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Phase 2 of extracellular RNA communication
consortium charts next-generation approaches
for extracellular RNA research
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SUMMARY

The extracellular RNA communication consortium (ERCC) is an NIH-funded pro-
gram aiming to promote the development of new technologies, resources, and
knowledge about exRNAs and their carriers. After Phase 1 (2013–2018), Phase
2 of the program (ERCC2, 2019–2023) aims to fill critical gaps in knowledge
and technology to enable rigorous and reproducible methods for separation
and characterization of both bulk populations of exRNA carriers and single
EVs. ERCC2 investigators are also developing new bioinformatic pipelines to pro-
mote data integration through the exRNA atlas database. ERCC2 has established
severalWorkingGroups (Resource Sharing, Reagent Development, Data Analysis
and Coordination, Technology Development, nomenclature, and Scientific
Outreach) to promote collaboration between ERCC2 members and the broader
scientific community. We expect that ERCC2’s current and future achievements
will significantly improve our understanding of exRNA biology and the develop-
ment of accurate and efficient exRNA-based diagnostic, prognostic, and thera-
nostic biomarker assays.

INTRODUCTION

The NIH Common Fund identifies and supports emerging scientific disciplines by developing cross-cutting

programs to address critical barriers and/or to stimulate new and potentially high-impact areas of research.

All Common Fund programs are goal-driven, and as such are expected to be catalytic – producing foun-

dational tools, technology, and/or data to be shared with the broader research community to accelerate
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progress in the field. The primary objective of the NIH Common Fund Extracellular RNA Communication

Consortium (ERCC) Program is to support the development of a comprehensive set of resources to

advance research in exRNA biology and enable the development of exRNA-based biomarkers and thera-

peutics. The presence of exRNAs and their carriers in biofluids (blood, saliva, urine, breast milk, cerebro-

spinal fluid, amniotic fluid, ascites, pleural effusions, aqueous humor, ascites, bile, bronchial lavage fluid,

gastric fluid, seminal fluid, sputum, synovial fluid, sweat, tear fluid) suggests the exciting possibility that

they can provide a real-time window into fundamental biological systems involved in human health and dis-

eases (Max et al., 2018; Yan et al., 2020; Zhou et al., 2019), and perhaps serve as a means to modulate them.

However, progress in this field is still hindered by significant gaps in the available methods, technologies,

and resources for the analysis of exRNA molecules and their carriers.

The heterogeneity in the relative abundance of carrier subclasses, not only among different biofluids and

source cell types, but also from donor-to-donor and experiment-to-experiment, has been a major imped-

iment to progress toward understanding exRNA biogenesis and function (Gruner andMcManus, 2021), and

applying exRNAs as clinical biomarkers. Of the three major classes of exRNA carriers — extracellular ves-

icles (EVs), lipoprotein particles (LPPs), and free ribonucleoproteins (RNPs) — EVs have so far received the

most attention, although a substantial fraction of the exRNAs present in biofluids is associated with non-EV

carriers (Arroyo et al., 2011; Chevillet et al., 2014; Jeppesen et al., 2019; Turchinovich et al., 2011; Zhang

et al., 2021). Moreover, within each class of carriers, multiple subclasses display tremendous diversity by

physical characteristics (e.g., size, density, and surface charge), molecular composition, and cellular origin.

Figure 1 illustrates several attributes of the diverse range of exRNA carriers that are the focus of the ERCC2

efforts.

Among the smallest exRNA carriers, RNPs are relatively homogeneous in size (average 4–30 nm), and there

are several established techniques for their purification, quantification, and characterization based on their

chemical, physical, or functional properties. However, beyond a few RNPs that have been extensively char-

acterized as exRNA carriers (Fabbiano et al., 2020), there is still no study that has systematically validated

the global impact of RNPs on the exRNA profile of different biofluids. Importantly, it is known that RNPs can

assemble with RNA into granular structures initiated by phase-transition or aggregation mechanisms (Lin

et al., 2015). It is possible that these structures could represent a form of carrier protecting RNA from degra-

dation in the extracellular space. On the other end of the size spectrum, large EVs (such as oncosomes (Mo-

rello et al., 2013)), chylomicrons, and organelles (such as mitochondria (Al Amir Dache et al., 2020)) are large

enough (>500 nm) to visualize by light microscopy or flow cytometry, allowing facile verification of purity/

enrichment after fractionation, and sufficient material for characterizing their molecular composition. In be-

tween, a plethora of diverse exRNA carriers ranging in size from 10 nm (e.g., HDL) to 500 nm (e.g., EVs/LDL/

VLDL), with most being smaller than 200 nm, are difficult to separate and characterize using standard

methods. Layered on this carrier subclass heterogeneity, biofluids contain contributions from multiple

cell types from a variety of tissues. The contributions of these cells and tissues to the exRNA pool can

vary from donor-to-donor and be influenced by both normal physiological variables (e.g., diet, age, time

of day) and disease state. Importantly, viral infections not only impact EV profiles from host cells (Martin-

Jaular et al., 2021), but also lead to the accumulation of virion particles in biofluids. As virions encapsulate

not only viral nucleic acids but also cellular RNA (Berkowitz et al., 1996), they can also serve as exRNA car-

riers. Interestingly, the recent emphasis on development of diagnostic tests for viral infections has led to

technical innovations in enzyme-based viral nucleic acid and immunoassay-based viral protein detection

techniques (Cassedy et al., 2021; Suea-Ngam et al., 2020) that can be adapted to exRNA carrier separation

and characterization.

