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SARS-CoV-2 (CoV-2) viral infection results in COVID-19 dis-
ease, which has caused significant morbidity and mortality
worldwide. A vaccine is crucial to curtail the spread of SARS-
CoV-2, while therapeutics will be required to treat ongoing
and reemerging infections of SARS-CoV-2 and COVID-19 dis-
ease. There are currently no commercially available effective
anti-viral therapies for COVID-19, urging the development
of novel modalities. Here, we describe a molecular therapy spe-
cifically targeted to neutralize SARS-CoV-2, which consists of
extracellular vesicles (EVs) containing a novel fusion tetraspa-
nin protein, CD63, embedded within an anti-CoV-2 nanobody.
These anti-CoV-2-enriched EVs bind SARS-CoV-2 spike pro-
tein at the receptor-binding domain (RBD) site and can func-
tionally neutralize SARS-CoV-2. This work demonstrates an
innovative EV-targeting platform that can be employed to
target and inhibit the early stages of SARS-CoV-2 infection.

INTRODUCTION
SARS-CoV-2 (CoV-2) has emerged on the world stage as a highly in-
fectious agent that can spread rapidly geographically, causing signif-
icant mortality globally.1 While current vaccines have proven useful
at preventing severe infection; vaccine hesitancy, the rapid emergence
of variants of concern (VOCs) that could escape pre-existing immu-
nity, and the possibility of the endemic establishment of SARS-CoV-
2, suggests that COVID-19 cases will continue to be observed into the
foreseeable future, which will require the development of novel ap-
proaches that directly target and inhibit SARS-CoV-2 during
infection.

Currently, there are no approved effective anti-viral treatments for
COVID-19; however, there has been emergency use authorization
(EUA) of traditional antiviral drugs like Remdesivir and monoclonal
antibodies therapies like REGN-CoV-2. Recently, a protease inhibi-
tor, PF-00835231, has shown promise in pre-clinical studies2 and
new drugs, paxlovid and molnupiravir, have received EUA. SARS-
CoV-2 intracellular entry is mediated through its spike protein
consisting of S1 and S2 subunits, whereby the S1 contains the recep-
tor-binding domain (RBD) that interacts with host angiotensin-con-
verting enzyme 2 (ACE2) receptor on the surface of target cells to
initiate infection.3 This binding results in the reorganization of the
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S2 subunit into a fusogenic state, which is further matured by trans-
membrane serine protease 2 (TMPRSS2).3 Although other target sites
in the spike protein have been found to be important, the RBD is
considered the major target for antibody-mediated neutralization,4

which blocks the interaction of this target site with ACE2, preventing
infection and representing a site for targeted virus inactivation.

Extracellular vesicle (EV) is an umbrella term for a wide range of
nano-size particles secreted from cells comprised of, but not limited
to, the broadly defined multivesicular body-derived exosomes (30–
150 nm), membrane-derived microvesicles (100–1,000 nm), and
apoptotic bodies.5 These particles have lipid bilayer membranes, a
feature that allows these systems to be engineered to present artificial
targeting ligands on their surface or the incorporation of various pay-
loads like RNA, DNA, and protein in the luminal compartment.6

They are biodegradable, potentially allogeneic , biocompatible, and
safe.7 Importantly, EVs are emerging as a therapeutic platform with
applications as anti-inflammatory,8 anti-viral,9 and anti-cancer
agents.10

Artificial proteins have been incorporated onto EVs to inhibit SARS-
CoV-2 intracellular entry, whereby a decoy hACE2 protein presented
on the EV surface can inhibit the entry of spike pseudotyped virions.11

However, the impact of administrating EVs expressing ACE2, which
is known to function in the regulation of the cardiovascular system, is
currently unknown, and targeting the virus directly may prove more
specific and therapeutically relevant. Furthermore, the EV surface can
be engineered with various overexpressed receptors. Not all receptors
are efficiently incorporated into EVs (e.g., the spike protein of SARS-
CoV-2);12 therefore, using enriched scaffolds could be exploited for
this purpose. EVs have a wide range of specifically enriched markers,
most notably the tetraspanin protein family, including, CD63, CD9,
and CD81, as well as other recently identified novel scaffolds,13 that
could be explored for this purpose.
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Figure 1. Characterization of targeted CD63 EVs

(A) Schematic of the CD63 receptor and the insertion sites of the N6 scFv or VHH72 nanobody (Ex1.1, Ex2.2, Ex2.3, or Ex2.4) or a truncatedCD4 domains 1 and 2 attached to

the N terminus of CD63 (tCD4-D1D2). EC1 and EC2 denote the two main loops of CD63, and cysteine disulfide bonds are highlighted. A Nluc was fused in-frame to the C

-terminus. (B) The N6-CD63 EVs were bound to beads and then incubated with gp120, and binding was assessed by flow cytometry, made relative to the CD63 control set at

100%. Error bars represent standard deviation generated from samples treated in triplicate. The p values were generated using a one-way ANOVA compared with the control

(*p < 0.05, **p < 0.01). (C) HEK293 cells that stably express gp160 were treated with N6-CD63 EVs, and the levels of Nluc were assessed at 18 h post-addition. The Nluc

levels were normalized to HEK293 WT cells and made relative to the CD63 control set at 100%. Error bars represent standard deviation generated from samples treated in

triplicate. The p values were generated using an unpaired Student’s t test compared with the control (**p < 0.01). (D) TEM and (E) NTA analysis for the CD63 control and

VHH72-CD63 EVs. (F) EVs and cell lysates were assessed by western blot for known EVmarkers (TSG101, ALIX, CD81) and the components of the CD63 fusion protein (Nluc

and CD63). GAPDH was included as a loading control. Ladder molecular weights are indicated.
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To determine the ability to embed virus-targeted modalities into the
extracellular surface of EVs, we engineered a SARS-CoV-2 spike-spe-
cific nanobody and a control human immunodeficiency virus
(HIV-1)-specific N6 antibody into the CD63 tetraspanin EV-specific
receptor. We demonstrate the ability of these CD63-engineered EVs
to functionally bind and inhibit HIV-1 and SARS-CoV-2. Further-
more, anti-SARS-CoV-2 EVs were shown to inhibit lentivirus pseu-
dotyped with a range of spikes from VOCs as well as infectious
SARS-CoV-2. Here, we report the characterization of this modality
and its ability to inhibit SARS-CoV-2 infection, a novel proof-of-
concept anti-viral for COVID-19.

