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ReseaRch aRticle

Engineering Extracellular Vesicles Enriched with 
Palmitoylated ACE2 as COVID-19 Therapy

Feng Xie, Peng Su, Ting Pan, Xiaoxue Zhou, Heyu Li, Huizhe Huang, Aijun Wang, 
Fangwei Wang, Jun Huang, Haiyan Yan, Linghui Zeng, Long Zhang,* and Fangfang Zhou*

DOI: 10.1002/adma.202103471

1. Introduction

The expanding pandemic of coronavirus 
disease 2019 (COVID-19) caused by a 
novel severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), which has 
resulted in over 4.3 million deaths glob-
ally, has raised significant public health 
concerns.[1–3] The recent emergence and 
spread of new SARS-CoV-2 lineage B.1.617 
in India is associated with the outbreak 
and continuing deterioration of COVID-
19. The combination of specific mutations 
L452R, E484Q, and P681R in the spike 
protein may possibly enhance the trans-
missibility and immune escape. Given the 
scale and rapid spread of COVID-19, there 
is an urgent need for effective therapeutic 
strategies.

SARS-CoV-2 is a positive-sense 
RNA virus with a large single-stranded 
RNA genome,[4] containing multiple 
open reading frames (ORFs) encoding 
the structural protein spike-envelope-
membrane-nucleocapsid and accessory 

Angiotensin converting enzyme 2 (ACE2) is a key receptor present on cell 
surfaces that directly interacts with the viral spike (S) protein of the severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2). It is proposed that 
inhibiting this interaction can be promising in treating COVID-19. Here, the 
presence of ACE2 in extracellular vesicles (EVs) is reported and the EV-ACE2 
levels are determined by protein palmitoylation. The Cys141 and Cys498 
residues on ACE2 are S-palmitoylated by zinc finger DHHC-Type Palmitoyl-
transferase 3 (ZDHHC3) and de-palmitoylated by acyl protein thioesterase 
1 (LYPLA1), which is critical for the membrane-targeting of ACE2 and their 
EV secretion. Importantly, by fusing the S-palmitoylation-dependent plasma 
membrane (PM) targeting sequence with ACE2, EVs enriched with ACE2 on 
their surface (referred to as PM-ACE2-EVs) are engineered. It is shown that 
PM-ACE2-EVs can bind to the SARS-CoV-2 S-RBD with high affinity and block 
its interaction with cell surface ACE2 in vitro. PM-ACE2-EVs show neutraliza-
tion potency against pseudotyped and authentic SARS-CoV-2 in human ACE2 
(hACE2) transgenic mice, efficiently block viral load of authentic SARS-CoV-2, 
and thus protect host against SARS-CoV-2-induced lung inflammation. The 
study provides an efficient engineering protocol for constructing a promising, 
novel biomaterial for application in prophylactic and therapeutic treatments 
against COVID-19.

The ORCID identification number(s) for the author(s) of this article 
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proteins.[5,6] The spike (S) protein of SARS-CoV-2 plays a vital 
role in invading host cells, by directly interacting with the host 
receptor angiotensin converting enzyme 2 (ACE2),[7] which is 
also the host receptor of SARS-CoV.[8] Neutralising antibodies 
and therapeutic strategies targeting the S or ACE2 proteins are 
currently under development.[9–12]

In addition to functioning as a coronavirus receptor, ACE2 
is also considered a mono-carboxypeptidase that removes 
carboxyterminal bases or hydrophobic acids from angio-
tensin I (Ang I), angiotensin II (Ang II), and apelin.[13,14] 
In general, ACE2 promotes the formation of Ang-(1-7) by 
cleaving Ang II.[15] However, the other biological character-
istics of ACE2, including post-translational modifications, 
regulation of subcellular localisation, and protein dynamics, 
remain elusive. In addition, whether these underlying 
mechanisms could be utilized to block SARS-CoV-2 entry 
remains unknown.

