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Abstract

The ability of pathogens to develop drug resistance is a global health challenge. The SARS-

CoV-2 virus presents an urgent need wherein several variants of concern resist neutralization by 

monoclonal antibody therapies and vaccine-induced sera. Decoy nanoparticles—cell-mimicking 
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particles that bind and inhibit virions—are an emerging class of therapeutics that may overcome 

such drug resistance challenges. To date, we lack quantitative understanding as to how design 

features impact performance of these therapeutics. To address this gap, here we perform a 

systematic, comparative evaluation of various biologically-derived nanoscale vesicles, which 

may be particularly well-suited to sustained or repeated administration in the clinic due to low 

toxicity, and investigate their potential to inhibit multiple classes of model SARS-CoV-2 virions. 

A key finding is that such particles exhibit potent antiviral efficacy across multiple manufacturing 

methods, vesicle subclasses, and virus-decoy binding affinities. In addition, these cell-mimicking 

vesicles effectively inhibit model SARS-CoV-2 variants that evade monoclonal antibodies and 

recombinant protein-based decoy inhibitors. This study provides a foundation of knowledge that 

may guide the design of decoy nanoparticle inhibitors for SARS-CoV-2 and other viral infections.

Graphical Abstract

This study elucidates design rules for building “decoy” nanovesicles that bind and inhibit infection 

by SARS-CoV-2 viral particles. Key findings are that biologically-derived decoy vesicles are 

potent inhibitors regardless of vesicle subtype or virus-vesicle binding affinity, and these decoys 

are effective even against viral mutants that are resistant to soluble protein or monoclonal antibody 

therapeutics.
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1. Introduction

The Coronavirus-19 (COVID-19) pandemic has killed over 5.8M people globally and 

dramatically underscored the need for therapeutics for treating infectious disease.[1] The 

authorization of effective vaccines successfully curbed the pandemic in some locations, 

but the inability to sufficiently vaccinate the global population and the evolution of highly 

transmissive, vaccine sera-evading SARS-CoV-2 variants have sustained the COVID-19 

pandemic.[2–4] The development and approval of monoclonal antibody (mAb) therapies that 

neutralize virions emerged as a viable treatment early in the pandemic and continues to 

play an important role in treating severe forms of the disease. Unfortunately, circulating 

viral strains contain mutations in key glycoprotein residues that have rendered many mAb 

treatments in development, and six out of eight of the United States Food and Drug 

Administration (FDA) authorized mAbs, ineffective.[5–10] The use of mAb cocktails and 

the development of broadly neutralizing mAbs that target conserved viral epitopes hold 

promise in overcoming such challenges, but these remain susceptible to escape[11] or have 

not yet been evaluated clinically.[9] Therapies capable of combating circulating and evolving 

viral strains are urgently needed to supplement the use of vaccines and current antiviral 

treatments.

A promising complement to mAb therapies is cell-mimicking “decoy” systems—

nanoparticles that display host cell receptors on their surface to mimic a cell and bind 

pathogens.[12–14] In the case of SARS-CoV-2, viral entry into a cell is mediated by the 

binding of the viral Spike glycoprotein (Spike) to the human protein angiotensin-converting 

enzyme 2 (ACE2) on the cell surface.[15] As the first step in the viral replication cycle, the 

Spike-ACE2 binding interaction represents an attractive therapeutic target. In the context of 

SARS-CoV-2, decoy nanoparticles may exploit this interaction by presenting ACE2 on the 

decoy surface to bind Spike and inhibit cellular infection by SARS-CoV-2.[16] This type of 

strategy has shown promise in other disease contexts, such as in human immunodeficiency 

virus (HIV) treatment.[17] The decoy strategy is particularly attractive because it might 

be robust to evolutionary escape by pathogens[17]—mutations that reduce decoy-pathogen 

binding affinity (i.e., potential evolutionary escape routes for the virus) will concomitantly 

attenuate pathogen-cell binding. Such mutations are thus likely to decrease viral fitness 

such that these viral variants are unable to outcompete decoy-susceptible variants. Another 

potential advantage is that if more infectious variants evolve through increasing the affinity 

with which the pathogen binds a host receptor, such a variant would likely be equally or 

more susceptible to inhibition by decoys.

Although any particle that displays a pathogen’s cognate receptor may serve as a decoy 

particle, biologically-derived nanoparticles that closely resemble the membrane environment 

(e.g., lipid and protein composition) of a natural host cell are of particular interest.[12] 

The most prominent biological nanoparticles are extracellular vesicles (EVs)—nanometer-

scale particles released by all cells which mediate intercellular transfer of biomolecules.
[18, 19] EVs have recently been investigated as infectious disease decoys[20–23] in part 

because, in contrast to most synthetic vehicles, EVs uniquely exhibit low toxicity and low 

immunogenicity,[19, 24, 25] and these properties are likely to be of central importance for 

particles to be administered via sustained infusions or repeat injections, as is envisioned 
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for decoy applications. Although decoy nanoparticles have yet to be evaluated clinically, it 

seems likely that this approach would be most beneficial for patients experiencing severe 

or prolonged infections that are not controlled by either their immune system or available 

antiviral agents.

The COVID-19 pandemic sparked a flurry of decoy EV research that has dramatically 

advanced the decoy nanoparticle field. Initial speculation that ACE2-containing EVs might 

inhibit viral infection[26] was supported in early studies that demonstrated ACE2-EVs 

bound the SARS-CoV-2 Spike protein[21] and were capable of inhibiting SARS-CoV-2 

pseudotyped lentivirus transduction in vitro.[20] ACE2-EV viral inhibition was later 

interrogated as a function of dose, providing the community the first quantitative benchmark 

of decoy potency.[27] Subsequent work demonstrated efficacy against replication-competent 

SARS-CoV-2 in vitro[22] and suggested that ACE2-EVs were safe and effective against 

pseudotyped virus when delivered intranasally in a rodent model.[23] Recent work showed 

intravenously administered ACE2-EVs lowered the viral load of authentic SARS-CoV-2 in a 

mouse model, reduced the levels of pro-inflammatory cytokines in lung tissue, and mitigated 

lung tissue injury.[28] These studies validated the fundamental concept that decoy EVs could 

address this disease and raised a number of interesting questions. However, the diversity 

of experimental systems and designs employed across these studies makes it difficult to 

synthesize the results of these efforts to evaluate the relationship between specific EV design 

choices and efficacy. Moreover, we lack understanding as to how decoy EV performance 

varies across various emerging viral strains, which is an open question of recognized 

importance.[28] Resolving these knowledge gaps could help improve development and 

facilitate deployment of decoy EV treatments for SARS-CoV-2, novel variants thereof, and 

perhaps novel viral infections.

In this study, we systematically evaluate the relationships between design features of 

decoy EVs and performance characteristics vis-à-vis inhibition of a model SARS-CoV-2 

lentivirus (Figure 1). We compare designs across several candidate vesicle subtypes, and we 

generate new insights into the role of Spike-ACE2 affinity in influencing decoy efficacy. 

We also compare decoy EVs to an emerging, distinct class of decoy nanoparticles, termed 

mechanically-generated nanovesicles (NVs). Finally, we evaluate decoy EV-mediated 

inhibition in the context of several variants of the SARS-CoV-2 Spike protein previously 

shown to be resistant to mAb therapeutics or soluble ACE2 decoys. These insights will 

enable future engineering of decoy nanoparticles and provide evidence as to how decoy EVs 

may serve as evolutionarily robust antiviral agents.

2. Results and Discussion

2.1. Engineered HEK293FT cell lines express high levels of ACE2.

To obtain ACE2-containing EVs, we first sought to generate stable cell lines overexpressing 

ACE2. We engineered HEK293FT cells to stably express a codon-optimized version of the 

wild-type ACE2 protein (WT-ACE2) via lentiviral-mediated gene delivery. In parallel, we 

generated a stable cell line expressing a mutant version of the ACE2 gene (Mut-ACE2) 

that binds to the SARS-CoV-2 Spike protein with higher affinity than does wild-type 

ACE2 (WT-ACE2) (Figure S1A, Supporting Information).[29] Cell lines were analyzed 
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for ACE2 expression, surface display, and EV loading. HEK293FTs did not endogenously 

express ACE2 at an appreciable level, while both engineered lines expressed high amounts 

of ACE2 relative to Calu-3s, a model ACE2-expressing lung cell line (Figure S1B–C, 

Supporting Information).[20] Transgenic ACE2 was detected at similar levels across cell 

lysates from each engineered cell line (Figure S1C, Supporting Information). We observed 

a small decrease in apparent molecular weight for the Mut-ACE2 construct relative to WT-

ACE2 (Figure S1C, Supporting Information); this is likely a result of the T92Q mutation 

which deletes the NXT glycosylation motif at N90.[29] Surface staining of the cell lines 

showed high surface expression of ACE2 (Figure S1D, Supporting Information) which was 

capable of binding to surface-expressed Spike protein in trans (Figure S2A–B, Supporting 

Information). We subsequently utilized these engineered HEK293FTs to generate decoy 

vesicles containing ACE2.

2.2. EVs harvested from engineered HEK293FTs exhibit classical EV characteristics and 
contain ACE2.

Since EVs represent a heterogenous population and various EV subsets that may have 

different functional properties can be distinguished by method of purification,[30–32] we 

investigated how ACE2 loading varies amongst EV populations. We harvested EVs using 

differential ultracentrifugation and, consistent with best practices in the EV field,[33] defined 

each subset by method of separation, yielding a high-speed centrifugation EV fraction (HS-

EVs) and an ultracentrifugation EV fraction (UC-EVs) (Figure 2A). Nanoparticle tracking 

analysis on samples isolated using this protocol revealed two populations of similarly sized 

nanoparticles (~100–250 nm), which is a range consistent with reported HEK293FT-derived 

EV sizes[34, 35] (Figure 2B). Following established best practices for EV research,[33] we 

confirmed that both EV preparations yield particles that exhibit an expected cup-shape 

morphology by transmission electron microscopy (TEM) (Figure 2C), and both subsets 

contained standard EV markers CD9, CD81, and Alix (Figure 2D). The signal enrichment 

for CD9 and CD81 blots in UC-EVs versus HS-EVs is consistent with previous reports.[36] 

Furthermore, both EV samples were depleted in the endoplasmic reticulum protein calnexin 

from the producer cells, confirming that our protocol separates cellular debris and EVs.[33] 

ACE2 was present in both vesicle populations (Figure 2E). We noted that a small, ~18 kDa, 

C-terminal cleavage product was loaded into EVs along with the full-length protein (Figure 

S1B,E, Supporting Information).[37] Semi-quantitative western blot analysis indicated that, 

on average, each EV from cells expressing ACE2 (WT or Mut) contained between 500 

and 2,000 ACE2 molecules (Figure S3A–B, Supporting Information). These quantities are 

comparable to levels reported for expression of engineered proteins on the EV surface.[38] 

WT-ACE2 HS-EVs were loaded with more ACE2 than were the rest of the vesicle subtypes 

(Figure S3B, Supporting Information), and this effect may be partially attributed to the 

slightly larger size of HS-EVs compared to UC-EVs (Figure 2B). The above characterization 

steps validated our EV isolation protocol and confirmed the presence of ACE2 in EVs 

derived from engineered HEK293FTs.
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2.3. Modification of virus-producing protocols generates high titer SARS-CoV-2 
pseudotyped lentivirus.