RESULTS
Characterization of VHH72-CD63-expressing EVs

EVs alone can be taken up by cells in a non-specific manner, but they
have a predilection for being taken up by cells similar to their origin.14

One means to bias EV uptake to a particular cell type is by generating
356 Molecular Therapy: Methods & Clinical Development Vol. 24 March
EVs that have a specific receptor agonist, single-chain variable frag-
ment (scFv), or nanobodies, embedded into the extracellular mem-
brane of the CD63 EV-associated protein. Toward this goal, we first
determined the optimal extracellular loop and position within CD63
to embed the targeting protein. We utilized an scFv derived from
the broadly neutralizing N6 antibody targeted to HIV-1 gp160 to
create a series of N6-scFv fusion constructs15 (Figure 1A). These
N6-CD63 fusion constructs were transfected into human embryonic
kidney (HEK293) cells, and EVs were collected using established dif-
ferential ultra-centrifugation procedures to isolate small EVs, contain-
ing the exosome fraction known to be enriched for CD63 expression.16

The optimal extra-cellular loop in CD63 to embed the N6 was deter-
mined to be in loop 2 (EC2) in the Ex2.4 configuration (Figure 1A), as
this site demonstrated significant binding of N6-CD63 EVs to gp120
in bead-binding assays (Figure 1B). Inserting the N6 into loop 1
(EC1) as well as fusing a truncated CD4 protein (tCD4-D1D2), the
GP160’s target receptor, to the N terminus also gave an enriched
2022
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signal. However, the N6-CD63 was also fused to a nanoluciferase
(Nluc) (Figure 1A), and uptake on stable gp160 HEK293 cells was as-
sessed. There was high background signal due to the non-specific
binding and possible uptake of EVs on the cells, but the EVs with
the N6 scFv in the Ex2.4 configuration resulted in a low but significant
increase in uptake signal (Figure 1C), highlighting this as the preferen-
tial format going forward. The morphology of EVs containing the
N6-CD63 Ex2.4 format (referred to as N6-CD63 onward) was charac-
terized by nanotracking analysis (NTA) and transmission electron
microscopy (TEM), and the enrichment of EV markers and the
N6-CD63 scaffold was confirmed by western blotting (Figures S1A–
S1C). The functionality of the N6-CD63 EVs was then verified by
performing a HIV-1 neutralization assay. The pre-incubation of the
N6-CD63 EVs with a pNL4-Bal virus resulted in the significant inhi-
bition of infection as measured by the reduction of luciferase signal in
a HIV-responsive TZM-bl reporter cell line (Figure S1D).

Encouraged by these results for targeting HIV-1 gp160 with a scFv, we
sought to determine whether the Ex2.4 locus was tolerant of other tar-
geted approaches. As a result of the current global significance of
SARS-CoV-2, a camelid-derived nanobody, which is a single-domain
heavy-chain variable region (VHH) was embedded into the Ex2.4 site.
A VHH requires only a single heavy chain to bind its cognate target,
representing a simple and compact modality for generating fusion
constructs. Recently, VHH72 was described to bind the spike of the
beta-coronavirus’s RBD.17 Originally developed for SARS-CoV-1,
VHH72 targets a conserved region that sterically blocks spike engage-
ment with the ACE2 receptor and can neutralize SARS-CoV-2 when
expressed in a bivalent format.

To determine the ability to target the spike of SARS-CoV-2, we in-
serted the bivalent VHH72 into the Ex2.4 locus of CD63 (Figure 1A),
transiently transfected the vector into HEK293 cells, and purified EVs
as described. The EVs were characterized by TEM and NTA, showing
the characteristic cup-shaped morphology and similar in shape and
size (�130 nm) to EVs generated from cells transfected with the con-
trol CD63 vector (Figures 1D and 1E). Western blot analysis of the
CD63 and VHH72-CD63 EVs showed enrichment of inclusion EV
markers ALIX, CD81, and the recently described putative universal
EV biomarker syntenin-118 and the absence of the cell-specific exclu-
sion marker calnexin (Figures 1F and S2A). Notably, detection of
CD63 or Nluc showed specific enrichment of VHH72-CD63 in EVs
compared with cell lysates (Figure 1F). However, detection of the
CD63 scaffolds showed different molecular weights in the cell lysates
compared with the EVs. This observation may represent possible dif-
ferences in post-translational modifications of CD63 present in EVs
compared with cells, which has been observed by others using over-
expressed CD63 vectors.16,19 Furthermore, Nluc activity was readily
detectable in EV preparations, further verifying the presence of the
CD63 scaffolds in the EVs (Figure S2B).

VHH72-CD63 EVs can bind to SARS-CoV-2 spike

To determine whether the VHH72 on the surface of EVs was able to
bind to its cognate target, we performed an enrichment assay where
Molecular
beads were coated with an anti-spike antibody to the S1 ectodomain
and then bound to the SARS-CoV-2 trimeric spike, which were subse-
quently incubatedwithVHH72-CD63EVs.ANluc signal was observed
with the VHH72-CD63 EVs with increasing amounts of recombinant
trimeric spike protein (Figures 2A, S2C and S2D). Notably, an enrich-
ment was not observed with the control EVs. To further verify that the
modified EVs were binding to the RBD, VHH72-CD63 EVs were
bound to beads and then incubated with SARS-CoV-2 RBD before
determining the levels of boundRBDbyflowcytometry.Ahigher signal
was observed with VHH72-CD63 EVs, demonstrating that the EVs
were binding to the RBD (Figure 2B). Furthermore, TEM imaging re-
vealed that the surface of VHH72-CD63 EVs bound to SARS-CoV-2
RBD when detected using gold-nanoparticle labeling, which often ap-
peared as a cluster on the EV surface (Figures 2C and S2E). We also
observed an increased uptake of VHH72-CD63 EVs in HEK293 cells
transfected with a vector expressing the spike protein (Figures 2D
and S2F). Lastly, to determine mechanistically whether the VHH72
containing EVs could block a RBD interaction with the ACE2 protein,
an ACE2-blocking assay was performed. The VHH72-EVs were incu-
bated at increasing doses with the SARS-CoV-2RBDand then added to
a plate coatedwith recombinantACE2, and the amountofACE2bound
to RBDwas determined. A significant reduction in signal was observed
with increasing amounts of VHH72-EVs compared with the control
CD63 EVs (Figure 2E). Collectively, these data verified that VHH72-
CD63 EVs were able to bind to the SARS-CoV-2 spike protein on the
membrane surface and block its interaction with ACE2.