Extracellular vesicles (EVs), such as endosome-origin 
“exosomes” and plasma membrane-derived “ectosomes” 
(microparticles/microvesicles) are defined as the common 
but functionally specific particles delimited by a lipid bilayer 
and naturally released from various types of cells. “Since 
the consensus has not yet emerged on specific markers of 
EV subtypes”, studies on EVs usually divide the isolated EVs 
into “small EVs” (sEVs) and “medium/large EVs” (m/lEVs) 
based on the particle size.[16–18] Extracellular vesicles are 
capable of transporting a large range of cargoes, including 
proteins, lipids, and nucleic acids, to recipient cells.[19–21] 
Recently, sEVs and exomeres containing ACE2 were reported 
to bind SARS-CoV-2 through the virus spike (S) protein[22] 
and thus decrease SARS-CoV-2-S-pseudotyped virus infec-
tion in vitro.[23] However, the mechanism whereby human 
cells package ACE2 into EVs remain elusive and whether EV 
incorporation of ACE2 could be enhanced and employed to 
antagonize authentic SARS-CoV-2 infection in vivo needs to 
be urgently explored. Here, we also identified ACE2 in EVs 
and found that the levels of EV-ACE2 originating from the 
PM are tightly controlled by S-palmitoylation at two major 
residues, Cys141 and Cys498. ACE2, which is palmitoylated by 
zinc finger DHHC-Type Palmitoyltransferase 3 (ZDHHC3) 
or de-palmitoylated by acyl protein thioesterase 1 (LYPLA1), 
shows markedly enhanced or reduced location of the PM and 
extracellular vesicle secretion, respectively. Upon virus infec-
tion, membrane-anchored ACE2 is secreted onto the surface 
of extracellular vesicles, where it can bind to the receptor 
binding domain (RBD) of the viral S protein, thereby blocking 
the association of SARS-CoV-2 with cell surface ACE2. This 
mechanism allows for the quick removal of the cell surface 
receptor of ACE2 for SARS-CoV-2, which meanwhile confers 
effective antiviral defence to the host. By using palmitoyla-
tion as the signal for ACE2 EV transportation, we established 
a standard operating procedure to generate engineered EVs 
with enriched ACE2 on their surface. We also demonstrated 
these to have high neutralization potency against authentic 
SARS-CoV-2 both in vitro and in vivo. Palmitoyl-secretion of 
the EV-ACE2 provides a new mode of anti-viral strategy and 
a clear mechanistic link between palmitoylation and EV func-
tion, whereby the sensing and defensing system for virus is 
precisely switched.

2. Results

2.1. Extrafacial Expression of ACE2 on EVs and its Regulation by 
Protein Palmitoylation

We purified extracellular vesicles from Vero-E6, MCF7, and 
HEK293T cells by ultracentrifugation, and subsequently per-
formed transmission electron microscopy (TEM) and NanoSight 
nanoparticle tracking analysis (Figure 1a; Figure S1a,b, Sup-
porting Information). Ultra-performance liquid chromatography-
mass spectrometry (UPLC-MS) and immunoblotting revealed the 
presence of ACE2 in EVs from Vero-E6 and MCF7 cells, but not 
in HEK293T cells (Figure 1b,c). Immunogold transmission elec-
tron microscopy (IG-TEM) also detected ACE2 exclusively in EVs 
from ACE2-expressing cells and many of these ACE2 molecules 
were found to be anchored to the membrane (Figure 1d). Sucrose 
density gradient centrifugation also confirmed the presence of 
ACE2 in the EV fraction (Figure S1c, Supporting Information).

