulatory

>200 nt Variable (linear, circular, stem loop). Chromatin remodeling, 
transcriptional regulation, 
translational regulation.

103 

Small nuclear 
RNA (snRNA)

Noncoding, 
regulatory

~150 nt 5’ trimethyl guanosine or 
monomethylphosphate cap, 3’ stem loop 
+/− polyuridinylated tail.

Component of small nuclear 
RNPs (snRNPs) that coordinate 
RNA splicing.

104 

Small nucleolar 
RNA (snoRNA)

Noncoding, 
regulatory

60–300 nt Closed loop (Box C/D) or stem loop 
(box H/ACA).

RNA modification. 105 

MicroRNA 
(miRNA)

Noncoding, 
regulatory

~22 nt Single stranded with 5’ monophosphate Post transcriptional inhibition 
of gene expression through 
mRNA targeting.

21 

Vault RNA 
(vtRNA)

Noncoding, 
regulatory

80–140 nt Stem loop. Regulate signaling pathways 
and transport of intracellular 
cargo.

106 

YRNA (YRNA) Noncoding, 
regulatory

~110 nt Stem loop. Regulate DNA replication and 
participate in RNA quality 
control.

107 
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