Neutralization of SARS-CoV-2 pseudotyped lentivirus

To assess whether the VHH72-CD63 EVs were able to neutralize the
SARS-CoV-2 spike, we utilized a pseudotyped lentiviral vector assay.
We first optimized cellular and viral conditions to facilitate spike infec-
tion of the target cells. Lentiviral particles7 were packaged with a GFP-
firefly luciferase reporter (GFP-Fluc) and pseudotypedwith aWT spike
protein. These pseudotyped lentiviral particles were able to transduce
stable hACE2-HEK293 cells (Figures S3A and S4A), which was further
increased in hACE2-hTMPRSS2-HEK293 cells in a dose-responsive
manner (Figures S3B and S4B). The virus was unable to transduce
WT HEK293 cells. VERO-E6 cells have been described to be SARS-
CoV-2 permissive, but we proceeded with the HEK293 cells since the
VERO-E6 cells showed lower transduction even with stable hACE2-
hTMPRSS2 expression, possibly because of restriction factors in these
cells (Figure S4C). Furthermore, we introduced the dominant D614G
mutation present in circulating strains, which improves ACE2 binding,
virus transmissibility, and infection,20–22 alone or in combinationwith a
mutation in the furin cleavage site R682Q.23 The highest infection levels
observed was with the D614G-R682Q combination (Figure S4D).
Finally, we tested a C-terminal truncated spike protein, which has
been shown to improve spike incorporation into lentiviral particles
and virus transduction, but showed only modest improvements in
transduction and was not explored further (Figure S4E). Furthermore,
the truncated spike had increased non-specific entry intoHEK293 cells,
which may have resulted from the truncation increasing the spike’s fu-
sogenic properties.24 A combination assay of the relevant individually
optimized conditions is presented in Figure S4F.
Therapy: Methods & Clinical Development Vol. 24 March 2022 357
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Figure 2. VHH72-CD63 EVs can bind SARS-CoV-2

spike

(A) Beads were coated with an anti-SARS-CoV-2 spike

antibody and bound to increasing concentrations of re-

combinant trimeric spike (0.1–10 mg/mL). The spike-bound

beads were incubated with VHH72-CD63 EVs, and the

levels of Nluc were assessed, which were made relative to

the beads without spike, set at 100%. Error bars represent

standard deviation generated from samples treated in

duplicate. (B) The VHH72-CD63 EVs were bound to beads

and incubated with SARS-CoV-2 RBD, and then flow cy-

tometry was used to assess binding. Error bars represent

standard deviation generated from samples treated in

triplicate. The p values were generated using an unpaired

Student’s t test compared with RBD-negative samples

(*p < 0.05). (C) TEM analysis of the VHH72-CD63 andCD63

containing EVs bound to gold-nanoparticle-labeled SARS-

CoV-2 RBD. Red arrows highlight bound gold particles.

Scale bar represents 200 nm. (D) HEK293 cells were

transfected with a spike-expressing vector and treated with

VHH72-CD63 EVs, and the levels of Nluc were assessed at

4 h post-addition. The Nluc levels were normalized to un-

transfected HEK293 cells and made relative to the CD63

control. Error bars represent standard deviation generated

from samples treated in triplicate. The p values were

generated using an unpaired Student’s t test compared

with the control (***p < 0.005). (E) A SARS-CoV-2 RBD

fused to a HRPwas pre-incubated with 2E9, 1E9, 5E8, and

1E8 total particles of the CD63 or VHH72-CD63 EVs, and

the amount of RBD bound to ACE2 was assessed through

a colorimetric assay. The percent inhibition was calculated

from samples treated in duplicate. A recombinant VHH72

was included as a positive control.
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Having established a reliable infection system with pseudotyped spike
particles, theD614G-R682Qpseudotyped virions were incubatedwith
VHH72-CD63 EVs followed by infection of hACE2-hTMPRSS2-
HEK293 cells. The Fluc activity was assessed at 72 h post-infection,
and a reduction in luciferase activity was observed in the VHH72-
CD63 EVs relative to the CD63 control (Figure 3A, left graph). Simul-
taneous detection of Nluc in the transduced cells verified the inclusion
of the EVs (Figure 3A, right graph). The neutralization of pseudotyped
D614G-R682Q virus was dose dependent, which increased with a
higher ratio of VHH72-CD63 EVs to viral particles (Figure 3B).
COVID-19 convalescent plasma (CPP) from patients recovered
from SARS-CoV-2 infection was able to reduce transduction by
�50% (Figure S5A), which was comparable to the VHH72-CD63
358 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
t

EVs, suggesting effective inactivation of the
D614G-R682Q spike. Of interest, the RBD-tar-
geting S35 mAb was ineffective at neutralizing
the D614G-R682Q pseudotyped virion.

To assess whether the VHH72-CD63 EVs can
inactivate spike proteins derived from SARS-
CoV-2 VOCs, the EVs were incubated with lenti-
virus pseudotyped with the spike from Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), and Epsilon (B.1.429) vari-
ants. These preparations were then transduced onto the hACE2-
hTMPRSS2-HEK293 cells, and high levels of neutralization were
observed with the VHH72-CD63 EVs for all variants tested compared
with the CD63 control (Figure 3C). Furthermore, the neutralization
was comparable to a recombinant bivalent VHH72. A 10-fold lower
number of EVs reduced the neutralization of the pseudotyped lenti-
viral variants by the VHH72-CD63, demonstrating a dosing effec
(Figure S5B). Importantly, the anti-RBD S35 mAb and CPP (P9K)
were unable to effectively neutralize the spikes from the Beta and
Gamma variants, highlighting the conserved nature of the VHH72
target site (Figure 3D). Encouraged by these results, we tested the
VHH72-CD63 EVs against lentivirus pseudotyped with the Kappa



Figure 3. VHH72-CD63 EVs broadly neutralize SARS-CoV-2 pseudovirus

(A) ThepseudotypedspikeD614G-R682Q lentiviral particleswere incubatedwithEVsand then transducedonHEK293-hACE2-hTMPRSS2cells, and the levels of FlucandNluc

were assessed at 72 h post-transduction. Error bars represent standard deviation generated from samples treated in triplicate. The p values were generated using an unpaired

Student’s t -test compared with the CD63 control treated samples (**p < 0.01). (B) The EVswere incubated at increasing concentrations with a set number of lentiviral particles

(LP), and transductions were performed as described. Error bars represent standard deviation generated from samples treated in triplicate from two independent experiments.