There is a critical need to develop comprehensive inventories of the cargo of exRNA carrier subclasses

(for which subclass assignments are verified by their physical and molecular characteristics) to enable the

development and validation of efficient and effective experimental and computational approaches to ac-

count for carrier subclass heterogeneity. This is because even reference-free deconvolution methods that

do not require reference profiles to be defined before the deconvolution step (Decamps et al., 2020; Mu-

rillo et al., 2019) must be experimentally validated (Avila Cobos et al., 2020; Murillo et al., 2019). Although

the availability of RNA-seq datasets capturing small and total RNA transcriptomes from diverse human

tissues and cell types (deRie et al., 2017; Lorenzi et al., 2021; Melé et al., 2015), biofluids (Hulstaert

et al., 2020; Murillo et al., 2019), and human organs at the single cell level (Regev et al., 2017; Uhlén

et al., 2015), can be useful, dedicated datasets comprised comprehensive cargo profiling from multiple
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Figure 1. Diversity of exRNA carriers in biofluids

exRNA are associated with a plethora of carriers ranging from a few nanometers to several microns. Although EVs are the

most studied exRNA carriers, RNPs, exomeres, supermeres, lipoproteins, and extracellular organelles are associated with

a high proportion of exRNA in biofluids. Their relative abundance may explain the specific exRNA biotype composition

observed in distinct biofluids. During viral infection, RNA viruses also constitute a significant exRNA carrier in specific

biofluids, a property exploited for diagnostics. Here, all known exRNA carriers are represented at scale thereby

illustrating their high size heterogeneity, and the challenge to fractionate them in parallel. Acronyms: RNP:

ribonucleoprotein; HDL. High-density lipoprotein; LDL: Low-density lipoprotein; VLDL: Very-Low Density Lipoprotein;

EVs: extracellular vesicles; SARS-Cov-2: severe acute respiratory syndrome coronavirus two; HIV-1: Human

immunodeficiency virus 1.
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carrier classes rigorously separated to high purity from the same biofluid source are needed for rigorous

validation.

It is important to ensure that studies aimed at studying specific carriers are not confounded by unin-

tended co-isolation of different classes of carriers, or contamination by endogenous or exogenous
iScience 25, 104653, August 19, 2022 3
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RNAs that are introduced during the processes of carrier separation, exRNA isolation, or analysis.

Approaches to overcome this hurdle include: bulk isolation and characterization of each carrier subclass;

single-carrier characterization; and experimental or computational estimation of the abundance of

each carrier subclass. However, for most of these approaches, this requires knowledge and/or

technologies that are not readily available, or that are not applicable for clinical samples because of their

high variability, complexity, and/or their requirement of high input volume of biofluids. These ap-

proaches can be divided into bulk and single-carrier analyses, each of which involves unique technical

challenges.

Bulk separation and analysis of carrier subclasses require reproducible and scalable methods for efficient

separation of carriers according to their physical and/or molecular properties and accurate low-input mo-

lecular profiling methods. This is challenging because of large differences in the biophysical characteristics

of exRNA carriers in biofluids. A major limitation of bulk separation methods (e.g., size exclusion chroma-

tography, differential centrifugation, density gradient ultracentrifugation) is their inability to cleanly sepa-

rate even the major exRNA carrier classes. However, ongoing efforts to combine several of these methods

within integrated exRNA carrier isolation pipelines have resulted in improved separation (Benedikter et al.,

2017; Li et al., 2018a; Wei et al., 2020), but at the cost of lengthy procedures requiring large amounts of

starting material, making them difficult to implement in a high-throughput manner. Alternatively, affinity

capture approaches can enrich specific exRNA carriers based on molecular markers, are amenable to auto-

mation, and can operate on low-volume samples. However, the current lack of validated affinity reagents

for isolating even the major exRNA carriers, and difficulties in multiplexing these assays from a single bio-

fluid source limit their widespread application. Such challenges may be addressed by highly promising mi-

crofluidic microfluidics technologies that incorporate carrier separation and/or exRNA detection in a single

device (Meng et al., 2021).

Importantly, current exRNA profiling methods allow for profiling of small and long exRNA fragments from

total biofluids, themajor carrier classes (EVs, RNPs, and lipoproteins), and themore recently described exo-

mere and supermeres (Hulstaert et al., 2021; Murillo et al., 2019; Rodosthenous et al., 2020; Srinivasan et al.,

2019; Zhang et al., 2021). However, profiling of exRNAs associated with less abundant subclasses, or iso-

lated from low volume biofluid samples, will require further improvements in the sensitivity of exRNA

profilingmethods. The development of next-generation RNA sequencing kits designed for ultra-low or sin-

gle-cell RNA input material (Picelli et al., 2014), and their adaptation for sequencing EV-associated long

RNAs (Rodosthenous et al., 2020) are key advances toward this goal. The use of Unique Molecular identi-

fiers (UMIs) and spike-in synthetic RNA sequences, are proven approaches for enablingmore rigorous qual-

ity control and quantitative analysis of the resulting RNA sequencing data (Hulstaert et al., 2020; Munchel

et al., 2020; Rasmussen et al., 2022). Strategies for enrichment or depletion of specific RNA biotypes (e.g.,

mRNA, microRNA, tRNA, snRNA, snoRNA, piRNA), using either sequence-based (Hulstaert et al., 2021;

Munchel et al., 2020; Rasmussen et al., 2022) or carrier-based (Arroyo et al., 2011) approaches have been

shown to improve the quality of profiling data for various biotypes. In addition to the more commonly stud-

ied miRNA and mRNA biotypes, techniques enabling measurement of circular RNA (circRNA) in biofluids

have been recently developed (Chen et al., 2020; Hulstaert et al., 2020; Hutchins et al., 2021; Kölling et al.,

2019). circRNAs are particularly interesting targets for biomarker studies because the absence of 50 and
30 ends protects them from degradation by circulating exonucleases, possibly explaining why they are

markedly enriched in biofluids in comparison to tissues (Hulstaert et al., 2020).