To evaluate the viral inhibitory potency of decoy EVs, we next developed an in 

vitro transduction assay similar to others reported (Figure 3A).[5, 39, 40] We utilized 

a 2nd generation lentivirus system to generate lentiviral particles pseudotyped with the 

SARS-CoV-2 Spike protein (Spike-lenti), wherein an “infection” event causes genomic 

integration and expression of an enhanced yellow fluorescent protein (EYFP) reporter 

(i.e., transduction). We chose to use a FLAG-tagged SARS-CoV-2 Spike construct that 

contained a D614G mutation and lacked a 19 amino-acid C-terminal sequence because both 

of these choices have been reported to improve pseudotyping efficiency.[39, 41] We also 

generated model recipient cells by engineering HEK293FTs to stably express ACE2. In our 

hands, this combination produced a detectable but low titer of functional lentivirus: ~101 

transducing units mL−1 (TU mL−1) evaluated on ACE2-expressing HEK293FTs compared 

to a typical yield of ~105 TU mL−1 for a vesicular stomatitis virus G (VSV-G) pseudotyped 

virus applied to HEK293FT recipient cells (Figure S4A, Supporting Information). We 

subsequently explored changing our viral producer cell type from HEK293FTs to HEK293T 

Lenti-X cells (Lenti-X, Takara), which substantially increased Spike-lenti titer from ~101 to 

~104 TU mL−1 (Figure S4A, Supporting Information). Transduction by Spike-lenti was both 

Spike and ACE2 dependent (Figure 3B). Spike-lenti particles showed no loss of bioactivity 

after incubation at 37°C for 1 h (Figure S4B, Supporting Information), which is somewhat 

surprising given that standard VSV-G pseudotyped lentiviral particles have a reported half-

life of ~30 min when heated in the presence of serum.[42] ACE2-expressing cells were more 

susceptible to transduction if cells were plated at the time of transduction rather than the day 

prior, effectively increasing viral transduction 6-fold (Figure S4C, Supporting Information). 

These optimized conditions were used in all subsequent experiments. We employed this 

model system to quantify levels (i.e., titers) of transduction-competent virus by performing 

infection assays at a low multiplicity of infection (MOI), or ratio of functional virions to 

target cells. Lentiviral transduction is approximately described by a Poisson distribution, 

such that at low MOI, very few cells are transduced more than once,[43] and quantifying the 

percent of cells that become transduced enables one to calculate viral titer. We anticipate 

that the procedure reported here to improve viral titer will be useful to the SARS-CoV-2 

research community and will circumvent the need for using alternate methods that increase 

effective viral transduction, such as spinoculation[20] or adding polybrene,[44] which could 

introduce artifacts into the investigation of SARS-CoV-2 infection and its inhibition by 

decoy nanoparticles.

2.4. ACE2-containing EVs inhibit Spike-lenti transduction of ACE2-expressing cells in a 
manner robust to ACE2-Spike affinity and EV subtype.

We next quantitatively evaluated the capacity of decoy EVs to inhibit Spike-lenti 

transduction (Figure S5, Supporting Information). Two classes of EVs were prepared (HS-

EVs or UC-EVs), either loaded with WT-ACE2 or Mut-ACE2 (Figure 3C), yielding four 

types of ACE2-containing EVs. All four EV types inhibited Spike-lenti transduction in a 

manner dependent on the dose of EV particles. To quantify the potency of these inhibitors, 

we calculated half-maximal inhibitory dose (ID50) values, which were on the order of 1 × 

107 particles for all cases (Figure 3D and Figure S6, Table S1, and Table S2, Supporting 
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Information). We note that the ID50 metric enables comparisons of EV efficacy within a 

single assay format (and the same assay format was used throughout this study), but ID50 is 

not an absolute measurement of potency (i.e., this metric is context-specific). Moreover, we 

propose that ID50 is a more appropriate metric than is the commonly used IC50 metric, since 

these experiments involve relatively small numbers of discrete particles (i.e., the continuum 

approximation does not apply). Nonetheless, we analyze both metrics for comparison (Table 

S1 and Table S2, Supporting Information). Surprisingly, WT-ACE2 and Mut-ACE2 EVs 

exhibited similar potency despite an estimated 5–10 fold difference in binding affinity 

of the individual ACE2 variants for Spike,[29] and this finding held across EV subtypes. 

Interestingly, despite detectable differences in ACE2 loading between HS-EVs and UC-EVs 

displaying a given ACE2 variant (Figure S3, Supporting Information), potency was similar 

between vesicle types. This finding may seem to be inconsistent with a report in which 

improving ACE2 loading conferred substantial improvements in potency.[28] However, a 

possible interpretation that reconciles these observations is that in our experiments, ACE2 

loading for all EV samples is high enough that the effect of ACE2 loading upon inhibitor 

potency has saturated. A kinetic interpretation of this hypothesis is that, in the saturated 

regime, the rate of the neutralization reaction is controlled by the frequency with which EVs 

contact viral particles (irrespective of ACE2 levels per EV, since some ACE2 sites remain 

unoccupied). Thus, we hypothesize that in the aforementioned report,[28] ACE2 loading per 

EV was sub-saturating. Since the absolute amount of protein loaded per vesicle may scale 

with vesicle size, this effect must be considered when comparing vesicle populations that 

differ in size. However, the EVs investigated in this study are comparable in size (Figure 

2B), and therefore EV size does not meaningfully affect the comparisons considered here. 

Control HS-EVs and UC-EVs, which lacked ACE2, had no effect on transduction efficiency, 

confirming that inhibition of Spike-lenti is ACE2-dependent at all doses evaluated. As 

EV subtype did not have a meaningful impact on ID50, we suggest that vesicle type and 

purification method are not restrictive design choices for developing and producing decoy 

vesicles.

Altogether, our data suggest that decoy EV potency can be relatively independent of 

intuitively important parameters such as Spike-ACE2 affinity and ACE2 loading levels, 

but these findings are intimately linked. For example, although the endogenous receptor-

virus affinity is ~20–50 nм for WT-ACE2 and Spike[45, 46], our particles are loaded with 

> 500 ACE2 proteins per EV (Figure S3A–B, Supporting Information), such that the 

effective avidity of the Spike-lenti-EV interaction is much stronger. These findings should be 

interpreted in the context of our EV production strategy, where we used a codon-optimized 

ACE2 gene from a strong promoter, cytomegalovirus (CMV), that is well-suited to the 

host cell. Altogether these analyses also suggest that it might be possible to generate high 

potency decoy EVs via a variety of approaches provided that the decoy protein is loaded in 

sufficient quantity.

2.5. Mechanically generated membrane nanovesicles display similar physical 
characteristics to EVs and inhibit Spike-lenti in an ACE2-dependent manner.

Given the design principles elucidated thus far, we investigated whether other decoy 

particles could be generated with similar potency using alternative manufacturing 
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approaches, such as lysing ACE2-expressing cells to create membrane nanovesicles (NVs).
[16, 47] One reported benefit of using NVs rather than EVs is that NV manufacturing 

may yield more vesicles per producer cell in a shorter amount of time.[48] NVs were 

generated from WT-ACE2 HEK293FTs via osmotic lysis, sonication, and differential 

ultracentrifugation (Figure 4A).[48–50] The final crude membrane pellet was resuspended 

in PBS and extruded through 100 nm filters to generate ACE2 NVs of comparable diameter 

to EVs and facilitate comparison across vesicle types. Particles exhibited a similar mean 

size to EVs, although the NV size distribution was narrower (Figure 4B). NVs appeared 

slightly larger than 100 nm, which is an expected result[48] that we speculate is caused 

by stretching and deforming of the vesicle membrane as it passes through filter pores 

that are slightly smaller than the vesicle; such deformation allows vesicles larger than 

100 nm to filter through the pores.[51, 52] To generate a baseline of protein markers for 

comparing NVs to EVs, we performed western blots against standard EV markers as in 

Figure 2D. Little to no appreciable CD9, CD81, calnexin or Alix were detectable in NVs 

(Figure 4C). ACE2 loading into NVs was also confirmed (Figure 4D). Semi-quantitative 

western blots demonstrated that NVs contained less ACE2 per vesicle than HS-EVs but 

similar ACE2 per vesicle to UC-EVs derived from WT-ACE2 expressing cells (Figure 

S3A–B, Supporting Information). NVs also exhibited a general cup-shape morphology by 

TEM (Figure 4E), although several NVs displayed internal structures not observed in EVs, 

which might suggest the presence of multilamellar vesicles in NVs (Figure S7A, Supporting 

Information). In our hands, NVs were faster to generate compared to EVs (2–3 days versus 

4–5 days, respectively), but particle yields per engineered producer cell seeded were similar 

(Figure S7B, Supporting Information). Because WT-ACE2 and Mut-ACE2 EVs similarly 

inhibited Spike-lenti in earlier experiments (Figure 3D), we chose to evaluate NVs using 

only WT-ACE2. Interestingly, NV decoy potency was remarkably similar to that observed 

for decoy EVs (Figure 4F and Figure S8, Table S3, and Table S4, Supporting Information). 

These findings indicate that potent cell-derived decoy nanoparticles can be generated with a 

variety of biological vesicle subtypes and manufacturing and isolation methods.

2.6. ACE2-containing EVs demonstrate broad potency across Spike-lenti variants.

Given the diversifying SARS-CoV-2 strains in circulation, we next investigated how decoy 

EV potency varies across Spike mutant variants. Many such mutants have been identified,
[53, 54] and we decided to first focus our investigation on variants that have demonstrated 

resistance to drugs that interfere with the Spike-ACE2 interaction, including mAb or sACE2 

inhibitors. We identified two Spike mutants that confer such resistance compared to the 

parental D614G Spike protein (Figure 5A). The first mutant contains the SARS-CoV-2 

Beta strain’s receptor binding domain (RBD) (Beta), which has three mutations that abolish 

inhibition by several mAb treatments which are under development or have been authorized 

by the FDA (K417N, E484K, N501Y).[5, 7, 55] This naturally-evolved mutant derives from 

a clinically relevant example of a drug-resistant viral strain, and it is of additional interest 

for this investigation because this Spike protein variant exhibits a stronger binding affinity 

for ACE2 (approximately 2–3 fold) compared to the parental Spike protein.[9, 56] The second 

mutant contains a point mutation, F486S, that abrogates inhibition by sACE2, likely by 

altering the Spike RBD and affecting ACE2 receptor engagement (F486S).[57] Although 

this mutation has not been reported in circulating SARS-CoV-2 strains, sACE2 treatments 
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currently under development would likely be ineffective against a strain that has or develops 

this mutation.[58] We cloned the aforementioned mutants into the same backbone as our 

D614G (parental) Spike protein and generated Spike-lenti for each variant.

We then evaluated the ability of WT-ACE2 UC-EVs, Mut-ACE2 UC-EVs, and sACE2 to 

inhibit this panel of Spike-lenti variants (Figure 5B, Figure S9 and Table S5–S8, Supporting 

Information). For each treatment, we defined a metric of resistance by dividing the ID50 

value for the strain considered by the ID50 value of a reference, parental strain (in this 

case, D614G); we term this metric “relative resistance.” A relative resistance value of one 

indicates that the Spike-lenti variant is equally susceptible to the decoy EV (compared to 

the reference Spike-lenti), a value less than one indicates that this variant is less resistant 

to the decoy EV, and a value greater than one indicates that this variant is more resistant 

to the decoy EV. Relative resistance is defined to facilitate quantitative comparison across 

strains and treatments by minimizing dependency on virus-to-virus variability (e.g., slight 

titer differences between samples of virus with different mutations) which can impact ID50. 