The p values were generated using a one-way ANOVA by comparing the means of the two experiments relative to the virus-only control (*p < 0.05, **p < 0.01). (C) The

pseudotyped lentiviral particles with the spike protein from the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Epsilon (B.1.429) variants were incubated with 2E9 EVs, and

then HEK293-hACE2-hTMPRSS2 cells were transduced. The levels of Fluc were assessed at 48 h post-transduction. The line represents the mean from samples treated in

triplicate from two independent experiments. (D) The lentiviral particles pseudotypedwith spikes from SARS-CoV-2 VOCwere incubated with the S35mAb (1.5 mg/mL) or CCP

(P9K; 1:100 dilution), and then HEK293-hACE2-hTMPRSS2 cells were transduced. The line represents themean from an experiment performed in triplicate. (E) VHH72-CD63

EVs were tested against lentivirus pseudotypedwith the Delta (B.1.617.2) and Kappa (B.1.617.1) spike variants. The line represents themean from samples treated in triplicate

from two independent experiments, except for the S35- and recombinant VHH72-treated samples for the Kappa variant, which were generated from one independent

experiment. Thep values for (C), (D), and (E)weregenerated using a one-wayANOVAby comparing themeans of the twoexperiments relative to theCD63 (CandE) or virus-only

control (D) (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 4. VHH72-CD63 EVs neutralize SARS-CoV-2

(A–D) EVs were incubated at the described amounts with live SARS-CoV-2 from an ancestral strain (A) or VOC; Delta (B), Beta (C), Kappa (D), before infecting Vero E6 cells,

and plaques were subsequently counted. A mAb targeted to the RBD, CB6, or 5309 were included as positive controls. Triplicate treated cells are shown with the standard

error of the mean, and p values were determined by one-way ANOVA (Dunnett’s post-test) when compared against virus only (*p < 0.05, ***p < 0.001, ****p < 0.0001).
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(B.1.617.1) and Delta (B.1.617.2) spikes, and likewise was able to
potently neutralize these variants (Figure 3E), demonstrating broad
activity against a wide range of emerging VOCs.

Neutralization of infectious SARS-CoV-2

Finally, to verify that the VHH72-CD63 EVs can affect SARS-CoV-2
infection in vitro, neutralization assays were performed in a live-virus
challenge with an ancestral strain. Indeed, reduced infection was
observed in a dose-dependent manner with the VHH72-CD63 EVs
compared with the CD63 control (Figure 4A). The VHH72-CD63
EVs were subsequently tested in a live-virus challenge with VOCs:
Delta, Beta, and Kappa (Figures 4B–4D, respectively). Effective
neutralization with the ancestral strain was observed at >1x10^8
(1E8) total particles, and so a starting dose of 5x10^8 (5E8) EV par-
ticles was used, and effective neutralization of the VOCs was
observed. However, higher doses of VHH72-CD63 EVs did not
significantly improve inhibition. Collectively, these data show that
the VHH72-CD63 EVs can inhibit live SARS-CoV-2 VOCs, mediated
through the inhibition of the spike protein.

DISCUSSION
Here,wedescribe anovel EV fusion receptor that can beused to redirect
EVs to viral targets. Specifically, we characterized its binding to SARS-
CoV-2 spike protein and the inhibition of both pseudotyped and
authentic virus. There are a number of methods to attach ligands pre-
360 Molecular Therapy: Methods & Clinical Development Vol. 24 March
and post-production to EVs,25 but a feature of the lipid bilayer mem-
brane allows for transmembrane protein incorporation, which can be
leveraged to express artificial receptors during production, a powerful
tool for EV retargeting. The EVCD63 scaffold has been used function-
ally in various ways: embedding inhibitory peptides to treat muscular
dystrophy,26 fusing an apolipoprotein A-I (apo-A1) ligand to the C
terminus to direct EVs to liver cancer cells,27 presenting antigens for
vaccine augmentation,28 or real-time EV imaging through embedded
reporters.16 This work adds to the growing versatility of tetraspanins
by showing that antibody-derived fragments can be embedded into
CD63 for functional receptor targeting. Furthermore, the EC1 of
CD63 has been used for protein presentation,16,26 which was further
corroborated in this study (Figure 1B).More extensive characterization
of the loops suggested other regions may have improved features for
protein presentation (Figures 1A and 1B), highlighting the versatility
of CD63. Interestingly, recent work suggests that truncated variants
of CD63 may still be functional in EVs, only requiring transmembrane
3 for incorporation into EVs,29 signifying CD63 as a highly malleable
and compact system for enrichment of ligands.

Still, although effective neutralization of live SARS-CoV-2 was
observed, complete neutralization compared with a mAb was not
achieved (Figure 4). Neutralization may be improved by optimizing
several features of the surface modified EVs. There are several chal-
lenges in using expressed receptors for pre-incorporation into EVs,
2022
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which include receptor enrichment and product purity of the modi-
fied EVs. The pDisplay system has been used to target HIV-1’s
GP160 built on the platelet-derived growth factor receptor (PDGFR)
transmembrane domain,9 while other studies have used the lyso-
some-associated membrane protein 2 (Lamp2b) receptor, a known
marker of EVs (reviewed in Dang et al.6). However, recent studies
have shown that these are not highly enriched in HEK293-dervied
EVs compared with other receptors including tetraspanins. A com-
parison of novel-enriched versus passive scaffolds showed improved
functionality,13 encouraging the use of enriched scaffolds. Further-
more, Lamp2b has been shown to be proteolytically unstable,
requiring additional optimization to produce stable versions,13,30

which is not the case for the ubiquitous, stable tetraspanins that are
known to be enriched in EVs from various cell types, making tetraspa-
nins an attractive scaffold for further development.