EVs are generated and released via a defined intracellular traf-
ficking route.[24] We found that the knockdown of the GTPase 
Rab27A, a critical protein required for extracellular vesicle secre-
tion,[25] strongly reduced the amount of ACE2-containing EVs 
(Figure S1d, Supporting Information). Pre-treatment of cells with 
GW4869, which inhibits the release of extracellular vesicles, also 
reduced the ACE2 levels in EVs (Figure S1e, Supporting Informa-
tion). Moreover, we built an enzyme-linked immunosorbent assay 
(ELISA) to examine the effect of ACE2 on the surface of extracel-
lular vesicles (Figure 1e). Similar to the IG-TEM, ELISA revealed 
that EV-ACE2 exposed its extracellular domain on the surface of 
the EVs and had similar membrane topology as cell surface ACE2 
(Figure  1d,f). Immunoblot and ELISA analysis also confirmed 
increased levels of ACE2 both inside the EVs and on the sur-
face of EVs upon infection with Sendai virus (SeV) or vesicular 
stomatitis virus (VSV) (Figure  1g,h). To demonstrate the recy-
cling of ACE2 from cell PMs to EVs, cell surface proteins were 
labeled with biotin, followed by a time-course RNA virus infec-
tion. Biotin-labelled ACE2 disappeared from the cell surface and 
appeared in the EVs after 3–12 h, confirming that the ACE2 which 
was enriching the EVs originated from the Vero-E6 cell surface 
and could be strongly potentiated upon viral infection (Figure 1i).

To determine which proteins and pathways are critical 
for the secretion of EV-ACE2, we treated Vero-E6 cells with a 
library of 268 small-molecule inhibitors that target major post-
translational modifications and cellular signaling pathways 
(Figure 1j). Notably, Vero-E6 cells pre-treated with 2-bromopal-
mitate (2-BP), a general palmitoylation inhibitor,[26,27] lost their 
ability to produce ACE2 positive EVs. Whereas cells pre-treated 
with ML348, a selective inhibitor of acyl protein thioesterase 1 
(APT1, [a de-palmitoylating enzyme]),[28] strongly elevated their 
extracellular vesicle secretion of ACE2 (Figure 1j). These results 
indicate that cell surface ACE2 is released into EVs and that 
EV-ACE2 levels are tightly regulated by protein palmitoylation.

2.2. S-Palmitoylation of ACE2 is Required for its Proper Mem-
brane Targeting and Secretion into EVs

We next sought to determine the mechanism that supports 
EV-ACE2 secretion. Immunofluorescence staining revealed that 
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a significant portion of ACE2 is located on the PM (Figure 2a).  
In 2-BP-treated cells, the PM-localised ACE2 disappeared, 

leaving a large amount of ACE2 located in the cytoplasm; how-
ever, in ML348-treated cells, the cell membrane localization 