Relative resistance is also useful because it enables comparison across treatments which 

might be defined in distinct natural units of concentration (e.g., number of vesicles versus 

mass of sACE2). To evaluate whether any differences in decoy potency were due to different 

viral titers across viral strains, we also calculated ID50s normalized to the viral quantity 

added (ID50 TU−1) and a relative resistance calculated from ID50 TU−1 metrics (relative 

resistance-TU normalized) in Table S5 and S7, Supporting Information. Following expected 

patterns, sACE2 was equally effective against Beta relative to the parental strain, while 

sACE2 was ~34–53-fold less effective against sACE2-resistant F486S Spike-lenti (Figure 

5B and Figure S9, Supporting Information). A particularly promising finding that contrasts 

with the sACE2 analysis is that in many cases the Spike variants analyzed exhibited a 

relative resistance below 1 for both decoy EV treatments (WT-ACE2 or Mut-ACE2 EVs). 

Thus, decoy EV potency was robust to Spike mutations known to both increase (Beta)
[9] or decrease (F486S)[57] the Spike-ACE2 binding affinity. These data demonstrate that 

decoy vesicles, in a SARS-CoV-2 context, are capable of inhibiting viral mutants that are 

resistant to clinically authorized mAb treatments. Furthermore, these data provide evidence 

that vesicles displaying wild-type host cell receptors are capable of potently inhibiting 

viral strains that prove refractory to soluble, protein-based therapeutics. Importantly, this 

approach circumvents the need for separately engineering a Spike-binding protein in a 

manner that could be immunogenic and problematic, particularly in the context of sustained 

or repeated administration.

Given the promising activity of WT-ACE2 EVs against our test strains (which are not 

prevalent globally), we next sought to extend our investigation to naturally emerging and 

prominent Spike mutants. In particular, the Delta variant of SARS-CoV-2 rapidly became 

the dominant strain in 2021 due to high transmissibility and resistance to mAb and vaccine-

induced sera neutralization.[2, 3] A closely related strain, Delta-plus, demonstrates a similarly 

high resistance to antibody neutralization and exhibits a marked reduction in affinity 

for ACE2 relative to wild-type Spike (2–8 fold);[2] this combination of drug resistance 

properties integrates features of both the F486S and Beta strain previously investigated. The 

emerging Lambda variant is less well-studied, but preprints suggest high transmissibility 

and moderate immune evasion.[59, 60] Spike-lenti containing the RBD mutations for these 
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variants was generated as follows: Delta (L452R, T478K), Delta-plus: (K417N, L452R, 

T478K), and Lambda (L452Q, F490S). Viral inhibition experiments were performed with 

WT-ACE2 UC-EVs using the parental D614G strain as the reference strain (Figure 6 

and Figure S10, Table S9, and Table S10, Supporting Information). Notably, the relative 

resistances of these emerging strains were all below or near 1, indicating that WT-ACE2 

EVs are potent inhibitors of both current and emerging SARS-CoV-2 strains tested here. 

Encouragingly, two recent reports qualitatively corroborate our observations that decoy 

vesicles confer neutralizing activity against Beta and Delta variants.[27, 61] The Omicron 

variant, which spread widely and rapidly, confers immune evasion from vaccine-induced 

sera relative to parental strains; for the highly effective mRNA vaccines, a 22–127-fold 

reduction in neutralizing antibody titer (an analogous term to our relative resistance metric) 

has been reported across several studies.[9, 62, 63] Moreover, 75% of neutralizing mAbs 

treatments authorized by the FDA fail to inhibit Omicron in vitro.[8, 10] Although untested 

here, we hypothesize that variants such as Omicron would be similarly inhibited by decoy 

vesicles because this variant requires ACE2 for entry,[63] the Omicron Spike-ACE2 affinity 

is similar in strength to that of the Beta strain[9] evaluated here, and ACE2-based soluble 

protein inhibitors confer neutralization of Omicron.[64]

We speculate that avidity is largely responsible for the efficacy of decoy nanoparticles 

and confers advantages in terms of potency and robustness to drug resistance compared to 

soluble receptor protein decoys. Given our estimated levels of ACE2 loading (Figure S3A–

B, Supporting Information), our decoy particles contain approximately one ACE2 molecule 

per 100–500 nm2 area of exposed outer membrane, on average. This density of ACE2 

display could theoretically facilitate the binding of a decoy vesicle to a virion at several 

attachment points (e.g., multiple Spike-ACE2 interactions per virion). We hypothesize that 

the lipid bilayer structure of vesicles enables decoy ACE2 receptors to diffuse across 

the vesicle surface and improve their likelihood of encountering a Spike protein in 

trans, particularly after an initial vesicle-virion contact has occurred. It is interesting to 

speculate that decoy particles that contain a fluid bilayer membrane may possess advantages

—in terms of either avidity or inhibition mechanism—over nanoparticle systems with 

fixed protein-attachment points,[65, 66] but this possibility requires further investigation. 

By comparing ID50 values for vesicle-mediated inhibition (Figure 5B and Figure S9, 

Supporting Information)—expressed on a per molecule of ACE2 basis—to ID50 values for 

sACE2-mediated inhibition (Figure 5B and Figure S9, Supporting Information), we indeed 

observed evidence of avidity increasing the potency of EVs (Table S6 and S8, Supporting 

Information). For example, considering the Beta variant Spike-lenti, WT-ACE2 UC-EVs 

were up to 51-fold more effective than was sACE2 on a per molecule of ACE2 basis, 

and Mut-ACE2 UC-EVs were 22-fold more effective than sACE2 (Table S6, Supporting 

Information). This trend also holds for the parental viral strain. This benefit of avidity 

agrees qualitatively with previous reports comparing sACE2 to ACE2 EVs, wherein ACE2 

EVs were reported to be 58-fold[27] and 500–1500-fold[20] more potent than sACE2 on a 

per ACE2 basis. Differences in experimental setup and the definition of key metrics (e.g., 

potency, ID50) likely account for these quantitative differences, highlighting the importance 

of evaluating any given design choice using apples-to-apples comparisons. We speculate 

that the high avidity of decoy vesicles for their target also explains why decoys effectively 
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inhibit strains bearing Spike variants that bind ACE2 with reduced affinity (e.g., F486S and 

Delta-plus). Thus, the effects of avidity render binding between any one EV and any one 

virus effectively independent of modest changes in ACE2-Spike affinity. This hypothesis 

(and the importance of avidity) is bolstered by a recent report demonstrating that EVs 

with low levels of ACE2 (1–5 ACE2 proteins per vesicle—two orders of magnitude lower 

than we observed) conferred neutralization in a manner that depended on the Spike-ACE2 

affinity.[61] The efficacy of high-avidity particles to inhibit SARS-CoV-2 variants mirrors 

observations with HIV,[17] suggesting that this phenomenon could indeed be a general 

advantage for this type of antiviral inhibitor. An interesting structural consideration is that 

the SARS-CoV-2 Spike protein quaternary structure is a trimer with three receptor binding 

domains; all of which may be bound to ACE2 at the same time.[67, 68] Exploring how 

various potential modes of avidity and molecular rearrangement with the viral and vesicle 

membranes contribute to the efficacy of decoy vesicles is an exciting avenue for future 

research.

The specific mechanisms by which decoy vesicles block SARS-CoV-2 infection remains 

largely unexplored. For example, it is not clear whether decoy vesicles cause premature 

fusion with viral membranes, nor is it known how decoy-virion complexes are cleared in 

vivo. This study focused primarily on investigating inhibition of the virus-host cell docking 

event, for which our model system was well-suited. We anticipate that future mechanistic 

studies using authentic SARS-CoV-2 virus and naturally susceptible primary human cells 

will yield valuable scientific and preclinical insights into the mechanisms of decoy function.

Although this study focused on fundamental questions of decoy nanoparticle engineering, 

the design considerations contemplated here may inform subsequent development of clinical 

products. Notably, engineered ACE2 EVs have already shown pre-clinical efficacy in the 

context of authentic SARS-CoV-2 virus using relevant in vitro and in vivo models.[27, 28, 61] 

Exploring how the design choices and manufacturing strategies investigated in our study 

may affect decoy vesicle pharmacokinetics and pharmacodynamics is an important avenue 

for future work. Indeed, EV subpopulation choice and production method generally play a 

key role in shaping the biodistribution of vesicles in vivo.[69, 70] Given our observations, we 

would speculate that so long as vesicles can be loaded with sufficient quantities of ACE2, 

vesicle source, type, and purification method could be selected to achieve desired properties 

in vivo, to optimize the design of effective antiviral decoy vesicles.

3. Conclusion

In this study, we demonstrated that decoy nanoparticles, in the form of ACE2-displaying 

vesicles, potently inhibit model SARS-CoV-2 viruses bearing drug resistant variants of the 

Spike protein. We also show that multiple variations of vesicle-based decoys are equally 

effective in vitro, independent of the vesicle subtype or the binding affinity between viral 

glycoprotein and host cell receptor. Together, these findings suggest that effective inhibitory 

nanoparticles can be developed using only knowledge of the host cell receptor target of a 

particular virus. This comparative evaluation informs future preclinical evaluations of this 

promising approach for potentially treating a wide array of infectious diseases.
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4. Experimental Section

General DNA assembly:

Plasmids used in this study were generated using standard polymerase chain reaction 

(PCR) techniques and/or type II and IIs restriction enzyme cloning. Restriction enzymes, 

Phusion DNA polymerase, T4 DNA Ligase, and Antarctic phosphatase were purchased from 

NEB. psPAX2 and pMD2.G plasmids were gifted by William Miller from Northwestern 

University and DsRed-Express2 was purchased from (Clontech-Takara). WT-ACE2 and 

Mut-ACE2 gene fragments were codon optimized and synthesized by Thermo Fisher and 

cloned into a pGIPZ backbone (Open Biosciences). The Spike protein from pcDNA3.1-

SARS2-Spike was a gift from Fang Li (Addgene plasmid # 145032; http://n2t.net/

addgene:145032; RRID:Addgene_145032);[45] this gene was cloned into a modified pcDNA 

3.1 backbone (Clontech-Takara) with a beta-globin intron in the 5’ untranslated region 

for pseudotyping lentivirus. The Tet3G transactivator (pLVX-EF1a-TET3G) and cognate 

TRE3GV promoter (pLVX-TRE3G) (Takara) were cloned into modified pGIPZ and pLVX 

(Takara) backbones, respectively. In this context, the Spike protein (Addgene plasmid # 

145032) was cloned downstream of the TRE3G promoter. Cloned plasmids used in this 

study were sequence-verified, and maps are available in Supplementary Data 1. Chemically 

competent TOP10 Escherichia coli were used for transformation of all plasmids and 

subsequently grown at 37°C.

Plasmid preparation:

Plasmid DNA used to generate lentivirus, for viral inhibition assays or for cell-line 

engineering, was prepared using a polyethlene glycol (PEG) precipitation protocol.[71] DNA 

purity and concentrations for relevant experiments were measured with a NanoDrop 2000 

(Thermo Fisher Scientific).

Cell lines and cell culture:

HEK293FT cells were purchased from Thermo Fisher/Life Technologies. HEK293T Lenti-

X cells were purchased from Takara Bio. Calu-3s were purchased from ATCC (# HTB-55). 