The TEM images presented here showed that not all EVs bound to
gold-labeled RBD, and often the fusion proteins were found in clus-
ters on the EV surface (Figures 2C and S2D). This observation may
reflect binding to VHH72-CD63 in tetraspanin-enriched microdo-
mains, with a similar phenomenon observed with GPI scaffolds asso-
ciated with lipid rafts.31 Supporting this notion are observations that
the pHluorin-CD63 reporter was found in heterogeneous clusters on
EV particles andmainly enriched in EVs from the smaller range, pref-
erentially in exosomes.16 Selective isolation methods will need to be
explored to improve product purity of EVs modified with artificial
scaffolds to ensure optimal products for therapeutic applications.

Furthermore, the N6-CD63 scaffold, although functional, had signif-
icantly reduced levels of expression (Figure S1C). To a lesser extent,
the VHH72-CD63 had reduced expression compared with the
CD63 control (Figure 1F), which highlights the need to identify stable
ligands empirically, a common process in developing targeted vesi-
cles. As a result of the simplicity of ligands that have single effector
modules, such as nanobodies and darpins,32 these modalities may
be attractive ligands for further development into tetraspanin
scaffolds.

The R682Q furin mutation has been explored to optimize in vitro
transduction with pseudotyped SARS-CoV-2 lentiviral vectors.23Mu-
tation of the furin domain emerges when serially passaging SARS-
CoV-2, representing a cell culture adaptation,33 which may affect
mAb neutralization.34 Although effective neutralization of the
D614G-R682Q spike lentivirus was observed with the VHH72-
CD63 EVs, suggesting conservation of the target epitope (Figure 3B),
neutralization clearly affected the S35 mAb and CPP (Figure S5A)
that readily inhibited several pseudotyped VOCs (Figure 3D). These
data suggest possible structural changes in the spike because of the
furin mutation, which impacts antibody binding, advising caution
when using furin-mutated spikes for neutralization studies.

The emergence of VOCs has caused great concern, as these can escape
from vaccinated and COVID-19 patient serum35 as well as from ther-
apeutic monoclonal antibodies,36 resulting in the need for antibody
Molecular
cocktails to prevent escape.37 Alternatively, targeting conserved re-
gions in betacoronavirus spike could counter this issue. The
VHH72 targets a region adjacent to the ACE2 binding site, a
conserved site, that can cross-neutralize SARS-CoV-1 and -2, and
bind spike protein from a bat coronavirus, WIV1-CoV.38 The data
presented here demonstrate that the VHH72-CD63 EVs can
neutralize a range of VOCs (Figures 3C and 3E, Figure 4). Interest-
ingly, anti-viral activity with recombinant VHH72 has been shown
to improve against the N501K mutation,39 as this mutation re-estab-
lished a positively charged amino acid present at the equivalent posi-
tion in SARS-CoV-1,38 suggesting that VHH72-CD63 EVs may even
have improved activity against some variants.

EVs represent a multi-functional system that could be adapted to
inhibit the virus through mechanisms other than neutralization.
EVs are able to transfer incorporated therapeutic payloads and,
loaded with chemotherapeutic agents, have been shown to improve
drug potency to cancer cells10 and deliver RNA interference effec-
tors40 or gene-regulatory proteins.41 Spike-targeted EVs could be
adapted to deliver anti-CoV-2 payloads to infected tissues in combi-
nation with neutralizing effects. Furthermore, inflammation is a
crucial factor in severe COVID-19, and stem-cell-derived EVs have
anti-inflammatory properties.42 Using anti-inflammatory EVs tar-
geted to the sites of SARS-CoV-2 infection could be a potent thera-
peutic approach to augment COVID-19 disease progression and
modulate a SARS-CoV-2-induced cytokine storm. The versatility of
anti-viral SARS-CoV-2 EVs could be leveraged to offer unique prop-
erties to treat COVID-19 over other anti-viral modalities. Overall, we
have demonstrated the engineering of a novel CD63 fusion receptor
that can be enriched in EVs to target and inhibit SARS-CoV-2, repre-
senting an innovative therapeutic approach for the treatment of
COVID-19.

MATERIALS AND METHODS
Vectors

The CD63 vectors that contained the N6 (Ex1.1, Ex2.2, Ex2.3, Ex2.4)
or VHH72 (Ex2.4) were ordered as gBLOCKs (IDT, IA, USA) and
cloned into a pDB30 vector digested with HindIII and BbvCI. The
tCD4-D1D2 vector was generated by amplify the CD4 domains 1
and 2 from a CD4 expression vector (primers: tCD4-D1D2-CD63 F
and R) and cloned into a HindIII-digested pDB30 vector. The
pDB30 vector that contains a WT hCD63 fused by a GS linker to
Nluc was kindly provided by Prof. M. Fussenegger.43 The WT spike
mammalian expression vector (codon optimized) was obtained
from Sino Biological (Beijing, China). To generate the mutant spike
vectors, primers with the mutations were used to amplify the
sequence by PCR. For the D614G vector, two fragments were ampli-
fied with one containing the D614G mutation (primers: Spike-F +
D614G-R) and a second WT sequence fragment (primers: D614G-
F and Spike-R). To generate the double mutation D614G-R682Q,
an amplicon was generated with the R682Q mutation (primers:
R682Q-F + Spike-R) and a second amplicon (primers: R614G-F +
R682Q-R), which were both diluted down to 1:100 in sterile water,
mixed at a 1:1 ratio, and then amplified in a fusion PCR (primers
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R614G-F + spike-R) to generate a single fragment with the R682Q
mutation. The WT spike vector was digested with Bsu36I and BsrGI,
and the D614G fragment was mixed either with the WT fragment or
the R682Q fragment and cloned into the digested vector. The trun-
cated spike vector was generated by PCR amplification of the spike
sequence (Spike-F2 and spike-R2) and cloned into a EcoRI- and
NotI-digested pCAGGS vector.