Recent developments in single-particle/single-molecule imaging and flow cytometry approaches are rele-

vant to single-carrier analysis, with most efforts focused on the study of EVs, rather than other exRNA car-

riers. Even with this relatively large and experimentally tractable carrier subclass, single-EV analysis is

impeded by low numbers of target molecules on a per-EV basis. Experimental measurement of carrier sub-

class distribution in a complex biofluid is also limited by the lack of reagents (e.g., antibodies or dyes) and

methods for accurate quantification of specific biomolecules, particularly biomolecules specific to a given

carrier subclass.
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The ERCC2 initiative: Decoding exRNA complexity in biofluids

Phase 1 of the ERCC Program (ERCC1, 2013–2018) was designed to: (1) better understand the basic mech-

anisms responsible for exRNA biogenesis, export from source cells, and uptake and function in recipient

cells; (2) establish reproducible methods for exRNA isolation and profiling from various human biofluids;
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Figure 2. ERCC2 Integrated technological development for exRNA separation and detection

The aim of ERCC2 is not only to combine and refine existing methods, but also to develop innovative technologies, in

order to improve the multiplexed characterization of cargo-specific exRNA signatures from clinical samples, toward their

implementation in disease biomarkers strategies. AF4, Asymmetric flow field flow fractionation; HF-TFF, hollow fiber

tangential flow filtration; GF, gel filtration; F, filtration; RPS, resistive pulse sensing; NTA, nanoparticle tracking analysis;

SERS, Surface-enhanced Raman spectroscopy; FLUO, fluorescence; DC, differential centrifugation; DGUC, density-

gradient ultracentrifugation
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(3) build a computational framework to enable efficient analysis and distribution of exRNA profiling data;

and (4) demonstrate the utility of exRNAs as biomarkers and therapeutics (Das et al., 2019). and its exten-

sion Phase 2 of the ERCC Program (ERCC2) was launched in September 2019, and is focused on three goals

to address the outstanding bottlenecks identified in the course of Phase 1: First, is the further development

of a Data Management and Resource Repository, including the extension of the exRNA Atlas Resource to

accommodate nano flow cytometry data. Second, is the development of improved separation techniques

for sorting exRNA carrier vehicles and their associated molecular cargo. Third, is the development and vali-

dation of improved single EV isolation and analysis tools. How these technologies apply to single EV anal-

ysis and/or carrier separation is illustrated in Figure 2.

The ERCC2-based effort, involving more than 30 research groups across more than 25 institutions, con-

tinues to follow the ERCC1 model, including the establishment of cross-project working groups and coor-

dination of large-scale studies to address shared challenges. Moreover, ERCC2 operates in close coordi-

nation with scientific societies, including the American Society of Exosomes and Microvesicles (ASEMV,

www.asemv.org) and the International Society of Extracellular Vesicles (ISEV, www.isev.org), in order to up-

date existing exRNA-related protocols, metadata, and data recommendations and guidelines (Mateescu

et al., 2017; Théry et al., 2018; Welsh et al., 2020), promote scientific exchange, and emphasize the need

for rigor and reproducibility in the field of EV and exRNA research. Although this article is focused on

ERCC2 priorities and efforts, it is important to note that ERCC2 operates within the rapidly growing field

of exRNA/EV research, where groups across the world are developing innovative technologies for EV

bead-based capture (Mitchell et al., 2021), exRNA sequencing (Hulstaert et al., 2021; Munchel et al.,

2020), and automated EV enrichment (Y. Chen et al., 2021).

Data Management and Resource Repository (DMRR) for extracellular RNA

The overall programmatic goal of the DMRR is to integrate the efforts of all funded components of the

ERCC and serve as a community-wide resource for extracellular RNA (exRNA) standards, protocols, and

data.
iScience 25, 104653, August 19, 2022 5
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The generation of high-volume sequencing data has become a routine part of genome research, genetics,

and the nascent field of precision medicine. With increasing interest in exRNA biology, the ability of re-

searchers to make discoveries and extract clinically relevant knowledge from these data requires access

to new types of tools and analytical approaches. However, the specialized tools and the expertise required

to develop and implement effective informatics solutions are beyond the reach of most researchers.

To address this problem, a team led by Aleksandar Milosavljevic, Ph.D. (Baylor College of Medicine, con-

tact PI); David J. Galas, Ph.D. (Pacific Northwest Research Institute); Mark Bender Gerstein, Ph.D. (Yale Uni-

versity); and Matthew E. Roth, Ph.D. (Administrative Core of the DMRR, Baylor College of Medicine)

continue to develop and host exRNA portal resources and tools for exRNA biology. The DMRR efforts

of ERCC2 build on the infrastructure and computational tools developed in ERCC1 and aim to explore

novel mechanisms to collect, identify, and characterize exRNA biotypes. The DMRR team, in collaboration

with ERCC2 investigators, explores the use of computational deconvolution to complement physical sep-

aration and isolation methodologies, and to better characterize exRNA carriers and their cargo. By further

extending the metadata standards established in ERCC1, the DMRR’s exRNA Atlas will continue to expand

to become a unique data repository utilizing the emerging federated Data Commons based upon Find-

able, Accessible, Interoperable, and Reusable (FAIR) principles (Wilkinson et al., 2016). ERCC data are

linked with geographically distributed resources, thereby contributing to a continuous cycle of expanding

knowledge and free flow of information. An agile DMRR governance structure ensures responsiveness to

the input from all ERCC2 members and community stakeholders. Outreach and training is targeted to

various levels of expertise to ensure an ongoing engagement with a diverse community of users and con-

tributors. By accomplishing these goals, the DMRR empowers researchers beyond the ERCC to make dis-

coveries using exRNA datasets hosted within the exRNA Atlas and to extract from these datasets new

knowledge to improve human health.