HEK293FTs and engineered HEK293FTs were grown in a base Dulbecco’s modified eagle 

medium (DMEM) formulation (Gibco 31600–091). Base medium was further supplemented 

with 3.5 g L−1 glucose from Sigma (G7021), 3.7 g L−1 sodium bicarbonate from Fisher 

Scientific (S233), and 100 U mL−1 penicillin and 100 μg mL−1 streptomycin (15140122), 4 

mм L-glutamine (25030–081), and 10% fetal bovine serum (FBS) (16140–071) from Gibco. 

Lenti-X cells were grown in the HEK293FT formulation supplemented with 1 mм sodium 

pyruvate from Gibco (11360070). Calu-3s were grown in minimum essential medium from 

Gibco (41500–018) supplemented with 1.5 g L−1 sodium bicarbonate and the pH was 

brought to between 7.0–7.4 with HCl. Calu-3 media was further supplemented with 1 mм 
sodium pyruvate, 10% FBS, and 100 U mL−1 penicillin and 100 μg mL−1 streptomycin. In 

some cases denoted below, HEK293FTs were briefly cultured in phenol-red free DMEM 

from Millipore Sigma (D2902). This DMEM formulation was supplemented with 4 mg 

L−1 pyridoxine-HCl from Millipore Sigma (P6280), 16 mg L−1 sodium phosphate from 

Millipore Sigma (S5011), 3.7 g L−1 sodium bicarbonate, 3.5 g L−1 glucose, 100 U mL−1 

penicillin and 100 μg mL−1 streptomycin, 4 mм L-glutamine (25030–081), and 10% FBS. 
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Cells were maintained in a 37°C incubator held at 5% CO2. Spike-expressing cells were 

induced for at least 24 h prior to assays requiring Spike expression with doxycycline at 

1 μg μL-1. Doxycyline was from Fisher Scientific (BP2653–5) and resuspended in sterile, 

nuclease-free water prior to use.

Cell line generation:

HEK293FT cells were used to produce lentivirus for stable cell line generation. 5–6×106 

HEK293FTs were plated in 10 cm TC-treated plates and allowed to attach for 5–8 h. 

Cells were then transfected via calcium phosphate method.[71] Briefly, DNA (3 μg pMD2.G 

encoding vesicular stomatitis virus G protein (VSV-G), 8 μg psPAX2 packaging vector, 

10 μg of transfer plasmid encoding desired transgene, and 1 μg of DsRed-Express2 

transfection marker) were diluted with sterile H2O and added to CaCl2 (2 м) to achieve 

a final concentration of 0.3 м CaCl2. DNA-containing sample was then added dropwise 

to an equal-volume of 2x HEPES-buffered saline (280 mм NaCl, 0.5 м HEPES, 1.5 mм 
Na2HPO4) and pipetted four times to mix. After 3–4 min, the solution was vigorously 

pipetted eight times and 2 mL of transfection reagent per 10 cm dish was added dropwise 

to cells. The plates were gently swirled and incubated overnight at 37°C with 5% CO2. 

The medium was replaced the morning after transfection and cells were incubated for an 

additional 28–30 h. Conditioned medium containing lentivirus was harvested, clarified via 

centrifugation at 500 g for 2 min at 4°C, and purified through a 0.45 μm polyethersulfone 

filter from VWR (28143–505). Lentivirus was further concentrated via ultracentrifugation 

at 100,420 g for 90 min at 4°C in a Beckman Coulter Optima L-80 XP model and using 

a SW 41 Ti rotor. Lentivirus was stored on ice until use. 105 HEK293FT parental cells 

were plated for transduction approximately 24 h in advance in a 12 well TC-treated plate. 

At the time of transduction, media was aspirated and concentrated lentivirus was added; 

DMEM was used to bring final volume to 1 mL per well. Two days later, drug selection on 

cells began and continued for at least one week. ACE2-expressing cell lines were selected 

using 1 μg mL−1 puromycin from InvivoGen (ant-pr). Inducible Spike-expressing cell lines 

were generated from HEK293FTs by inoculating cells with two lentiviruses—one delivering 

the doxycycline-inducible Tet-On 3G transactivator and one delivering the Spike protein 

downstream of the TRE3G promoter. These concentrated viruses were added at 1:2 volume 

ratio, respectively. The cell line was selected using the aforementioned timeline but with 

1 μg mL−1 blasticidin S from Gibco (A11139–03) and 2 μg mL−1 hygromycin B from 

Millipore Sigma (400053).

Cell-binding assays:

Cells were grown in 10 cm dishes and harvested with a brief trypsin incubation (< 30 s) 

followed by quenching with phenol red-free DMEM. Cell suspensions were vortexed to 

break up clumps, counted, and then diluted to 1 ×106 cells mL−1. 100 μL of each cell 

suspension (if two different cell types were incubated) or 200 μL of the cell suspension 

(for control wells with only one cell type) were then added to phenol red-free DMEM (300 

μL) in a non-TC-treated 24 well plate such that the final volume was 500 μL. Cells were 

incubated at 37°C for 15 min and hand-shaken every 5 min. At 15 min, wells were imaged 

on a Keyence BZ-x800 microscope using BZ Series Application software v01.01.00.17 and 

using a PlanApo 4X objective with a numerical aperture of 0.2.
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Surface staining:

Two days prior to assay, cells were plated into 12 well tissue culture treated plates such that 

they were 80–95% confluent at time of harvest. Medium was aspirated, cells were harvested 

with 1 mL cold fluorescence-activated cell sorting (FACS) buffer (PBS pH 7.4, 2 mм EDTA, 

0.05% BSA), and then samples were centrifuged at 150 g for 5 min at 4°C. After decanting 

the supernatant, cells were resuspended in FACS buffer (50 μL) and blocked with 10 μL of 1 

mg mL−1 IgG (Thermo Fisher, Human IgG Isotype Control, 02–7102, RRID: AB_2532958) 

for 5 min at 4°C. After blocking, 2.5 μL of 0.2 μg μL−1 α-ACE2 antibody (R&D Systems, 

Human ACE-2 Alexa Fluor® 488-conjugated Antibody, FAB9332G-100UG) was added and 

incubated for 30 min at 4°C. Cells were washed three times by adding cold FACS buffer 

(1 mL), centrifuging cells at 150 g for 5 min at 4°C, and decanting supernatant. Cells were 

resuspended in 1 drop of FACS buffer prior to analytical flow cytometry.

EV production and isolation:

15 × 106 HEK293FTs were plated in 15-cm tissue-culture treated plates in DMEM (18 mL). 

The next morning, the media was replaced with HEK293FT DMEM (18 mL) supplemented 

with 10% EV-depleted FBS (Gibco, A2720801). After 22–28 h, conditioned medium was 

harvested as previously reported.[72] Briefly, the supernatant was clarified by sequential 

centrifuge spins for 10 min at 300 g and 20 min at 2,000 g. HS-EVs were pelleted by 

a subsequent centrifugation at 30 min for 15,000 g in a Beckman Coulter Avanti J-26XP 

centrifuge using a J-LITE JLA 16.25 rotor. The supernatant was centrifuged at 120,416 

g for 135 min in a Beckman Coulter Optima L-80 XP model using a SW 41 Ti rotor to 

pellet UC-EVs. All centrifugation was performed at 4°C. EVs were resuspended via gentle 

pipetting in the conditioned cell medium remaining in their respective vessel.

Nanoparticle tracking analysis (NTA):

Vesicle concentration and size were measured using a NanoSight NS300 (Malvern) running 

software v3.4 and a 642 nm laser. Vesicles were diluted to between 2 and 10 × 108 particles 

mL−1 in phosphate-buffered saline (PBS) before recording data. Samples were infused at 

an injection rate setting of 30, imaged with a camera level setting of 14, and analyzed at a 

detection threshold setting of 7. Three 30 s videos were captured for each sample; vesicle 

concentrations and size histograms were determined from the average values of the three 

videos.

Transmission electron microscopy (TEM):

10 μL of purified vesicles was placed onto a carbon-coated copper grid (Electron 

Microscopy Services, Hatfield, PA, USA) for 10 min before being wicked away with a 

piece of filter paper. The grid was dipped in PBS twice to remove excess proteins from the 

media and was allowed to dry for 2 min. Next, uranyl acetate (10 μL of a 2 wt% solution) 

was placed on the grid for 1 min, before again being wicked away with filter paper. The grid 

was allowed to fully dry for 3 h to overnight at room temperature. Bright-field TEM imaging 

was performed on a JEOL 1230 TEM. TEM operated at an acceleration voltage of 100 kV. 

All TEM images were recorded by a Hamamatsu ORCA side-mounted camera or a Gatan 

831 bottom-mounted CCD camera, and AMT imaging software.
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Cell lysate generation:

To generate cell lysates, HEK293FTs were washed with cold PBS and lysed with ice-cold 

RIPA (150 mм NaCl, 50 mм Tris-HCl pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% sodium dodecyl sulfate) supplemented with protease inhibitor (Pierce/Thermo Fisher 

#A32953). After a 30 min incubation on ice, lysates were centrifuged at 14,000 g for 20 min 

at 4°C. Protein concentration for each sample was evaluated using a BCA assay. Samples 

were kept on ice until use or frozen at −80°C for long term storage.

Cell-derived nanovesicle (NV) generation:

HEK293FTs were plated in 10 cm dishes and grown for two days until reaching 80–95% 

confluency. The day of harvesting, the medium was aspirated and the cells were washed 

in PBS. Cells were briefly trypsinized (~30 s) before quenching with EV-depleted DMEM. 

Cells were pelleted via centrifugation at 150 g for 5 min at 4°C and then washed once 

with ice cold PBS under the same conditions. Cells were resuspended in ice cold PBS, 

counted using a manual hemocytometer, and pelleted at 150 g for 5 min at 4°C. Cells were 

then resuspended in ice cold lysis buffer (20 mм Tris pH 7.5, 10 mм KCl, 2 mм MgCl2, 

in nuclease free water supplemented with protease inhibitor tablets)[50] at a concentration 

of 0.2–1 × 107 cells mL−1 buffer;[48] typical volumes at this stage were 5–15 mL. Lysis 

continued on ice for at least 30 min. Samples were then sonicated in an ice-cold water 

bath (Fisher Scientific, #15337402) at medium power. Samples were sonicated for 10 s 

and allowed to recover on ice for 50 s; this process was repeated a total of six times 

such that all samples were sonicated for 1 min. Samples were then clarified via successive 

centrifugation steps at 4°C in Beckman Coulter Avanti J-26XP centrifuge using either a 

J-LITE JLA 16.25 rotor or a JA-14.5 rotor: 3,250 g for 5 min, and 20,000 g for 30 min. 

Subsequent ultracentrifugation at 80,000 g for 90 min pelleted membrane fragments.[49] 

PBS was completely aspirated and the samples were resuspended in PBS (30–60 μL per 

ultracentrifuge tube). Samples were then extruded to 100 nm by passing samples seven 

times through a 100 nm polycarbonate filter (Whatman #800309) installed in an Avanti Mini 

Extruder. Samples were then concentrated ~10X in Amicon Ultra-0.5 mL filter using a 10 

kDa molecular weight cutoff (Millipore Sigma #UFC5010) per manufacturer instructions; 

filters were pre-rinsed with PBS immediately prior to use.

Western blotting:

For western blots comparing the protein content of vesicles, equal numbers of vesicles as 

determined by NTA were prepared and loaded into the gel (generally 108-109 particles). For 

western blots comparing the protein content of cell lysates, equal amounts of total protein 

as determined by BCA were prepared and loaded into gels (generally, 1–10 μg protein). 