To generate the hACE2-T2A-puromycin and the hTMPRSS2-T2A-
hygromycin vectors, the sequences were ordered as gBLOCKs (IDT,
IA, USA) and were cloned in a XbaI- and XmaI-digested epHIV7-
eGFP-Fluc vector, which removed the GFP-Fluc transgene and
replaced it with the receptors. The primers and gBLOCK sequences
for the CD63 and spike vectors are provided in Tables S1 and S2,
respectively. Amino acid sequences of the CD63 vectors are provided
in Table S3. All the fragments were amplified using Q5 Hot Start
High-Fidelity 2X Master Mix (NEB, MA, USA) and were cloned
into their respective digested vectors using the NEBuilder HiFi
DNA Assembly master mix (NEB) according to the manufacturer’s
instructions. The generated constructs were screened by digestion
and confirmed by Sanger sequencing.

Cell lines and culture

HEK293 (ATCC CRL-1573), HEK293-GP160-92UG037.8 (kindly
provided by Prof. Chen44), HEK293-hACE2 (NR-52512, BEI re-
sources), HEK293-hACE2-hTMPRSS2, TZM-bl (NIH HIV Reagent
Program, Division of AIDS, NIAID, NIH: ARP-8129, contributed by
Drs. John C. Kappes and Xiaoyun Wu), and VERO-E6 cells (ATCC
CRL-1586) were maintained in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific) at 37�C and 5%
CO2. To generate the VERO-E6-hACE2, VERO-E6-hACE2-
hTMPRSS2, or HEK293-hACE2-TMPRSS2 cell lines, lentiviral parti-
cles were generated using standard procedures that contained the
epHIV7-hACE2-T2A-puromycin or epHIV7-hTMPRSS2-T2A-hy-
gromycin transgenes; the cell lines were transduced and selected with
either 1.5 mg/mL puromycin or 400 mg/mL hygromycin, respectively.

Detection of proteins in EVs and cell lysates

HEK293 EVs and producer cells were lysed in RIPA lysis buffer, and
the protein concentration was determined by a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) according to manufacturer pro-
tocols. Equal amounts of protein (10 mg) from each sample were then
loaded onto 4%–20% Mini-PROTEAN TGX Precast Protein Gels
(Bio-Rad, Hercules, CA, USA) and run in Tris-glycine/SDS electro-
phoresis buffer (Bio-Rad). Protein was transferred onto nitrocellulose
membrane overnight at 4�C in Tris-glycine buffer (Bio-Rad). The
membrane was rinsed and blocked using 2% BSA in TBS-T blocking
buffer and then probed using the following primary antibodies:
a-CD63mouse antibody (cat. no. sc-5275, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), a-CD81 mouse antibody (cat. no. sc-7637,
Santa Cruz Biotechnology), a-TSG101 mouse antibody (cat. no. sc-
136111, Santa Cruz Biotechnology), a-ALIX mouse antibody (cat.
no. 2171S, Cell Signaling, Waltham, MA, USA), a-GAPDH mouse
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antibody (cat. no. sc-47724, Santa Cruz Biotechnology), a-NanoLuc
mouse antibody (cat. no. MAB100261, Novus Bio, Centennial, CO,
USA), a-calnexin rabbit antibody (cat. no. ab92573, Abcam, Cam-
bridge, UK), and a-syntenin rabbit antibody (cat. no. ab133267, Ab-
cam). The primary antibodies were then bound with a horseradish
peroxidase (HRP)-conjugated a-mouse IgG goat antibody (cat. no.
1705047, Bio-Rad) or Immun-Star goat anti-rabbit (GAR)-HRP con-
jugate (cat. no. 170546, Bio-Rad) and exposed using a Pierce Super-
Signal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher
Scientific). The signal was detected on the Bio-Rad Chemidoc Touch
Gel-Imaging System and analyzed on Bio-Rad Image Lab software
v.6.0.0. Primary and secondary antibodies were diluted 1:1,000 in
blocking buffer. The membranes were thoroughly washed and strip-
ped with Restore PLUS Western Blot Stripping Buffer (Thermo
Fisher Scientific), if necessary, between repeat probings.

To detect hACE, hTMPRSS2, and CoV-2 S proteins, the cells were
pelleted and then lysed as described above and then loaded onto a
Bio-Rad Mini Protean TGX 7.5% gel and run in TGS running buffer
(Bio-Rad). Protein was transferred to nitrocellulose membranes using
Bio-Rad’s TransBlot Turbo Transfer system (Bio-Rad). The mem-
branes were blocked for 1 h in 1� TBS-T with 5% milk. Membranes
were washed and then incubated overnight at 4�C with anti-hACE2
monoclonal antibody (OTI4D2; cat. no. MA5-26628, Thermo Fisher
Scientific), anti-hTMPRSS2 antibody (H-4; cat. no. sc-515727, Santa
Cruz Biotechnology), or anti-SARS-CoV-2 spike (T62; Sino Biolog-
ical, cat. no. 40592-T62) diluted 1:1,000 in blocking buffer. The mem-
branes were washed three times for 2 min each before incubation for
30 min at room temperature with the described secondary antibodies.
Membranes were exposed with Pierce ECL Plus Western Blotting
Substrate (Thermo Fisher Scientific) before imaging on the Bio-Rad
Chemidoc Touch Gel-Imaging system. Images were analyzed on
Bio-Rad Image Lab software v.6.0.0.

Immunoelectron microscopy

For immunogold labeling, 5 mL of specimen was absorbed to glow dis-
charged carbon-coated Formvar grids for 2 min. After a rinse in PBS
containing 0.05% bovine serum albumin (BSA), grids were incubated
with biotinylated SARS-CoV-2 (COVID-19) S protein RBD, His,Avi-
tag (cat. no. SPD-C82E9-25mg; Acrobiosystems, Newark, DE, USA)
or MonoRab Rabbit Anti-Camelid VHH Cocktail Biotin (cat. no.
A02015-200, Genscript ProBio, Piscataway, NJ, USA) at 1:400 dilu-
tion for 15 min. After a washing, grids were incubated with 10 nm
gold particle-conjugated streptavidin from Streptomyces avidinii
(cat. no. S9059-.25ML, Millipore Sigma, Burlington, MA, USA) at
1:50 dilution for 15 min. Finally, immunolabeled samples were nega-
tively stained with 1% uranyl acetate for 20 s, and electronmicroscopy
images were taken on an FEI Tecnai 12 transmission electron micro-
scope equipped with a Gatan OneView CMOS camera.