Advancing extracellular RNA (exRNA) communication research: Improved isolation and

analysis of exRNA carrier subclasses

Circulating extracellular RNAs (exRNAs) can act as intracellular signaling molecules, both locally and sys-

temically, but very little is known about specific components of these communication pathways. One

reason for the paucity of understanding about exRNAs is that they are transported in body fluids in asso-

ciation with a variety of carrier vehicles of varying complexity, including EVs, RNPs, and lipoproteins (LPPs).

These distinct carriers protect exRNAs from degradation and are thought to contribute to the bio-

distribution, uptake, and functional impact of exRNAs in target cells. The following projects in ERCC2

aim to develop and evaluate innovative separation tools, technologies, and approaches that will enable

the scientific community to rapidly and reproducibly sort complex biofluids into homogeneous carrier pop-

ulations of EVs (including EV subsets), RNPs, and LPPs, and that will also support high-throughput isolation

and analysis of their exRNA content and associated exRNA cargo.

A team led by Hsueh-Chia Chang (University of Notre Dame, contact PI) aims to develop and integrate a

suite of high-throughput microfluidic technologies that will encompass the entire analysis process – sepa-

ration and isolation of exRNA carriers, and sensitive/selective quantification of carriers with specific surface

markers and their RNAs, proteins, and lipids. The goal is to be able to complete the analysis for a minimal

volume of human plasma in a few hours. The first carrier isolation module is an asymmetric nanopore mem-

brane (ANM) ultrafiltration technology with tangential cross-flow for selective isolation of 50–200 nm EVs

from other nanocarriers with >85% purity. ANM is an ion-track membrane with a conic pore geometry

that increases throughput, reduces protein fouling, and minimizes EV lysing/fusion (Wang et al., 2021a).

Downstream units include a continuous isoelectric fractionation (CIF) module with a pH actuating bipolar

membrane (Cheng and Chang, 2014) and a magnetic nanopore membrane (MNM) module for superpar-

amagnetic bead immunocapture. They separate other nanocarriers (LLP and RNP) and fractionate addi-

tional subsets of each carrier. Downstream sensor technologies for the various fractionated streams include

a membrane sensor for high-abundance exRNA/protein (>106 copies per 100 mL) and LLP/EV (>103 parti-

cles per 100 mL) (Ramshani et al., 2019) and digital droplet/microwell platforms (L. Chen et al., 2021; Pan

et al., 2018) for lower concentrations.

Bob Coffey (Vanderbilt University Medical Center, contact PI), Al Charest (Beth Israel Deaconess Medical

Center, Harvard Medical School, co-PI), et al. plan to uncover exRNA and protein determinants of secreted

vesicles and nanoparticles (exomeres and supermeres) by serial ultracentrifugation and optimized density
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gradient centrifugation (Jeppesen et al., 2019; Zhang et al., 2021; Zhang et al., 2019) and flow cytometric

methodologies (Jeppesen et al., 2019; Zhang et al., 2019). They will utilize fluorescence-activated vesicle

sorting (FAVS) (Higginbotham et al., 2016) to analyze and sort specific EV subpopulations on a per vesicle

basis. RNA carriers will be divided into classic exosomal EVs, non-exosomal EVs, as well as other nanopar-

ticle constituents, such as exomeres and supermeres. The project will compare colorectal cancer (CRC)-

and Glioblastoma (GBM)-secreted EV and nanoparticle heterogeneity. The Coffey group has demon-

strated the capability of FAVS to purify small EVs derived from CRC and GBM models, patient-derived

xenografts (PDXs) and plasma. The team intends to optimize the FAVS pipeline by: (1) validating pre-pro-

cessing steps separating EVs based on their physical heterogeneity; (2) testing new candidate reagents for

use with FAVS that more clearly delineate EV and nanoparticle subsets; and (3) uncovering markers of EVs

and nanoparticles. Antibodies to total and conformationally active EGFR, as well as other targets, will be

used to purify secreted subsets from these cancers.

A multi-institutional team led by Louise Laurent (University of California San Diego, contact PI) will focus on

using immunoaffinity separation (IMS) for isolation of exRNA carrier subclasses (CSs). This transdisciplinary

team, with expertise in exRNA and lipoprotein biology (Li et al., 2018b), exRNA biomarker discovery (Chen-

Plotkin et al., 2018; Srinivasan et al., 2020; Xiao et al., 2017), exRNA sequencing (Rodosthenous et al., 2020;

Srinivasan et al., 2019), low-input proteomics (Tsai et al., 2021), lipidomics (Wang et al., 2021b), and flow

cytometry (Görgens and Nolan, 2020; Nolan and Duggan, 2018; Welsh et al., 2020), will work together to

develop and apply a rigorous, reproducible, efficient, scalable, and cost-effective workflow for preparative

isolation of subtypes of EVs, RNPs, and LPPs for downstream-omics analysis. This team’s initial approach

will be to use antibodies conjugated to magnetic nanoparticles, but they will also explore the use of multi-

plex bead-based flow sorting for even more efficient separation of CSs. The cargo of these CSs will then be

characterized using small and long RNAseq, proteomics, and lipidomics. Thus, this program will both

develop a rigorous workflow for the separation of exRNA CSs that reproducibly and rapidly produces frac-

tions that are highly enriched for the desired CSs with minimal contamination by other CSs in a cost-effec-

tive manner on clinically feasible volumes of input material and generate comprehensive reference

profiling data on the RNA, protein, and lipid cargo carried by previously known and novel CSs.