Figure 1. Extrafacial expression of ACE2 on EVs and its regulation by protein palmitoylation. a) Nanoparticle tracking of purified EVs from HEK293T, 
MCF7, and Vero-E6 cells. b) Mass-Spectrometry (MS) analysis of purified EVs secreted by Vero-E6 cells, showing results for HSP90, Vimentin, ACE2, 
TSG101, CD9, CD63, and CD81 (left), and the peptide of ACE2 identified in MS (right). c) Left panel: immunoblot (IB) analysis of ACE2 in whole cell 
lysate and purified EVs derived from HEK293T, MCF7; and Vero-E6 cell lines; right panel: quantification of the ACE2 protein levels in the EVs of three 
independent experiments. d) TEM (transmission electron microscope) images of EVs derived from MCF7 and Vero-E6 cell lines incubated with anti-
ACE2 antibodies and immune-gold labeled by gold particles. Gold particles are depicted as black dots. Scale bar, 50 nm. e) Schematic diagram of ELISA 
to measure ACE2 concentration on the surface of EVs. TMB, tetramethylbenzidine; HRP, horseradish peroxidase. f) ELISA of ACE2 on the surface of 
EVs derived from HEK293T, MCF7, and Vero-E6 cells assayed as (e) in various concentration. Quantification of ACE2 on the surface of three types of 
cells were shown right. g) IB analysis of ACE2 in whole cell lysate and EVs derived from Vero-E6 cells treated with PBS, SeV, or VSV (MOI (multiplicity 
of infection), 0.1 for 24h. h) ELISA (left) and normalized quantification (right) of ACE2 on the surface of EVs derived from Vero-E6 cells treated with 
control PBS, SeV, or VSV (MOI = 0.1) for 24 h. i) Schematic diagram of biotin-labeling assay (left) and IB analysis (right) to measure ACE2 levels on 
the cell surface and in the secreted EVs from Vero-E6 cells treated with SeV (MOI = 0.1) for the indicated times. j) Screening procedure for cellular 
components or pathways critical for the secretion of ACE2 into EVs (left); nanosight analysis of GFP positive EVs derived from Vero-E6 cells expressing 
ACE2-GFP and pre-treated with small molecule inhibitor library (right). *p  < 0.05 (two-tailed Student’s t test (c, right), (f, right), (h, right), and  
(j, (right) or two-way ANOVA (f, left), (h, left)). Data are analyzed of three independent experiments and shown as means ± SD (c, right), (f, h, j, right).
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Figure 2. S-palmitoylation of ACE2 is required for its proper membrane targeting and secretion into EVs. a) Immunofluorescence and DAPI (4′,6-diami-
dino-2-phenylindole) staining of HeLa cells transfected with ACE2-Flag and treated with control DMSO, 2BP (50 µm) or ML348 (5 µm) for 24 h. Scale 
bar, 20 µm. b) FACS analysis (upper panel) and quantification (lower panel) of the percentage of ACE2 positive cells from HeLa cells transfected with 
ACE2-Flag and treated with control DMSO, 2BP (50 µm) or ML348 (5 µm) for 24 h. c) Left panel: schematic diagram of Click-iT reaction used for the 
detection of ACE2 palmitoylation. Cells were pre-treated with 17-ODYA; the lysates were reacted with biotin-azide and then analyzed with Immunoblot 
(IB). Right panel: profile of palmitoylated ACE2 in Vero-E6 cells (upper panel) and ACE2-Flag-expressed HEK293T (lower panel) incubated with 17-OYDA 
(100 µm) for 6 h. d,e) IB analysis (left panel) and quantification (right panel) of S-palmitoylation levels of ACE2 in Vero-E6 (d) and HEK293T (e) cells 
transfected with ACE2-Flag, followed by the lysis at the presence or absence of HAM (hydroxylamine, 1 m). f) IB (left panel) and quantification (right 
panel) of the S-palmitoylation levels of ACE2 in HEK293T cells transfected with ACE2-Flag and treated with 2BP (50 µµ, 24 h), followed by the lysis at 
the presence or absence of HAM (1 m). g) Left panel: IB of total, cytosolic, and membrane fractions of Vero-E6 cells treated with or without 2BP (50 µm) 
for 24 h; right panel: quantification of membrane ACE2 of three independent experiments as left panel. h) Left panel: IB of total cell lysates and purified 
EVs derived from Vero-E6 cells treated with or without 2BP (50 µm) for 24 h. Right panel: quantification of EV-ACE2 of three independent experiments 
as in left panel. i) Nanosight analysis of GFP positive EVs derived from Vero-E6 cells expressing ACE2-GFP and treated with or without 2BP (50 µm) 
for 24 h. j) Representative images of HEK293T cells stably expressing ACE2 and pretreated with 2BP (50 µm) or ML348 (5 µm) for 24 h, followed by 
the infection with SARS-CoV-2-GFP pseudovirus (MOI, 1) for 2 days. GFP positive cells from three different views were quantified and shown right. k) 
SARS-CoV-2-luci pseudovirus (MOI, 1) were used to infect HEK293T cells stably expressing ACE2 and pretreated with 2BP (50 µm) or ML348 (5 µm) for 
24 h. Luciferase activities in cell lysates were determined at 2 days post infection. *p < 0.05 (two-tailed Student’s t test. Data are analyzed from three 
independent experiments and shown as mean ± SD (d–h, right, j, right, k).
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of ACE2 was clearly enhanced (Figure  2a). Flow cytometry 
analysis also confirmed that membrane ACE2 could also be 
sharply reduced by 2-BP stimulation, or increased by ML348 
(Figure 2b).