For western blots comparing protein in cell lysates to protein in vesicles, a fixed number of 

vesicles and a fixed amount of cell lysate were loaded into each well: 4.8 × 108 particles 

and 3 μg protein, respectively. A detailed western blot protocol has been reported and 

was followed with the subsequent modifications.[71] In most cases, the following reducing 

Laemmli composition was used to boil samples (60 mм Tris-HCl pH 6.8, 10% glycerol, 

2% sodium dodecyl sulfate, 100 mм dithiothreitol (DTT), and 0.01% bromophenol blue); 

in some cases, a non-reducing Laemmli composition (without DTT) was used (Table S11). 
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After transfer, membranes were blocked while rocking for 1 h at room temperature in 5% 

milk in TBST (pH: 7.6, 50 mм Tris, 150 mм NaCl, HCl to pH 7.6, 0.1% Tween). Primary 

antibody was added in 5% milk in TBST, rocking, for 1 h at room temperature and then 

washed three times with TBST for 5 min each. Secondary antibody in 5% milk in TBST 

was added at room temperature for 1 h or overnight at 4°C. Membranes were then washed 

three times with TBST for 5 min each. The membrane was incubated with Clarity Western 

ECL substrate (Bio-Rad) and imaged on an Azure c280. ImageJ was used to analyze 

the resulting TIF files and adjust brightness and contrast where necessary.[73] Specific 

antibodies, antibody dilution, heating temperature, heating time, and Laemmli composition 

for each antibody can be found in Table S11.

Western blot quantification:

Digital membrane images were analyzed in ImageJ using the analyze gel function.[73] Band 

intensities from ImageJ for the sACE2 standards were analyzed in MATLAB (Mathworks, 

R2021b) as a function of the amount of ACE2 added in number of molecules (assuming a 

115 kDa size for sACE2), and a linear regression was performed to generate a calibration 

curve. The estimated number of ACE2 proteins in vesicle lanes was determined from the 

band intensities and calibration curve, and an inverse regression was performed to estimate 

uncertainty associated with the calibration curve. Estimated number of ACE2 proteins per 

vesicle was then calculated by dividing the estimated ACE2 proteins per lane by the number 

of vesicles added to that lane. Error was propagated throughout each calculation, and final 

error associated with the average number of ACE2 molecules per vesicle was determined by 

adding-in-quadrature the propagated error and the calculated standard error of the means.

Pseudotype virus production:

HEK293FT or Lenti-X HEK293T cells (Lenti-X) were used to produce SARS-CoV-2 

pseudotyped lentivirus (Spike-lenti) for optimizing viral production; Lenti-X cells were 

used to generate Spike-lenti for all viral inhibition experiments. 5–6 × 106 Lenti-X cells 

were plated 24 h prior to transfection of viral plasmids unless otherwise stated; 5–6 × 

106 HEK293FTs were plated in 10 cm TC-treated plates and allowed to attach for 5–8 

h. Cells were then transfected via calcium phosphate method as discussed above. Here, 

3 μg Spike envelope protein, 8 μg psPAX2 packaging vector, 10 μg of transfer plasmid 

encoding an enhanced yellow fluorescent protein (EYFP) transgene, and 1 μg of DsRed-

Express2 transfection marker were used. To generate mock lentivirus, the 3 μg Spike 

envelope protein was replaced with an empty pcDNA 3.1 vector (Clontech-Takara). The 

plates were incubated overnight at 37°C with 5% CO2. The medium was replaced the 

morning after transfection and cells were incubated for an additional 32 h prior to harvesting 

unless otherwise stated. In some cases, medium was replaced, cells were incubated for an 

additional 24 h, and virus was harvested a second time. Conditioned medium containing 

lentivirus was harvested, clarified via centrifugation at 500 g for 2 min at 4°C, and purified 

through a 0.45 μm polyethersulfone filter (VWR #28143–505). Where required, Spike-lenti 

was concentrated using Amicon Ultra-15 centrifugal filter units with a 100 kDa cutoff 

(Millipore Sigma #UFC910024). Samples were centrifuged at 4°C in a Beckman Coulter 

Avanti J-26XP centrifuge using either a J-LITE JLA 16.25 rotor or a JA-14.5 rotor at 5,000 

g until concentrated approximately 10–50-fold (generally 10–20 min) and stored on ice at 
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4°C for up to 1 week or at −80°C until use. To determine functional viral titer, unless 

otherwise stated, virus was diluted in DMEM and pipetted into a 96 well plate, centrifuged 

at 500 g for 1 min at 4°C to remove bubbles, and immediately incubated at 37°C for 1 h. 

WT-ACE2+ HEK293FTs were trypsinized briefly, counted, and 4 × 103 cells were plated 

on top of the virus such that the final volume was 200 μL. After 16 h, media was aspirated 

and fresh DMEM (200 μL) was added. Cells were harvested for flow cytometry 3 days after 

inoculation.

Viral inhibition assays:

Stock vesicle concentration was determined by NTA, and samples were then diluted in 

DMEM such that each vesicle sample had the same concentration (in units of vesicles 

per volume). Soluble ACE2 (sACE2) (Sino Biological, 10108-H08H) was resuspended in 

sterile, nuclease-free H2O at a stock concentration of 0.25 mg mL−1 per manufacturer 

instructions and then diluted further in DMEM prior to inhibition experiments. Vesicles 

or sACE2 were then serially diluted in DMEM. Spike-pseudotyped lentivirus was added 

to each sample at a projected multiplicity of infection (MOI) between 0.02 – 0.15 and 

mixed with pipetting. 175 μL of the mixed sample were transferred to TC-treated 96 well 

plates, centrifuged at 500 g for 1 min at 4°C to remove bubbles, and incubated at 37°C 

for 1 h. WT-ACE2 expressing HEK293FTs were briefly trypsinized (< 1 min), quenched 

with DMEM, and counted. Cells were diluted in DMEM and added to plates such that 4 

× 103 cells were plated per well in 25 μL media resulting in 200 μL media total per well. 

Approximately 16 h later, the media was replaced with fresh DMEM (200 μL) and the cells 

were cultured for an additional two days (~72 h post inoculation). Cells were harvested for 

flow cytometry via trypsin, quenched with phenol red-free DMEM, and diluted with at least 

5 volumes of FACS buffer in FACS tubes. Samples were centrifuged at 150 g for 5 min at 

4°C, the supernatant was decanted, and the samples were stored at 4°C until flow cytometry 

analysis.

Flow cytometry:

Analytical flow cytometry was performed on a BD LSR Fortessa Special Order Research 

Product (Robert H. Lurie Cancer Center Flow Cytometry Core); EYFP expression and Alexa 

Fluor® 488 staining was measured using the fluorescein isothiocyanate (FITC) channel from 

a 488 nm excitation laser and captured using a 505 nm long pass filter and a 530/30 nm 

bandpass filter. Approximately 5,000–10,000 single cells were analyzed for each sample 

on FlowJo software v10. As illustrated in Figure S5 (Supporting Information), cells were 

identified using side scatter versus forward scatter gating, and singlets were isolated using 

forward scatter-height versus forward scatter-area. In transduction experiments, cells without 

viral treatment were used as a fluorescent gating control such that < 0.5% of these cells were 

gated as EYFP+. The output metric for each sample in such experiments was percent of 

single cells that were transduced (EYFP+).

Statistical analysis:

Unless otherwise stated in the relevant figure caption, data are provided as mean ± standard 

error of the mean (S.E.M.), and derived parameters (e.g., ID50) are presented as best-fit 

parameter estimates ± 95–99% confidence interval. The number of replicates performed is 
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stated in the relevant figure captions. Generally, viral inhibition experiments were performed 

in biological triplicate, and two independent replicates of each experiment were performed. 

In flow cytometry experiments evaluating the dose-response curves of viral inhibitors, 

the percent of transduced cells for a given treatment was normalized by the percent of 

transduced cells determined from that treatment’s largest dilution as depicted in Figure 

S5, Supporting Information.[74] Curves were then fit with a four parameter, nonlinear 

regression in GraphPad Prism 9.2. Convergence criterion was set to “Strict” with 10,000 

maximum iterations, and the regression was constrained as follows: “Bottom” = 0, “Top” 

= 100, “IC50” > 0. Relative resistance metrics were calculated by dividing the ID50 of 

a strain of interest by the ID50 of a reference, parental strain (D614G in all cases here). 

Where reported, viral titer was calculated by determining MOI for experimental conditions 

with less than 30% cells transduced (i.e., in a low MOI condition), assuming a Poisson 

distribution. When normalizing ID50 values to viral TU as reported in the Supporting 

Information, the viral titer for each condition was calculated as described above using the 

lower limit (lowest inhibitor concentration) case from the corresponding dose response 

curve. Band intensities from semi-quantitative western blots were evaluated using ImageJ, 

and error was propagated using MATLAB as discussed above. In all other cases, error was 

propagated using standard propagation rules in Microsoft Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported in part by the National Science Foundation under Grant No. 1844219 (NK, JNL) and 
1844336 (NK) and a gift from Kairos (JNL). This work was supported by the Northwestern University – Flow 
Cytometry Core Facility supported by Cancer Center Support Grant (NCI CA060553). This work made use of the 
BioCryo facility of Northwestern University’s NUANCE Center, which has received support from the SHyNE 
Resource (NSF ECCS-2025633), the IIN, and Northwestern’s MRSEC program (NSF DMR-1720139). This 
material is based upon work supported by the National Science Foundation Graduate Research Fellowship under 
Grant No. (T.F.G. # DGE-1842165 and D.M.S. #DGE-1324585). T.F.G. and R.E.M. were supported in part by 
the Northwestern University Graduate School Cluster in Biotechnology, Systems, and Synthetic Biology, which is 
affiliated with the Biotechnology Training Program. REM was supported in part by the National Institutes of Health 
Training Grant (T32GM008449) through Northwestern University’s Biotechnology Training Program. Biological 
and chemical analysis was performed in the Analytical bioNanoTechnology Core Facility of the Simpson Querrey 
Institute at Northwestern University. The U.S. Army Research Office, the U.S. Army Medical Research and 
Materiel Command, and Northwestern University provided funding to develop this facility and ongoing support is 
being received from the Soft and Hybrid Nanotechnology Experimental (SHyNE) Resource (NSF ECCS-1542205). 
This work was supported by the Northwestern University Sanger Sequencing Facility. Any opinion, findings, and 
conclusions or recommendations expressed in this material are those of the authors(s) and do not necessarily reflect 
the views of the National Science Foundation. The authors kindly thank the Kamat and Leonard lab members for 
useful discussions throughout the planning, experimental, analysis, and writing phases of this project.

Data Availability Statement.

Plasmid maps for constructs generated in this study are included in Supplementary Data 1. 

Raw experimental data for all figures and uncropped western blot images are included in 

Supplementary Data 2. Key plasmids used in this study will be deposited at Addgene and are 

available from the corresponding authors upon reasonable request.

Gunnels et al. Page 18

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. WHO Coronavirus (COVID-19) Dashboard. https://covid19.who.int/ (accessed 2-19-2022).