Bogdan Mateescu (University of Zürich) is leading the Purification of exRNA by Immuno-capture and Sorting

using Microfluidics (PRISM) project together with Robert Raffai (University of California), Kendall Van Keu-

ren-Jensen (TGEN), and Andrew deMello (ETH Zürich). This transdisciplinary team with expertise in lipopro-

teins, RNA and EVs biology (Li et al., 2018a, 2018b; Mateescu et al., 2017), exRNA sequencing (Yeri et al.,

2017), and microfluidics (Hess et al., 2021; Holzner et al., 2021) aims to improve the sensitivity and specificity

of exRNA-based diagnostic assays. First, the team will develop viscoelastic microfluidics platforms allowing

the size-based separation of sub-micron particles to promote facile enrichment of exRNA nanocarriers from

unprocessed biofluids. Second, the team will establish a discovery pipeline combining bioinformatics,

biochemical, andgenetic approaches to identify andpurify newextracellular RNPs (exRBPs) stabilizing specific

exRNA sequences or biotypes (e.g., mRNA and miRNA) in biofluids. Finally, the team will combine microflui-

dics and multiplexed bead pull-down assays for the parallel isolation of multiple exRNA carriers (exRBPs, EVs,

LPPs) from the same biofluid sample, with the objective to increase the discovery rate of informative RNA bio-

markers. The efficiency and yield of PRISM technologies will bemonitored bymolecular analysis, imaging and

nano-flow cytometry after spiking biofluids with fluorescent exRNA carriers specifically engineered as part of

the project, and compared to gold standard exRNA carrier separation approaches.

An international group led by Kenneth Witwer (Johns Hopkins University) is developing new strategies and

controls to ensure that comparisons of exRNA carriers are not confounded by co-isolation or contamina-

tion. The team includes experts on EVs, LPPs, and RNPs, along with experts in cutting-edge separation

and characterization methods (Arab et al., 2021; Gámbaro et al., 2020; Martin-Jaular et al., 2021; Zhu

et al., 2019). They will use combinations of physical and biochemical separation methods to separate up

to eight subtypes of exRNA carriers from the same biological samples and with the best achievable purity

and then produce ‘‘gold standard’’ proteomic, lipidomic, glycomic, and RNomic datasets for each. Care-

fully designed ‘‘process’’ controls will identify contaminants and other artifacts. The team will also test and

refine techniques using asymmetric field-flow fractionation (AF4) and affinity capture platforms to improve

the speed, resolution, and purity. In a follow-on phase, validation studies will be followed by assessments of

biological factors such as diet and neurodegeneration. Throughout, attention will be paid to stability of

RNA species (Tosar et al., 2021).
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Advancing extracellular RNA (exRNA) communication research: Toward single extracellular

vesicle (EV) sorting, isolation, and analysis of cargo

The ability to isolate and analyze single EVs from human biofluids would provide a unique opportunity to

understand the cell or tissue from which their respective exRNA cargos originate (i.e., cell type-associated

EV heterogeneity) and, importantly, add significant depth to our understanding of exRNA communication.

However, several critical limitations exist with all available methods for individual EV isolation and analysis.

Current approaches to the isolation and study of EVs lack the necessary sensitivity and precision to fully

characterize and understand the make-up and the distribution of various EV subpopulations that may be

present. Most current EV isolation methodologies, including differential centrifugation, affinity-based

isolation, polymer-based precipitation, and size exclusion chromatography, are prone to contamination;

for example, affinity methods can be adversely affected by non-specific interactions that can cause co-pre-

cipitation of contaminants with EVs. In addition, these bulk techniques can only report information that is

averaged over many millions of EVs, and thus cannot be used to understand the high degree of EV hetero-

geneity. Yet, understanding the diversity of EVs and the cargos they carry is an essential step toward gain-

ing a better understanding of the precise roles EVs play in both physiological and pathophysiological pro-

cesses. This understanding, in turn, is important toward realizing the potential of EVs in diagnostics (e.g., as

a new class of biomarkers) and therapeutics (e.g., as drug carriers).

Thus, the common goal of the following ERCC2 projects is to develop and demonstrate innovative tech-

nologies and reagents toward isolating single EVs and to characterize the exRNA cargos associated

with specific EV subpopulations based on the cell of origin and their intended target cell. Shedding light

on the diversity of exRNAs carried by EVs will allow for a better understanding of the precise role of exRNAs

as signaling molecules for both physiological and pathophysiological processes, ultimately accelerating

the development of exRNAs as diagnostics and therapeutics.

Daniel T. Chiu (University of Washington, contact PI) et al. are applying new single-molecule technologies

to single EV sorting and analysis. These new techniques include a nanoscale flow analyzer and flow sorter

for the analysis and sorting of individual EVs with high sensitivity and high throughput as well as a digital

PCR approach for quantifying the nucleic-acid contents of EVs. Specifically, the single-molecule nanoscale

flow analyzer has been demonstrated to offer unprecedented sensitivity and resolution in sizing and im-

muno-phenotyping of single EVs and in determining the copy number of surface markers on individual

EVs. As a first demonstration, the new instrument has sized and quantified the tetraspanin distribution

on individual semen exosomes. The assembled team is well positioned to develop and apply next-gener-

ation techniques for deep EV analysis, with expertise in single-molecule technologies (Andronico et al.,

2021; Jiang et al., 2021), EV purification and biology (Jauregui et al., 2018; Vojtech et al., 2019), and RNA

sequencing and nucleic-acid analysis (Giraldez et al., 2018, 2019).