Bead-binding assays

To assess enrichment of Nluc, 4 mM Aldehyde/Sulfate Latex Beads
(Thermo Fisher Scientific, Carlsbad, CA, USA) were first washed
with PBS and then incubated with recombinant anti-SARS-CoV-2
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spike ectodomain antibody (cat. no. ab277512, Abcam) centrifuged at
3,000� g for 10 min at 4�C. The conjugated beads were then blocked
with blocking buffer containing 0.5% BSA in PBS, centrifuged at
3,000 � g for 10 min at 4�C and washed, and then SARS-CoV-2
(COVID-19) S-trimer (D614G) recombinant protein (cat. no. 92-
748, ProSci Inc., Fort Collins, CO, USA) was incubated with the con-
jugated beads at increasing concentration (0–10 mg/mL). The bound
recombinant protein was then centrifuged at 3000 � g for 10 min at
4�C, washed, and incubated with 5E8 EV particles. The bound EV
particles were then centrifuged at 3,000 � g for 10 min at 4�C and
washed, and the levels of Nluc were assessed using the Nano-Glo
Luciferase Assay System (Promega, Madison, WI, USA) and read
on the GloMax Discover MicroPlate Reader (Promega).

To assess EV binding to the Spike-RBD, Aldehyde/Sulfate Latex
Beads (Thermo Fisher CA) were washed in PBS, spun at 3,000 � g
for 10 min, and then incubated with an anti-hCD63 antibody in
PBS for 1 h at 4�C and then centrifuged at 3000 � gg for 10 min
and blocked in 1� PBS with 0.2% BSA for 30 min at 4�C. The sample
was then centrifuged at 3,000� gg for 10 min, and the VHH72-CD63
or control CD63 EVs were incubated with the sample in PBS for 1 h at
4�C. The beads were centrifuged again at 3,000 � g for 10 min and
then incubated with 5 mg/mL SARS-CoV-2 RBD (cat. no. Z03479,
Genscript), centrifuged 3,000 � g for 10 min, and then incubated
with a secondary anti-His tag antibody conjugated to Alexa Fluor
488 (cat. no. 652509; Biolegend, San Diego, CA, USA) for 30 min at
4�C and then centrifuged at 3,000� g for 10 min. The beads were re-
suspended in PBS, signal was detected on BD Accuri C6 Plus Flow
Cytometer, and the data were analyzed the FlowJo software. For the
N6-CD63 EVs, the recombinant HIV-1 (group M, subtype B, isolate
BAL) gp120 protein (His Tag) (cat. no. 40404-V08H; Sino Biological,
Beijing, China) was used in the assays.

Uptake assays

Ten thousand HEK293 cells were seeded in a 96-well plate and 24 h
later were transfected with a control vector (empty) or a WT SARS-
CoV-2 spike-expressing vector (Sino Biological, Beijing, China). At
48 h post-transfection, equal numbers of VHH72-CD63 or control
CD63 EVs were added to the cells and incubated at 37�C and 5%
CO2 for the described amount of time and washed with PBS, and
luciferase activity was determined using the Nano-glo luciferase assay
system (Promega). For the N6-CD63 EVs, HEK293-GP160 cells44

were seeded, and 24 h later the EVs were added and Nluc activity
was assessed as described.

SARS-CoV-2 neutralization antibody detection assay (sVNT/

ACE2 blocking assay)

To assess the ability of the VHH72-CD63 EVs to block a spike-ACE2
interaction, a SARS-CoV-2 neutralization antibody detection assay
(RUO) was performed according to the manufacturer’s instructions
(cat. no. L00847-A, Genscript). The CD63 or VHH72-CD63 EVs
were incubated with a SARS-CoV-2 RBD fused to a HRP conjugate
(HRP-RBD) at 37�C for 30 min, and then transferred to a 96-well
plate pre-coated with recombinant ACE2. The recombinant
Molecular
VHH72 bivalent nanobody was incubated with the HRP-RBD as a
positive control (cat. no. LMAB10541, R&D Systems, Minneapolis,
MN, USA). The plate was incubated at 37�C for 15 min and washed,
and TMB solution was added, starting a colorimetric substrate
reaction incubated for 15 min at room temperature in the dark.
The reaction was stopped and the absorbance measured (450 nm)
on a GloMax Explorer Multimode Microplate Reader (Promega).

Negative-staining electron microscopy

EVs in a concentration range of 1–2� 109/mL were absorbed to glow-
discharged, carbon-coated 200 mesh Formvar grids. Samples were
prepared by conventional negative staining in 1% (w/v) uranyl ace-
tate. Electron microscopy images were taken on an FEI Tecnai 12
transmission electron microscope equipped with a Gatan OneView
CMOS camera.

Lentivirus production and infection assays

The pseudotyped lentiviral particles were generated using standard
procedures. Briefly, HEK293T cells were transfected with a pHIV7-
GFP-ffluc packaging vector, pHIV-Gag-pol, pCMV-Rev2, and either
pCoV2-S WT or mutant vectors at 15:10:1:2 ratio, and 72–96 h post-
transfection the supernatant was centrifuged and then passed through
a 0.45-mm filter (Thermo Fisher Scientific). The filtered supernatant
was PEG precipitated at 4�C for 16 h and then ultracentrifuged at
20,000 � g at 4�C for 2 h. The pellet was resuspended in serum-
free DMEM, and the physical titer of particles was determined by
an p24 ELISA using the HIV-1 Gag p24 DuoSet ELISA (R&D Sys-
tems) according to the manufacturer’s instructions. For the infection
assays, the described cells were seeded at 10,000 cells/well in a 96-well
plate and then transduced with the described number of lentiviral
particles with protamine sulfate (4 mg/mL), and the levels of luciferase
were assessed post-transduction using the Bright-Glo Luciferase
Assay System (Promega) and measured on a GloMax Explorer Multi-
mode Microplate Reader (Promega).