[2]. McCallum M, Walls AC, Sprouse KR, Bowen JE, Rosen LE, Dang HV, De Marco A, Franko N, 
Tilles SW, Logue J, Miranda MC, Ahlrichs M, Carter L, Snell G, Pizzuto MS, Chu HY, Van 
Voorhis WC, Corti D, Veesler D, Science 2021, 374, 1621. [PubMed: 34751595] 

[3]. Mlcochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira I, Datir R, Collier DA, Albecka 
A, Singh S, Pandey R, Brown J, Zhou J, Goonawardane N, Mishra S, Whittaker C, Mellan T, 
Marwal R, Datta M, Sengupta S, Ponnusamy K, Radhakrishnan VS, Abdullahi A, Charles O, 
Chattopadhyay P, Devi P, Caputo D, Peacock T, Wattal C, Goel N, Satwik A, Vaishya R, Agarwal 
M, S.-C.-G. C. Indian, C. Genotype to Phenotype Japan, C.-N. B. C.−. Collaboration, Mavousian 
A, Lee JH, Bassi J, Silacci-Fegni C, Saliba C, Pinto D, Irie T, Yoshida I, Hamilton WL, Sato K, 
Bhatt S, Flaxman S, James LC, Corti D, Piccoli L, Barclay WS, Rakshit P, Agrawal A, Gupta 
RK, Nature 2021, 599, 114. [PubMed: 34488225] 

[4]. Saad-Roy CM, Morris SE, Metcalf CJE, Mina MJ, Baker RE, Farrar J, Holmes EC, Pybus OG, 
Graham AL, Levin SA, Grenfell BT, Wagner CE, Science 2021, 372, 363. [PubMed: 33688062] 

[5]. Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, Liu J, Errico JM, Xie X, 
Suryadevara N, Gilchuk P, Zost SJ, Tahan S, Droit L, Turner JS, Kim W, Schmitz AJ, Thapa M, 
Wang D, Boon ACM, Presti RM, O’Halloran JA, Kim AHJ, Deepak P, Pinto D, Fremont DH, 
Crowe JE Jr., Corti D, Virgin HW, Ellebedy AH, Shi PY, Diamond MS, Nat Med 2021, 27, 717. 
[PubMed: 33664494] 

[6]. Planas D, Veyer D, Baidaliuk A, Staropoli I, Guivel-Benhassine F, Rajah MM, Planchais C, Porrot 
F, Robillard N, Puech J, Prot M, Gallais F, Gantner P, Velay A, Le Guen J, Kassis-Chikhani N, 
Edriss D, Belec L, Seve A, Courtellemont L, Pere H, Hocqueloux L, Fafi-Kremer S, Prazuck T, 
Mouquet H, Bruel T, Simon-Loriere E, Rey FA, Schwartz O, Nature 2021, 596, 276. [PubMed: 
34237773] 

[7]. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, Wang M, Yu J, Zhang B, Kwong PD, Graham 
BS, Mascola JR, Chang JY, Yin MT, Sobieszczyk M, Kyratsous CA, Shapiro L, Sheng Z, Huang 
Y, Ho DD, Nature 2021, 593, 130. [PubMed: 33684923] 

[8]. Westendorf K, Wang L, Zentelis S, Foster D, Vaillancourt P, Wiggin M, Lovett E, van der Lee R, 
Hendle J, Pustilnik A, Sauder JM, Kraft L, Hwang Y, Siegel RW, Chen J, Heinz BA, Higgs RE, 
Kallewaard N, Jepson K, Goya R, Smith MA, Collins DW, Pellacani D, Xiang P, de Puyraimond 
V, Ricicova M, Devorkin L, Pritchard C, O’Neill A, Dalal K, Panwar P, Dhupar H, Garces FA, 
Cohen C, Dye J, Huie KE, Badger CV, Kobasa D, Audet J, Freitas JJ, Hassanali S, Hughes 
I, Munoz L, Palma HC, Ramamurthy B, Cross RW, Geisbert TW, Menacherry V, Lokugamage 
K, Borisevich V, Lanz I, Anderson L, Sipahimalani P, Corbett KS, Yang ES, Zhang Y, Shi W, 
Zhou T, Choe M, Misasi J, Kwong PD, Sullivan NJ, Graham BS, Fernandez TL, Hansen CL, 
Falconer E, Mascola JR, Jones BE, Barnhart BC, (Preprint) bioRxiv,10.1101/2021.04.30.442182, 
v5, submitted: January, 2022.

[9]. Cameroni E, Bowen JE, Rosen LE, Saliba C, Zepeda SK, Culap K, Pinto D, VanBlargan LA, De 
Marco A, di Iulio J, Zatta F, Kaiser H, Noack J, Farhat N, Czudnochowski N, Havenar-Daughton 
C, Sprouse KR, Dillen JR, Powell AE, Chen A, Maher C, Yin L, Sun D, Soriaga L, Bassi 
J, Silacci-Fregni C, Gustafsson C, Franko NM, Logue J, Iqbal NT, Mazzitelli I, Geffner J, 
Grifantini R, Chu H, Gori A, Riva A, Giannini O, Ceschi A, Ferrari P, Cippa PE, Franzetti-
Pellanda A, Garzoni C, Halfmann PJ, Kawaoka Y, Hebner C, Purcell LA, Piccoli L, Pizzuto MS, 
Walls AC, Diamond MS, Telenti A, Virgin HW, Lanzavecchia A, Snell G, Veesler D, Corti D, 
Nature 2021.

[10]. Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, Huang W, Li Q, Wang P, An R, Wang J, 
Wang Y, Niu X, Yang S, Liang H, Sun H, Li T, Yu Y, Cui Q, Liu S, Yang X, Du S, Zhang Z, Hao 
X, Shao F, Jin R, Wang X, Xiao J, Wang Y, Xie XS, Nature 2021.

[11]. VanBlargan LA, Errico JM, Halfmann PJ, Zost SJ, Crowe JE Jr., Purcell LA, Kawaoka Y, Corti 
D, Fremont DH, Diamond MS, Nat Med 2022.

[12]. Rao L, Tian R, Chen X, ACS Nano 2020, 14, 2569. [PubMed: 32129977] 

[13]. Baram-Pinto D, Shukla S, Gedanken A, Sarid R, Small 2010, 6, 1044. [PubMed: 20394070] 

Gunnels et al. Page 19

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://covid19.who.int/


[14]. Papp I, Sieben C, Ludwig K, Roskamp M, Bottcher C, Schlecht S, Herrmann A, Haag R, Small 
2010, 6, 2900. [PubMed: 21104827] 

[15]. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, Schiergens TS, 
Herrler G, Wu NH, Nitsche A, Muller MA, Drosten C, Pohlmann S, Cell 2020, 181, 271. 
[PubMed: 32142651] 

[16]. Rao L, Xia S, Xu W, Tian R, Yu G, Gu C, Pan P, Meng QF, Cai X, Qu D, Lu L, Xie Y, Jiang S, 
Chen X, Proc Natl Acad Sci U. S. A. 2020, 117, 27141. [PubMed: 33024017] 

[17]. Hoffmann MAG, Bar-On Y, Yang Z, Gristick HB, Gnanapragasam PNP, Vielmetter J, 
Nussenzweig MC, Bjorkman PJ, Proc Natl Acad Sci U. S. A. 2020, 117, 18719. [PubMed: 
32690692] 

[18]. Teng F, Fussenegger M, Adv Sci (Weinh) 2020, 8, 2003505. [PubMed: 33437589] 

[19]. Richter M, Vader P, Fuhrmann G, Adv Drug Deliv Rev 2021, 173, 416. [PubMed: 33831479] 

[20]. Cocozza F, Nevo N, Piovesana E, Lahaye X, Buchrieser J, Schwartz O, Manel N, Tkach M, 
Thery C, Martin-Jaular L, J Extracell Vesicles 2020, 10, e12050. [PubMed: 33391636] 

[21]. Zhang Q, Jeppesen DK, Higginbotham JN, Franklin JL, Crowe JE Jr., Coffey RJ, 
Gastroenterology 2021, 160, 958. [PubMed: 33022277] 

[22]. Zhang J, Huang F, Xia B, Yuan Y, Yu F, Wang G, Chen Q, Wang Q, Li Y, Li R, Song Z, Pan T, 
Chen J, Lu G, Zhang H, Signal Transduct Target Ther 2021, 6, 189. [PubMed: 33980808] 

[23]. Wu C, Xu Q, Wang H, Tu B, Zeng J, Zhao P, Shi M, Qiu H, Huang Y, Acta Pharm Sin B 2021, 
10.1016/j.apsb.2021.09.004.

[24]. Zhu X, Badawi M, Pomeroy S, Sutaria DS, Xie Z, Baek A, Jiang J, Elgamal OA, Mo X, Perle 
K, Chalmers J, Schmittgen TD, Phelps MA, J Extracell Vesicles 2017, 6, 1324730. [PubMed: 
28717420] 

[25]. Elsharkasy OM, Nordin JZ, Hagey DW, de Jong OG, Schiffelers RM, Andaloussi SE, Vader P, 
Adv Drug Deliv Rev 2020, 159, 332. [PubMed: 32305351] 

[26]. Inal JM, Clin Sci (Lond) 2020, 134, 1301. [PubMed: 32542396] 

[27]. El-Shennawy L, Hoffmann AD, Dashzeveg NK, McAndrews KM, Mehl PJ, Cornish D, Yu Z, 
Tokars VL, Nicolaescu V, Tomatsidou A, Mao C, Felicelli CJ, Tsai CF, Ostiguin C, Jia Y, Li L, 
Furlong K, Wysocki J, Luo X, Ruivo CF, Batlle D, Hope TJ, Shen Y, Chae YK, Zhang H, LeBleu 
VS, Shi T, Swaminathan S, Luo Y, Missiakas D, Randall GC, Demonbreun AR, Ison MG, Kalluri 
R, Fang D, Liu H, Nat Commun 2022, 13. [PubMed: 35013168] 

[28]. Xie F, Su P, Pan T, Zhou X, Li H, Huang H, Wang A, Wang F, Huang J, Yan H, Zeng L, Zhang L, 
Zhou F, Adv Mater 2021, 33, e2103471.

[29]. Chan KK, Dorosky D, Sharma P, Abbasi SA, Dye JM, Kranz DM, Herbert AS, Procko E, 
Science 2020, 369, 1261. [PubMed: 32753553] 

[30]. Wahlund CJE, Gucluler G, Hiltbrunner S, Veerman RE, Nslund TI, Gabrielsson S, Sci Rep-Uk 
2017, 7.

[31]. Paolini L, Federici S, Consoli G, Arceri D, Radeghieri A, Alessandri I, Bergese P, J Extracell 
Vesicles 2020, 9.