Saumya Das (Massachusetts General Hospital, contact PI) et al. seek to leverage a novel quantitative single-

molecule localization microscopy (qSMLM) approach combined with novel murine models and organ-on-

chips for molecular phenotyping of EVs to define their origin and targets. This collaborative multi-PI pro-

gram includes Tijana Jovanovic-Talisman and Kendall Van Keuren-Jensen, and has expertise in EV RNAseq

(Rodosthenous et al., 2020), models to study EV-mediated signaling (Li et al., 2021), and molecular imaging

(Lennon et al., 2019). Specifically, this team will identify cell/tissue-specific markers using computational

analysis, transcriptomics, and EV-tracking in genetic mouse models. Individual EVs and EV-RNAs will be

characterized with qSMLM and nano-flow cytometry to quantify the number of affinity isolated EVs, their

size, and key RNA content using molecular beacons. The identified tissue-specific EV-markers and EV-

RNAs will be used for (1) determining cellular/tissue contribution to EV-RNAs from Tissue-Chip effluents

and (2) assessing dynamic changes in EVs from human plasma from subjects with acute disease or physi-

ological processes. These proposed experiments will help determine the contribution of different tissues

to the plasma biofluid EV-RNA landscape at baseline and in response to physiological or disease stressors

and enable the use of tissue-specific EV-RNAs to probe disease states with higher sensitivity and fidelity

compared to currently available technologies.

Ionita Ghiran (Harvard Medical School, contact PI) et al. from NIH (Jennifer Jones) and BCM (Aleksandar

Milosavljevic) seek to apply an integrative, multi-parametric approach to the characterization of the EV sur-

face protein and nucleic acid landscape. These studies will utilize a collaborative approach aimed at

streamlining EV analyses and improving antigen detection by: (1) detection of specific RNA/ssDNA
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molecules in EV populations by combining nano-flow cytometry and molecular beacons (Oliveira et al.,

2020), (2) the use of molecular nano-tags for EV antigen detection, using nano-flow cytometry (Morales-Kas-

tresana et al., 2020), and (3) the integration of RNA and protein multidimensional analyses by a dedicated

cloud-based, free, bioinformatics pipeline. The results of this effort seek to provide the scientific commu-

nity with: (1) new methods for EV sorting, detection of specific proteins, RNA/ssDNA molecules on EV sub-

populations with a sensitivity currently unattained by any large-scale technique; (2) and protocols necessary

for standardization across labs and to translation to clinical practice; and (3) bioinformatics infrastructure

necessary for the extraction of subtle but relevant data present in multi-parametric analyses.

Eduardo Reátegui (The Ohio State University, contact PI) et al. are leveraging their expertise in microflui-

dics, EV characterization, molecular imaging, glioma diagnosis, and RNA profiling (Hu et al., 2017; Reátegui

et al., 2018) for developing microfluidic arrays for EV sorting, isolation, and RNA analysis. The system will

utilize size exclusion chromatography to first sort biofluid EVs into defined size-based subpopulations,

and then distribute each subpopulation into a set of parallel microfluidic channels where each channel is

patterned with several microdomains tethered to antibodies for enriched isolating/capturing of specific

membrane protein single EVs in the subpopulation. Molecular beacons will be added to detect specific

RNA targets via RNA hybridization. Finally, fluorescence-labeled antibodies will be incorporated into

each microchannel to quantify the target membrane protein content of the captured single EVs. Develop-

ment and proof-of-concept demonstrations of this novel technology will be conducted with a small-scale

array for selected RNA and protein targets using EVs released from glioblastoma (GBM) cell lines. Once

validated, the project will scale up the biochip system design for high-throughput analysis of EVs from

serum and cerebrospinal fluid (CSF) from GBM patients, seeking to identify GBM EV subpopulations

that may be involved in immunosuppression and/or associated with worse clinical outcomes.

David Routenberg (Meso Scale Diagnostics, contact PI) and his team are developing multi-marker EV

screening and isolation techniques to identify and purify specific populations of EVs. These will be com-

bined with advanced flow analyzer instrumentation tomeasure the distribution of proteins and RNAs within

EV subpopulations. The team is developing a new highly multiplexed proximity-based immunosequencing

assay for rapid combinatorial analysis of surface markers co-localized on EV populations of interest. This

approach will be used to identify unique EV surface signatures representative of EVs from specific cell

and tissue types. The screening methods will work in tandem with novel immunoaffinity isolation methods

being developed to selectively capture EVs having specific multi-marker signatures. The goal is to produce

highly enriched populations of EVs from specific cell and tissue types to facilitate more targeted studies of

their molecular contents using single EV analytical methods. The team is also developing advanced flow

analyzer instrumentation to improve detection sensitivity for small EVs and their molecular cargo.

David Wong (University of California Los Angeles, contact PI) et al. will develop an innovative technology,

AcoustoFluidic Separation (AFS) coupling with Surface Enhanced Raman Spectroscopy (SERS), toward sin-

gle EV isolation to characterize exRNA cargos associated with EV subpopulations based on the cells of

origin, intended target cells, and biofluids. This team will develop: (1) AFS technology as a standard oper-

ating procedure (SOP) (Hao et al., 2020a, 2020b; Wang et al., 2020; Xie et al., 2020); (2) SERS for EV finger-

printing and co-localization of exRNA targets to single EVs (Yan et al., 2019; Yu et al., 2020); (3) two inde-

pendent ‘‘Rigor and Reproducibility Labs (R&R Labs)’’ to evaluate the AFS SOP; and (4) approaches to share

strategies, protocols, tools with the broader scientific community. These steps will enable the team to opti-

mize and scale up the AFS SOP; perform sorting, tracking of validated salivary exRNA biomarkers for gastric

cancer from cells of origin, to blood, to salivary glands, and to saliva; identify ‘‘R&R Labs’’ to optimize AFS

technology; and share strategies, protocols, tools with the broader scientific community. These steps will

constitute the foundation of ‘‘exRNA Saliva Liquid Biopsy (exRNA-SLB)’’ where the diagnostic and thera-

peutic functionality of exRNAs can be fully realized by analyzing with machine learning algorithms for

the range of EV subpopulations harboring molecular cargos associated with pathology.
The ERCC2 benchmarking initiative