Given these effects, we validated the palmitoylation of ACE2, 
using the Click-iT assay (schematics in Figure  2c, left panel). 
Here, we incorporated azide-containing palmitic acid into cul-
tured cells and labeled the biotin–alkyne protein, followed by 
streptavidin pull-down and immunoblot assays using ACE2 or 
anti-flag antibodies. This assay confirmed the palmitoylation 
of ACE2 at both endogenous and exogenous levels of protein 
(Figure 2c, right panel). To verify this result, we performed an 
acyl–biotin exchange (ABE) assay, in which the free cysteine 
thiol groups of the proteins were immediately and irrevers-
ibly blocked by N-ethylmaleimide (NEM), and then the palmi-
toylated cysteines were cleaved by hydroxylamine (HAM) and 
finally biotinylated for immunoblotting analysis (Figure S2a, 
Supporting Information). In this experiment, both endog-
enously or ectopically expressed ACE2 proteins were acylated 
(Figure  2d,e), however, their acylation levels were all dimin-
ished upon treatment with 2-BP (Figure  2f). The increased 
biotin signal after HAM treatment in the ABE assay demon-
strated that ACE2 incorporated palmitate through a thioester 
linkage (Figure 2d–f).

Next, we examined the subcellular distribution of ACE2. We 
found that 2-BP could substantially and specifically reduce the 
content of ACE2 in the membrane fraction, however, it barely 
affected the overall expression of ACE2 or its cytosolic frac-
tion (Figure 2g; Figure S2b,c, Supporting Information). In line 
with this, we found that 2-BP strikingly reduced the amount of 
ACE2 in EVs (Figure 2h). This phenomenon was demonstrated 
by the NanoSight tracking system in that the number of ACE2-
green fluorescence protein (GFP) positive EVs, rather than the 
total number of EVs, was severely reduced by 2-BP (Figure  2i 
and data not shown). These results suggest that S-palmitoyla-
tion is required for ACE2 membrane targeting and extracellular 
vesicle secretion.

Previous studies revealed that viral S protein binding occurs 
on the outer surface of ACE2 and that SARS-CoV-2 uses the 
ACE2 receptor for cell entry.[29] Thus, we used a SARS-CoV-
2-GFP pseudovirus to characterize the infection efficiency in 
ACE2 expressing HEK293T cells. We found that the infection 
efficiency of the pseudotype virus was severely decreased in 
2-BP pre-treated cells and significantly increased in ML348 pre-
treated cells (Figure 2j). Similar observations were more accu-
rately found using the pseudovirus–luciferase reporter assay 
(Figure  2k). Thus, the above results indicated that palmitoyla-
tion could affect the susceptibility of cells to SARS-CoV-2 by 
altering the content of ACE2 in the membrane.

2.3. Cys141 and Cys498 Residues in ACE2 are S-Palmitoylated

To identify the palmitoylation site of ACE2, we first employed 
the motif-based predictors CSS-palm.[30] This model predicted 
multiple potential ACE2 palmitoylation sites within its extra-
cellular domain (Figure S3a, Supporting Information). To vali-
date these predictions, flag-tagged ACE2 was immunopurified 
and subjected to mass spectrometric analysis specifically for 

identifying palmitoylation (Figure 3a; Figure S3b, Supporting 
Information). This assay confirmed the palmitoylation of ACE2 
residues Cys141 and Cys498 (Figure  3b–d). Sequence com-
parison revealed that both the Cys141 and Cys498 residues are 
conserved palmitoylation motifs in ACE2 orthologs (Figure 3c). 
Subsequently we constructed a series of corresponding ACE2 
point mutants and found that simultaneous substitution of 
both Cys141 and Cys498 with serine (C141/498S, [2CS]), com-
pletely prevented ACE2 palmitoylation, as revealed by ABE 
assay and Click-iT labelling (Figure 3e,f; and Figure S3c, Sup-
porting Information). These results indicate that ACE2 has 
two major sites for palmitoylation, Cys141 and Cys498, which 
are likely to compensate for each other if they are blocked or 
removed.