EV production and characterization

Producer HEK293T cells were seeded in a 15-cm tissue culture plate
and 24 h later transfected using Lipofectamine 3000 (Thermo Fisher
Scientific) according to manufacturer instructions. Twenty-four
hours post-transfection, the cells were washed with DMEM and the
medium was replaced with 30 mL of DMEM+10% EV-depleted
FBS (cat. no. A2720803, Thermo Fisher Scientific). Supernatant was
collected at 48 and 96 h later and centrifuged at 300 � g for 10 min
at 4�C. The viability of the cells was determined at the time of EV
collection, which was greater than 90%. Supernatant was transferred
to a new 50-mL conical tube and then centrifuged at 2000 � g for
20 min at 4�C, and then the supernatant was passed through a
0.45-mm filter (Millipore Sigma). The filtered supernatant was centri-
fuged at 100,000 � g for 120 min at 4�C using a SW32Ti rotor in a
Beckman XL-900 ultracentrifuge. The supernatant was discarded,
and EVs were resuspended in PBS and stored at �20�C until used.
The EVs were quantified using Nanoparticle Tracking Analysis
(NTA) on a NanoSight (Malvern Panalytical, Inc., Westborough,
MA, USA). The NTA samples were run at a 1:4,000 dilution. A
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blue 488-nm laser was used to detect the extracellular vesicles, with a
slide shutter level set to 1,259 and the slider gain set to 366, and the
syringe pump speed set to 30, using a flow-cell top plate module. A
threshold setting of 3 was used to determine particle count.

Neutralization assay

For the infectious HIV assays, a HIV-1 pNL4-Bal (MOI 0.2) was incu-
bated with the described amount of EVs for 1 h at 37�C and added to
10,000 freshly seeded TZM-bl cells in a 96-well plate. Four-eight
hours later, a luciferase assay was performed. TZM-bl cells contain
a luciferase controlled by a HIV-responsive promoter with luciferase
activity indicative of the levels of infection. The production of the in-
fectious pNL4-Bal virus has been previously described.45 The
3BNC117 broadly neutralizing mAb targets the CD4binding site
and is used to neutralize HIV-1 at a final concentration of 0.5 mg/
mL, included as a positive control. The 3BNC117 mAb was obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID,
NIH: Anti-Human Immunodeficiency Virus (HIV)-1 gp120 Mono-
clonal Antibody (3BNC117), ARP-12474, contributed by Dr. Michel
Nussenzweig.46

For the pseudotyped virus assays, HEK293-hACE2-hTMPRSS2 cells
were seeded at 10,000 cells/per well in a 96-well plate, and 24 h later a
total of 2.5E5 D614G-R682Q pseudotyped lentiviral particles were
incubated with the described amount of EVs for 30 min at room tem-
perature and then added to the cells. At 72 h post-transduction, the
levels of Fluc and Nluc activity were assessed using a Nano-Glo
Dual Reporter Assay (Promega

To perform the SARS-CoV-2 neutralization assay with the pseudo-
typed VOCs, the spike pseudotyped lentiviral vectors were obtained
from a commercial source (BPS Bioscience, San Diego, CA, USA)
including the Alpha (B.1.1.7, UK, cat. no. 78112-1), Beta (B.1.351,
SA, cat. no. 78142-1), Gamma (P.1, Brazil, cat. no. 78144-1), Epsilon
(B.1.429, cat. no. 78172-1), Kappa (B.1.617.1, cat. no. 78205-1), and
Delta variants (B.1.617.2, cat. no. 78215-1). The described amount
of EV particles was incubated with 1 mL of pseudotyped lentiviral vec-
tor (Alpha, Beta, Gamma = 1.2 E5 TU/mL; Epsilon = 1.5E5 TU/mL;
Kappa = 7E5 TU/mL; Delta 3E5 TU/mL), and incubated at 37�C for
30 min, and then added to HEK293-hACE2-hTMPRSS2 cells. The re-
combinant VHH72 bivalent nanobody was included as a positive
control. Virus-only controls were incubated in PBS. The S35 (cat.
no. SAD-S35, Acrobiosystems) was added to the pseudotyped virus
at the described final concentrations. The CPP was obtained from in-
dividuals previously exposed to SARS-CoV-2 (P9K and LE4) and
incubated with the pseudotyped virus at the described dilutions.
Plasma from a COVID-19 convalescent patient (P9KMAW8T) was
used as reference. This plasma was collected under IRB-20204 (PI,
Dr. John A. Zaia), with appropriate informed consent, upon confir-
mation of COVID-19 diagnosis. This plasma was collected at
94 days post-diagnosis and showed high titer of anti-CoV-2 IgG in
a serological assay and potent RBD-neutralizing activity (>97% inhi-
bition) in the sVNT assay as described above (data not shown). The
cell final volume of media on the cells was 50 mL when the virus:EV
364 Molecular Therapy: Methods & Clinical Development Vol. 24 March
mixture was added. At 48 h, the medium was removed and the
Bright-Glo Luciferase Assay System was used to assess luciferase ac-
tivity (Promega). The luciferase activity was measured on a GloMax
Explorer Multimode Microplate Reader (Promega, WI).

To perform the SARS-CoV-2 neutralization assay, the ancestral
(VIC1) strain,47 Beta variant (VIC18383), Kappa variant (VIC18
447), and Delta variant (VIC18440) of SARS-CoV-2 were cultured
in Vero E6 cells and originally obtained from the Peter Doherty Insti-
tute for Infection and Immunity and Melbourne Health, Victoria,
Australia. Viral titer was determined by the viral immunoplaque assay
as previously described.48 EVs or the mAb anti-SARS-CoV-2 RBD
antibodies (clone nos. CB6 and 5309) were incubated with 250
PFUs of SARS-CoV-2 at the described concentrations for 30 min at
room temperature before infecting Vero E6 cells for 1 h at 37�C.
The virus was then removed, and the wells were layered with MC
agar. The numbers of plaques were assessed 4 days after infection.
Statistical analysis

All statistical analyses were performed using the statistical software
package GraphPad Prism 9, and the details of each analysis are
described in the figure legends.
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