As a means of demonstrating the impact of consortium efforts on improving methods for single EV analysis

and exRNA carrier separation, a benchmarking effort is being undertaken within the ERCC2 groups of

teams (Figure 3). To improve the resolution, robustness, and reproducibility of single EV studies, Working

Group 1 (WG1, Reference Material and Standardization) is responsible for coordinating the assembly and

validation of reference materials and reagents, as well as for preparing standardization protocols for use
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The ERCC2 groups are working together on a benchmarking study aiming at evaluating the performance of the ERCC2-

driven technologies. This initiative not only aims at homogenizing practice and calibration tools, but also to promote rigor

and reproducibility within ERCC2 and members of the scientific community at large.
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across the Consortium, as well as public dissemination. The activities of WG1 include generation and dis-

tribution of large volumes of pooled reference plasma samples prepared by the Laurent group, and condi-

tioned cell culture media and EVs produced from the DiFi colorectal cancer cell line in a hollow-fiber biore-

actor by the Coffey group. TheMateescu and Raffai groups have jointly produced a series of highly purified

fluorescently labeled exRNA carriers (lipoproteins, EVs, RNA granules, etc.) that can be used as spike-in

reagents for monitoring exRNA carrier separation efficiency. WG2 (NanoFlow Cytometry) is focused on

benchmarking the performance of nano-flow cytometry methods for phenotyping of single EVs. Working

together with WG1, WG2 is validating exRNA carriers and synthetic particles for calibrating instrumenta-

tion among participating sites, with the primary objective of establishing standard operating procedures
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(SOPs) and analysis methods for determining the limit of detection and absolute count of single EVs, as well

as for benchmarking all nano-flow cytometry approaches developed within ERCC2. WG3 (Affinity Capture

& Detection) is testing and validating a series of reagents for capturing and detecting exRNA carriers. They

will establish benchmarks for measuring yield, reproducibility, sensitivity, and specificity of exRNA carrier

separation and analysis approaches used across the ERCC2. Finally, WG4 (Microfluidics) is focusing on mi-

crofluidics-based exRNA carrier separation and detection. In coordination with WG1 and WG2, WG4 is

leveraging selected reference materials to benchmark the performance (e.g., speed, sorting efficiency,

and limit of detection limit) of the microfluidics technologies developed by ERCC2 members. Rigor and

reproducibility efforts in the ERCC2 include the transfer of instruments and protocols to laboratories within

and outside the Consortium for validation studies.
ERCC2: Early impact

To date, the ERCC2 effort has already contributed to the body of knowledge about EVs and other exRNA

carriers and produced several resources for the field. These include not only advances in instrumentation

and the development of new methods, but also the identification of functional biological signatures for a

variety of diseases and physiological states.

TheWitwer team has found that inhibition of extracellular RNases dramatically alters extracellular RNA pro-

files, stabilizing (non-vesicular) extracellular ribosomes and tRNAs (Tosar et al., 2020). They demonstrated

the extracellular biogenesis of non-vesicular rRNA and tRNA-derived fragments, with strong implications in

our understanding of RNA release mechanisms (Tosar et al., 2021). This also highlights the importance of

considering extracellular RNA stability when using non-vesicular RNAs as biomarkers (Tosar and Cayota,

2020). Additional ERCC2 work from the Witwer group has been published relating to extracellular ribo-

somes and tRNA-derived fragments (Gámbaro et al., 2020); transcriptomic analysis of EVs released from

retinal epithelial cells (Ahn et al., 2021) and during HIV infection (Zhao et al., 2020); in-depth proteomic anal-

ysis of EVs during HIV-1 infection as part of a collaboration with the Thery lab (Martin-Jaular et al., 2021),

and the development and comparison of methods for EV and lipoprotein separation and characterization

(Arab et al., 2021; Huang et al., 2020; Royo et al., 2020; Zheng et al., 2021)

The Coffey group recently published the characterization of a new class of exRNA carriers, named super-

meres (supernatant of exomeres) (Zhang et al., 2021), which are distinct from the previously characterized

exomeres, lipoproteins and EVs. Importantly, they discovered that more exRNAs are associated with super-

meres than small EVs and exomeres, and that the cargo of supermeres is characterized by highly enriched

RNAs (e.g., miR-1246) and proteins (e.g., TGFBI), therefore opening new possibilities for exRNA-based

biomarker analysis.

The Reátegui team has published manuscripts relating to three key technology components that would

enable the molecular analysis of single EVs, including an immunomagnetic sequential ultrafiltration-based

EV purification method (Zhang et al., 2021), antibody-based microdomains for microfluidic channels (Rima

et al., 2020), and a large-scale generation of RNA encapsulated extracellular vesicles through cellular nano-

electroporation (Yang et al., 2020).

In the field of cardiovascular disease, Das and Van Keuren-Jensen have reported new methods and pipe-

lines for performing long RNAseq (transcriptome) from plasma and EVs with a goal of identifying tissue-

specific transcripts (Rodosthenous et al., 2020), and further demonstrated a role for RBC-derived EVs in

a mouse model of ischemic heart disease (Das et al., 2019).