[32]. Willms E, Johansson HJ, Mager I, Lee Y, Blomberg KE, Sadik M, Alaarg A, Smith CI, Lehtio J, 
El Andaloussi S, Wood MJ, Vader P, Sci Rep 2016, 6. [PubMed: 28442741] 

[33]. Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, Antoniou 
A, Arab T, Archer F, Atkin-Smith GK, Ayre DC, Bach JM, Bachurski D, Baharvand H, Balaj 
L, Baldacchino S, Bauer NN, Baxter AA, Bebawy M, Beckham C, Zavec AB, Benmoussa A, 
Berardi AC, Bergese P, Bielska E, Blenkiron C, Bobis-Wozowicz S, Boilard E, Boireau W, 
Bongiovanni A, Borras FE, Bosch S, Boulanger CM, Breakefield X, Breglio AM, Brennan 
MA, Brigstock DR, Brisson A, Broekman MLD, Bromberg JF, Bryl-Gorecka P, Buch S, Buck 
AH, Burger D, Busatto S, Buschmann D, Bussolati B, Buzas EI, Byrd JB, Camussi G, Carter 
DRF, Caruso S, Chamley LW, Chang YT, Chen CC, Chen S, Cheng L, Chin AR, Clayton A, 
Clerici SP, Cocks A, Cocucci E, Coffey RJ, Cordeiro-da-Silva A, Couch Y, Coumans FAW, 
Coyle B, Crescitelli R, Criado MF, D’Souza-Schorey C, Das S, Chaudhuri AD, de Candia P, 
De Santana EF, De Wever O, del Portillo HA, Demaret T, Deville S, Devitt A, Dhondt B, Di 
Vizio D, Dieterich LC, Dolo V, Rubio APD, Dominici M, Dourado MR, Driedonks TAP, Duarte 
FV, Duncan HM, Eichenberger RM, Ekstrom K, Andaloussi SEL, Elie-Caille C, Erdbrugger U, 

Gunnels et al. Page 20

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Falcon-Perez JM, Fatima F, Fish JE, Flores-Bellver M, Forsonits A, Frelet-Barrand A, Fricke 
F, Fuhrmann G, Gabrielsson S, Gamez-Valero A, Gardiner C, Gartner K, Gaudin R, Gho YS, 
Giebel B, Gilbert C, Gimona M, Giusti I, Goberdhan DCI, Gorgens A, Gorski SM, Greening 
DW, Gross JC, Gualerzi A, Gupta GN, Gustafson D, Handberg A, Haraszti RA, Harrison 
P, Hegyesi H, Hendrix A, Hill AF, Hochberg FH, Hoffmann KF, Holder B, Holthofer H, 
Hosseinkhani B, Hu GK, Huang YY, Huber V, Hunt S, Ibrahim AGE, Ikezu T, Inal JM, Isin 
M, Ivanova A, Jackson HK, Jacobsen S, Jay SM, Jayachandran M, Jenster G, Jiang LZ, Johnson 
SM, Jones JC, Jong A, Jovanovic-Talisman T, Jung S, Kalluri R, Kano S, Kaur S, Kawamura Y, 
Keller ET, Khamari D, Khomyakova E, Khvorova A, Kierulf P, Kim KP, Kislinger T, Klingeborn 
M, Klinke DJ, Kornek M, Kosanovic MM, Kovacs AF, Kramer-Albers EM, Krasemann S, 
Krause M, Kurochkin IV, Kusuma GD, Kuypers S, Laitinen S, Langevin SM, Languino LR, 
Lannigan J, Lasser C, Laurent LC, Lavieu G, Lazaro-Ibanez E, Le Lay S, Lee MS, Lee YXF, 
Lemos DS, Lenassi M, Leszczynska A, Li ITS, Liao K, Libregts SF, Ligeti E, Lim R, Lim SK, 
Line A, Linnemannstons K, Llorente A, Lombard CA, Lorenowicz MJ, Lorincz AM, Lotvall 
J, Lovett J, Lowry MC, Loyer X, Lu Q, Lukomska B, Lunavat TR, Maas SLN, Malhi H, 
Marcilla A, Mariani J, Mariscal J, Martens-Uzunova ES, Martin-Jaular L, Martinez MC, Martins 
VR, Mathieu M, Mathivanan S, Maugeri M, McGinnis LK, McVey MJ, Meckes DG, Meehan 
KL, Mertens I, Minciacchi VR, Moller A, Jorgensen MM, Morales-Kastresana A, Morhayim J, 
Mullier F, Muraca M, Musante L, Mussack V, Muth DC, Myburgh KH, Najrana T, Nawaz M, 
Nazarenko I, Nejsum P, Neri C, Neri T, Nieuwland R, Nimrichter L, Nolan JP, Nolte-’t Hoen 
ENM, Noren Hooten N, O’Driscoll L, O’Grady T, O’Loghlen A, Ochiya T, Olivier M, Ortiz A, 
Ortiz LA, Osteikoetxea X, Ostegaard O, Ostrowski M, Park J, Pegtel DM, Peinado H, Perut F, 
Pfaffl MW, Phinney DG, Pieters BCH, Pink RC, Pisetsky DS, von Strandmann EP, Polakovicova 
I, Poon IKH, Powell BH, Prada I, Pulliam L, Quesenberry P, Radeghieri A, Raffai RL, Raimondo 
S, Rak J, Ramirez MI, Raposo G, Rayyan MS, Regev-Rudzki N, Ricklefs FL, Robbins PD, 
Roberts DD, Rodrigues SC, Rohde E, Rome S, Rouschop KMA, Rughetti A, Russell AE, Saa 
P, Sahoo S, Salas-Huenuleo E, Sanchez C, Saugstad JA, Saul MJ, Schiffelers RM, Schneider 
R, Schoyen TH, Scott A, Shahaj E, Sharma S, Shatnyeva O, Shekari F, Shelke GV, Shetty AK, 
Shiba K, Siljander PRM, Silva AM, Skowronek A, Snyder OL, Soares RP, Sodar BW, Soekmadji 
C, Sotillo J, Stahl PD, Stoorvogel W, Stott SL, Strasser EF, Swift S, Tahara H, Tewari M, Timms 
K, Tiwari S, Tixeira R, Tkach M, Toh WS, Tomasini R, Torrecilhas AC, Tosar JP, Toxavidis V, 
Urbanelli L, Vader P, van Balkom BWM, van der Grein SG, Van Deun J, van Herwijnen MJC, 
Van Keuren-Jensen K, van Niel G, van Royen ME, van Wijnen AJ, Vasconcelos MH, Vechetti IJ, 
Veit TD, Vella LJ, Velot E, Verweij FJ, Vestad B, Vinas JL, Visnovitz T, Vukman KV, Wahlgren 
J, Watson DC, Wauben MHM, Weaver A, Webber JP, Weber V, Wehman AM, Weiss DJ, Welsh 
JA, Wendt S, Wheelock AM, Wiener Z, Witte L, Wolfram J, Xagorari A, Xander P, Xu J, Yan 
XM, Yanez-Mo M, Yin H, Yuana Y, Zappulli V, Zarubova J, Zekas V, Zhang JY, Zhao ZZ, Zheng 
L, Zheutlin AR, Zickler AM, Zimmermann P, Zivkovic AM, Zocco D, Zuba-Surma EK, Journal 
of Extracellular Vesicles 2018, 7, 1535750. [PubMed: 30637094] 

[34]. Kanada M, Bachmann MH, Hardy JW, Frimannson DO, Bronsart L, Wang A, Sylvester MD, 
Schmidt TL, Kaspar RL, Butte MJ, Matin AC, Contag CH, Proc Natl Acad Sci U S A 2015, 112, 
E1433. [PubMed: 25713383] 

[35]. Jeppesen DK, Hvam ML, Primdahl-Bengtson B, Boysen AT, Whitehead B, Dyrskjot L, Orntoft 
TF, Howard KA, Ostenfeld MS, J Extracell Vesicles 2014, 3, 25011. [PubMed: 25396408] 

[36]. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, Dingli F, Loew D, 
Tkach M, Thery C, Proc Natl Acad Sci U S A 2016, 113, E968. [PubMed: 26858453] 

[37]. Heurich A, Hofmann-Winkler H, Gierer S, Liepold T, Jahn O, Pohlmann S, J Virol 2014, 88, 
1293. [PubMed: 24227843] 

[38]. Dooley K, McConnell RE, Xu K, Lewis ND, Haupt S, Youniss MR, Martin S, Sia CL, McCoy 
C, Moniz RJ, Burenkova O, Sanchez-Salazar J, Jang SC, Choi B, Harrison RA, Houde D, Burzyn 
D, Leng C, Kirwin K, Ross NL, Finn JD, Gaidukov L, Economides KD, Estes S, Thornton JE, 
Kulman JD, Sathyanarayanan S, Williams DE, Mol Ther 2021, 29, 1729. [PubMed: 33484965] 

[39]. Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, Guo L, Guo R, Chen T, Hu J, Xiang Z, Mu Z, Chen X, 
Chen J, Hu K, Jin Q, Wang J, Qian Z, Nat Commun 2020, 11, 1620. [PubMed: 32221306] 

Gunnels et al. Page 21

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[40]. Suprewicz L, Swoger M, Gupta S, Piktel E, Byfield FJ, Iwamoto DV, Germann D, Reszec 
J, Marcinczyk N, Carroll RJ, Janmey PA, Schwarz JM, Bucki R, Patteson AE, Small 2021, 
e2105640. [PubMed: 34866333] 

[41]. Zhang L, Jackson CB, Mou H, Ojha A, Peng H, Quinlan BD, Rangarajan ES, Pan A, 
Vanderheiden A, Suthar MS, Li W, Izard T, Rader C, Farzan M, Choe H, Nat Commun 2020, 11, 
6013. [PubMed: 33243994] 

[42]. Higashikawa F, Chang L, Virology 2001, 280, 124. [PubMed: 11162826] 

[43]. Arai T, Takada M, Ui M, Iba H, Virology 1999, 260.

[44]. Garcia-Beltran WF, Lam EC, St Denis K, Nitido AD, Garcia ZH, Hauser BM, Feldman J, 
Pavlovic MN, Gregory DJ, Poznansky MC, Sigal A, Schmidt AG, Iafrate AJ, Naranbhai V, 
Balazs AB, Cell 2021, 184, 2523. [PubMed: 33930298] 

[45]. Shang J, Ye G, Shi K, Wan Y, Luo C, Aihara H, Geng Q, Auerbach A, Li F, Nature 2020, 581, 
221. [PubMed: 32225175] 

[46]. Lu J, Sun PD, J Biol Chem 2020, 295, 18579. [PubMed: 33122196] 

[47]. Wang C, Wang S, Chen Y, Zhao J, Han S, Zhao G, Kang J, Liu Y, Wang L, Wang X, Xu Y, Wang 
S, Huang Y, Wang J, Zhao J, ACS Nano 2021, 15, 6340. [PubMed: 33734675] 

[48]. Ilahibaks NF, Lei Z, Mol EA, Deshantri AK, Jiang L, Schiffelers RM, Vader P, Sluijter JPG, Cells 
2019, 8, 1509.

[49]. Rao L, Wu L, Liu Z, Tian R, Yu G, Zhou Z, Yang K, Xiong HG, Zhang A, Yu GT, Sun W, 
Xu H, Guo J, Li A, Chen H, Sun ZJ, Fu YX, Chen X, Nat Commun 2020, 11, 4909. [PubMed: 
32999291] 

[50]. Fang RH, Hu CM, Luk BT, Gao W, Copp JA, Tai Y, O’Connor DE, Zhang L, Nano Lett 2014, 14, 
2181. [PubMed: 24673373] 

[51]. Frisken BJ, Asman C, Patty PJ, Langmuir 2000, 16.

[52]. Hunter DG, Frisken BJ, Biophys J 1998, 74.

[53]. Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM, Ludden C, Reeve 
R, Rambaut A, Consortium C-GU, Peacock SJ, Robertson DL, Nat Rev Microbiol 2021, 19, 409. 
[PubMed: 34075212] 

[54]. Zahradnik J, Marciano S, Shemesh M, Zoler E, Harari D, Chiaravalli J, Meyer B, Rudich Y, Li C, 
Marton I, Dym O, Elad N, Lewis MG, Andersen H, Gagne M, Seder RA, Douek DC, Schreiber 
G, Nat Microbiol 2021, 6, 1188. [PubMed: 34400835] 

[55]. Corti D, Purcell LA, Snell G, Veesler D, Cell 2021, 184, 4593. [PubMed: 34416148] 

[56]. Mannar D, Saville JW, Zhu X, Srivastava SS, Berezuk AM, Zhou S, Tuttle KS, Kim A, Li W, 
Dimitrov DS, Subramaniam S, Cell Rep 2021, 37.