The Mateescu team has reported new technological developments and the potential impact of specific ex-

RNA carriers. Robert Raffai’s group gained insight into the function of macrophage-exosomes as potent

modulators of inflammation via their microRNA cargo (Bouchareychas et al., 2020, 2021). Exosomes pro-

duced by macrophages cultured with the anti-inflammatory cytokine IL-4 or in the presence of elevated

glucose levels were enriched with miRNAs that were responsible for controlling excessive hematopoiesis,

monocytosis, and atherosclerotic lesion inflammation in mice with hyperlipidemia. Ongoing studies are

exploring the value of macrophage exosomes as biomarkers of cardiovascular disease severity and as ther-

apeutics for other inflammatory diseases. Andrew de-Mello’s group has developed a novel microfluidics

technology based on oscillatory viscoelastic focusing to separate nanoscale species, and in particular

EVs, from a complex size mixture (Asghari et al., 2020). Building on similar principles, they are now
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developing a next-generation microfluidics device to enable fractionation of unprocessed biofluids for ex-

RNA analysis.

Also, in the field of microfluidics, the Wong and Huang teams have published a study using an acoustoflui-

dic platform for EV isolation, including saliva. Specifically, the Huang group specializes in the use of surface

acoustic waves to manipulate and isolate biological nanoparticles based on differences in their size, den-

sity, and compressibility. They demonstrated that salivary exosomes, packaged with HPV-associated bio-

markers, are efficiently enriched by the acoustofluidic separation of salivary exosomes for enhanced diag-

nostic and prognostic performance for HPV-associated oropharyngeal cancer (OPC) (Wang et al., 2020).

The acoustofluidic platform has achieved high-purity and high-yield salivary exosome isolation for down-

stream salivary exosome-based liquid biopsy applications. Another study demonstrated the use of such

acoustofluidic methods for separation based on the biophysical properties of density and compressibility,

irrespective of sizes (Xie et al., 2020). Finally, integration of zinc oxide nanoarrays into the acoustofluidic

devices has enabled the use of ZnO-based surface-enhanced Raman spectroscopy (SERS) detection, for

further enrichment of other attributes and types of molecules, including DNA oligonucleotides, exosomes,

and E. coli bacteria (Hao et al., 2020a; 2020b).
Translational impact of ERCC2 program

The primary motivation behind the ERCC2 projects is to translate advances in basic exRNA research into

clinical diagnostic and therapeutic applications. At a fundamental level, ERCC2 seeks to develop,

test, and share tools that will improve characterization of those extracellular materials, by improving ac-

curacy, calibration, and reporting. As described above, this focus is exemplified in one form by the

ERCC2-wide EV flow cytometry efforts to produce widely available tools and results, and in another

form by the development of an ERCC2 database of antibodies toward the harmonization of assay results

across laboratories. Both of these examples will lead to open web-based resources for the wider

research community. Similarly, large scale production of DiFi cell culture conditioned media and EVs

from hollow fiber bioreactor cultures provides a robust source of EVs with canonical tumor-associated

EV markers, such as EGFR, to evaluate and validate cross-Consortium harmonization efforts. The devel-

opment of new technologies is leading in some cases toward improvement of our basic laboratory EV

assay capabilities (such as single molecule/single EV detection and enumeration technologies), and in

other cases toward more immediate production of clinical laboratory workflow-compatible devices

(such as microfluidic devices), EV isolation and characterization tools, and other tools for performing

EV and EV cargo measurements with more rapid timeframes, lower volumes, point-of-care ease of

use, and lower cost than conventional or legacy methods. The dynamic interplay between these basic

and applied goals and sources of expertise in the ERCC2 group are required to achieve rigor and impact

of the ERCC2 efforts within the Consortium and promote the use of ERCC2 products as the foundation

for the next stages of translational clinical diagnostic and therapeutic uses of exRNAs and exRNA carriers

in the years to come.
CONCLUSION

As translational research teams worldwide seek to identify exRNA biomarkers of health and disease in

biofluids, with publications relating to this topic expanding nearly exponentially in the past decade, tech-

nical challenges still remain in accurate characterization, sorting, and analysis of extracellular vesicles and

other macromolecular RNA carriers in those biofluids. In Phase 2 of the Extracellular RNA Communica-

tion Consortium (ERCC2), participating investigators continue to work to generate foundational knowl-

edge and develop and disseminate technologies and resources to advance the exRNA field. In contrast

to ERCC1, which was comprised of studies focused on discovering the mechanisms of exRNA biogen-

esis, identification of exRNA biomarkers, and development of exRNA-based therapeutics, ERCC2 aims

to develop technologies for separation of exRNA carrier subclasses and single-vesicle analysis. ERCC2

also aims to expand the computational tools and resources available through the exRNA Portal devel-

oped during ERCC1, by providing public access to additional datasets and incorporating new tools

for meta-analyses of data from multiple datasets utilizing individual sample-level raw data. ERCC2 inves-

tigators have initiated collaborative efforts to develop standard biofluid samples to compare outputs

from diverse Carrier Subclass separation and characterization technologies, as well as to perform

rigorous benchmarking studies, and invite members of the broader exRNA community to participate

in these initiatives.
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Reátegui, E. (2020). Surface engineering within a
microchannel for hydrodynamic and self-
assembled cell patterning. Biomicrofluidics 14,
014104. https://doi.org/10.1063/1.5126608.

Rodosthenous, R.S., Hutchins, E., Reiman, R., Yeri,
A.S., Srinivasan, S., Whitsett, T.G., Ghiran, I.,
Silverman, M.G., Laurent, L.C., Van Keuren-
Jensen, K., and Das, S. (2020). Profiling
extracellular long RNA transcriptome in human
plasma and extracellular vesicles for biomarker
discovery. iScience 23, 101182. https://doi.org/
10.1016/j.isci.2020.101182.
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