[57]. Liu Z, VanBlargan LA, Bloyet LM, Rothlauf PW, Chen RE, Stumpf S, Zhao H, Errico JM, Theel 
ES, Liebeskind MJ, Alford B, Buchser WJ, Ellebedy AH, Fremont DH, Diamond MS, Whelan 
SPJ, Cell Host Microbe 2021, 29, 477. [PubMed: 33535027] 

[58]. Monteil V, Kwon H, Prado P, Hagelkruys A, Wimmer RA, Stahl M, Leopoldi A, Garreta E, 
Hurtado Del Pozo C, Prosper F, Romero JP, Wirnsberger G, Zhang H, Slutsky AS, Conder R, 
Montserrat N, Mirazimi A, Penninger JM, Cell 2020, 181, 905. [PubMed: 32333836] 

[59]. Tada T, Zhou H, Dcosta BM, Samanovic MI, Mulligan MJ, Landau NR, (Preprint) 
bioRxiv,10.1101/2021.07.02.450959, v1, submitted: July, 2021.

[60]. Kimura I, Kosugi Y, Wu J, Yamasoba D, Butlertanaka EP, Tanaka YL, Liu Y, Shirakawa K, 
Kazuma Y, Nomura R, Horisawa Y, Tokunaga K, Takaori-Kondo A, Arase H, T. G. t. P. J. 
Consortium, Saito A, Nakagawa S, Sato K, (Preprint) bioRxiv,10.1101/2021.07.28.454085, v1, 
submitted: July, 2021.

[61]. Kim HK, Cho J, Kim E, Kim J, Yang JS, Kim KC, Lee JY, Shin Y, Palomera LF, Park J, Baek 
SH, Bae HG, Cho Y, Han J, Sul JH, Lee J, Park JH, Cho YW, Lee W, Jo DG, J Extracell Vesicles 
2022, 11.

[62]. Schmidt F, Muecksch F, Weisblum Y, Silva JD, Bednarski E, Cho A, Wang Z, 
Gaebler C, Caskey M, Nussenzweig MC, Hatziioannou T, Bieniasz PD, (Preprint) 
medRxiv,10.1101/2021.12.12.21267646, v1, submitted: December, 2021.

Gunnels et al. Page 22

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[63]. Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, San JE, Cromer D, 
Scheepers C, Amoako DG, Karim F, Bernstein M, Lustig G, Archary D, Smith M, Ganga Y, Jule 
Z, Reedoy K, Hwa SH, Giandhari J, Blackburn JM, Gosnell BI, Abdool Karim SS, Hanekom W, 
Ngs SA, Team C-K, von Gottberg A, Bhiman JN, Lessells RJ, Moosa MS, Davenport MP, de 
Oliveira T, Moore PL, Sigal A, Nature 2021.

[64]. Tang H, Ke Y, Ma H, Han L, Wang L, Zong H, Yuan Y, Wang Z, He Y, Chang Y, Wang 
S, Liu J, Yue Y, Xu W, Zhang X, Wang Z, Yang L, Chen H, Bian Y, Zhang B, Liao Y, Yin 
H, Chen Y, Zhang E, Zhang X, Jiang H, Xie Y, Gilly J, Wu M, Sun T, Zhu J, (Preprint) 
bioRxiv,10.1101/2022.01.17.475291, v2, submitted: February, 2022.

[65]. Strong TA, Pelaez D, Biotechnol Rep (Amst) 2021, 32, e00681. [PubMed: 34611521] 

[66]. Lim K, Nishide G, Yoshida T, Watanabe-Nakayama T, Kobayashi A, Hazawa M, Hanayama R, 
Ando T, Wong RW, J Extracell Vesicles 2021, 10, e12170. [PubMed: 34874124] 

[67]. Benton DJ, Wrobel AG, Xu P, Roustan C, Martin SR, Rosenthal PB, Skehel JJ, Gamblin SJ, 
Nature 2020, 588, 327. [PubMed: 32942285] 

[68]. Yurkovetskiy L, Wang X, Pascal KE, Tomkins-Tinch C, Nyalile TP, Wang Y, Baum A, Diehl 
WE, Dauphin A, Carbone C, Veinotte K, Egri SB, Schaffner SF, Lemieux JE, Munro JB, Rafique 
A, Barve A, Sabeti PC, Kyratsous CA, Dudkina NV, Shen K, Luban J, Cell 2020, 183, 739. 
[PubMed: 32991842] 

[69]. Nordin JZ, Lee Y, Vader P, Mager I, Johansson HJ, Heusermann W, Wiklander OP, Hallbrink 
M, Seow Y, Bultema JJ, Gilthorpe J, Davies T, Fairchild PJ, Gabrielsson S, Meisner-Kober NC, 
Lehtio J, Smith CI, Wood MJ, El Andaloussi S, Nanomedicine 2015, 11.

[70]. Gupta D, Liang X, Pavlova S, Wiklander OPB, Corso G, Zhao Y, Saher O, Bost J, Zickler AM, 
Piffko A, Maire CL, Ricklefs FL, Gustafsson O, Llorente VC, Gustafsson MO, Bostancioglu RB, 
Mamand DR, Hagey DW, Gorgens A, Nordin JZ, El Andaloussi S, J Extracell Vesicles 2020, 9.

[71]. Donahue PS, Draut JW, Muldoon JJ, Edelstein HI, Bagheri N, Leonard JN, Nat Commun 2020, 
11, 779. [PubMed: 32034124] 

[72]. Stranford DM, Hung ME, Gargus ES, Shah RN, Leonard JN, Tissue Eng Part A 2017, 23, 1274. 
[PubMed: 28586292] 

[73]. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden 
C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona 
A, Nat Methods 2012, 9, 676. [PubMed: 22743772] 

[74]. Kappenberg F, Brecklinghaus T, Albrecht W, Blum J, van der Wurp C, Leist M, Hengstler JG, 
Rahnenfuhrer J, Arch Toxicol 2020, 94, 3787. [PubMed: 32965549] 

Gunnels et al. Page 23

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Engineering effective decoy vesicles requires evaluating key design choices. Human cells 

may be engineered to release extracellular vesicles (EVs) that neutralize virus and inhibit 

infection. Here, we investigate important open questions as to how general design choices 

influence the efficacy of decoy vesicle-mediated inhibition of SARS-CoV-2 infection and to 

what extent this inhibition is robust to mutations that could confer viral escape.
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Figure 2. 
Extracellular vesicles display classical EV characteristics and EVs from engineered cells 

contain ACE2. A) Depiction of the process used to isolate extracellular vesicles used in 

this study. B) Representative histogram of nanoparticle tracking analysis of HEK293FT EV 

subpopulations normalized to the modal value in each population. C) Transmission electron 

microscopy images of representative EV subpopulations. Scale bar represents 100 nm. D) 

Western blots of EVs evaluating standard markers CD9, CD81, and Alix, and a blot of 

EVs and cell lysate evaluting the potentially contaminating endoplasmic reticulum protein, 

calnexin (n = 1) . E) Western blot against the C-terminal HA-tag of transgenic ACE2 in EV 

populations from parental or engineered cell lines (n = 2). Western blots were normalized by 

vesicle count (for EVs). The calnexin western blot comparing lysate to EVs used the same 

number of EVs per well as for CD9, CD81, and Alix and 3 μg cell lysate.
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Figure 3. 
ACE2-containing EVs inhibit pseudotyped SARS-CoV-2 transduction. A) Cartoon depicting 

pseudotype lentivirus assay. Transduction of ACE2+ HEK293FT cells by SARS-CoV-2 

Spike pseudotyped virus (Spike-lenti) results in expression of enhanced yellow fluorescent 

protein (EYFP) as a reporter of viral entry. B) Representative relative frequency histograms 

of EYFP expression of ACE2+ or parental HEK293FT cells after exposure to no virus, 

mock virus (no surface glycoprotein), or Spike-pseudotyped virus. C) Cartoon depicting 

pseudotype lentivirus inhibition assay. Effective inhibitors of viral transduction reduce the 

number of cells expressing EYFP. D) Dose-response curve demonstrating the relationship 

between EV dose and normalized percentage of cells transduced by Spike-lenti. Curves are 

normalized to the percent of cells transduced at the lowest EV dose in a particular curve. 

Symbols repesent the mean of three biological replicates except for the ACE2 negative, 

HS-EV condition, where the third and fourth dilutions in series (2.7 × 107 particles and 6.6 × 

106 particles, respectively) are the mean of two biological replicates. Error bars are standard 

error of the mean. Data are representative of two independent experiments.
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Figure 4. 
Mechanically generated, cell-derived nanovesicles contain ACE2 and inhibit SARS-CoV-2 

pseudotyped lentivirus transduction. A) Cartoon depicting the process used to isolate 

nanovesicles (NVs) used in this study. B) Representative histogram of nanoparticle tracking 

analysis of HEK293FT EV subpopulations as compared to NVs; data are normalized to 

the modal value in each population. C) Western blots of vesicles targeting standard EV 

markers CD9, CD81, and Alix (n = 1). Western blot of vesicles and cell lysate of the 

contaminating endoplasmic reticulum protein, calnexin (n = 1). D) Western blot against the 

C-terminal HA-tag of transgenic ACE2 in vesicle populations from parental or engineered 

cell lines, normalized by vesicle count (n = 2). E) Transmission electron microscopy images 

of NVs alongside micrographs of HS-EVs and UC-EVs. Scale bar represents 100 nm. 

F) Dose-response curve demonstrating the relationship between decoy vesicle dose and 

normalized percentage of cells transduced by Spike-lenti. Curves are normalized to the 

percent of cells transduced at the lowest vesicle dose in a particular curve. Symbols repesent 

the mean of three biological replicates; error bars are standard error of the mean. Data are 

representative of two independent experiments.

Gunnels et al. Page 27

Small. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Decoy vesicles are robust to drug-resistant Spike mutations. A) Cartoon depicting the 

SARS-CoV-2 Spike variants investigated in this study and their relative susceptibility to 

inhibition by soluble ACE2 (sACE2) or monoclonal antibody (mAb) treatments. B) Top: 

Dose-response curves depicting the inhibition of various strains of SARS-CoV-2 Spike 

pseudotyped lentivirus (Spike-lenti) against soluble ACE2, WT-ACE2 UC-EVs, and Mut-

ACE2 UC-EVs. Curves are normalized to the percent of cells transduced at the lowest EV 

dose in a particular curve. Symbols repesent the mean of three biological replicates; error 

bars are standard error of the mean. Data are representative of two independent experiments. 

B) Bottom: Log(ID50) values calculated from the data in the top portion of this panel. 

Numbers above each point report the relative resistance for a given strain relative to the 

parental (D614G) strain for that particular inhibitor treatment. Error bars represent 95% 

confidence intervals for the parameter (ID50) estimation.
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Figure 6. 
Decoy vesicles confer widespread inhibition of emerging SARS-CoV-2 Spike variants. Left: 

Dose-response curves depicting the inhibition of various strains of SARS-CoV-2 Spike 

pseudotyped lentivirus (Spike-Lenti) by WT-ACE2 UC-EVs. The parental strain is the 

D614G Spike-lenti. Curves are normalized to the percent of cells transduced at the lowest 

EV dose in a particular curve. Symbols repesent the mean of three biological replicates; 

error bars are standard error of the mean. Data are representative of two independent 

experiments. Right: Log(ID50) values calculated from the dose response curves. Numbers 

above each point report the relative resistance for a given strain relative to the parental strain 

(D614G). Error bars represent 99% confidence intervals for the parameter (ID50) estimation.
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