Compared with wild-type ACE2 (ACE2-WT), the ACE2-2CS 
mutant that lost the capacity to perform palmitoylation was 
not able to efficiently localize to the cell surface, as revealed 
by immunostaining (Figure 3g, left panel) and flow cytometry 
(FACS) analysis (Figure  3g, right panel). In the cell fraction 
assay, the ACE2-2CS mutant reduced the levels of ACE2 associ-
ated with the membrane fraction, without affecting the overall 
protein levels (Figure 3h). Biotin-labeled cell surface ACE2 was 
also found to be severely inhibited in ACE2-2CS transfected 
cells (Figure  3i). In line with this, cells expressing ACE2-2CS 
barely released any EVs containing ACE2 (Figure  3j). These 
observations further consolidate the conclusion that site-spe-
cific palmitoylation is required for ACE2 membrane localiza-
tion and extracellular vesicle secretion. Moreover, we compared 
the infection of pseudotyped SARS-CoV-2 in control and ACE2-
2CS-expressing cells. Fluorescence microscopy showed that 
the GFP-expressing viral infection was substantially inhibited 
in HEK293T cells that expressed ACE2-2CS when compared 
to control cells expressing ACE2-WT (Figure 3k). In the pseu-
dovirus–luciferase reporter assay, the value that was read in 
ACE2-WT cells was more than 200 times higher than in ACE2-
2CS expressing cells (Figure 3l). Together, we identified Cys141 
and Cys498 as the major palmitoylation sites of ACE2 and 
found that the ACE2-2CS mutation replicated the effect of 2-BP 
treatment.

2.4. ACE2 is Palmitoylated by ZDHHC3 and De-Palmitoylated by 
LYPLA1

To identify the predominant palmitoyltransferase for ACE2, we 
established a screening approach combining ABE assay palmi-
toylaton detection, subcellular localization, and loss-of-function 
tests. We first performed validation using a specific small inter-
fering RNA (siRNA) library that targeted the ZDHHC1-24 pal-
mitoyltransferases (Figure S4a, Supporting Information), then 
each palmitoyltransferase gene was silenced and screening 
was performed. Interestingly, knockdown of ZDHHC3, but 
not the other palmitoyltransferases, diminished the palmitoyla-
tion of ACE2 (Figure 4a; Figure S4a, Supporting Information). 
Next, we independently employed short hairpin RNA (shRNA) 
to knockdown ZDHHC3 and we observed a similar decrease 
in ACE2 palmitoylation (Figure S4b, Supporting Information). 
Contrastingly, ectopic expression of ZDHHC3, but not its cata-
lytically inactive mutant C135S or other palmitoyltransferases, 
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Figure 3. Cys141 and Cys498 residues in ACE2 are S-palmitoylated. a) Left panel: schematic diagram of mass spectrometry (MS) analysis procedure 
for S-palmitoylation modification; right panel: SDS-PAGE of anti-Flag (ACE2) immunoprecipitants from HEK293T cells with Coomassie brilliant blue 
staining. ACE2 band at the corresponding location is indicated. b) Schematic representation of S-palmitoylation sites in the extracellular domain of 
ACE2. ACE2 consists of a signal peptide, an extracellular domain, a transmembrane domain and a cytoplasmic domain. c) Upper panel: peptides of 
S-palmitoylated ACE2 identified in MS; lower panel: sequence alignment of identified C141 and C498 palmitoylation sites in ACE2 orthologs of different 
species. d) MS analysis identified ACE2 C141 site (left) and C498 site (right) that are palmitoylated. e) IB of whole cell lysate (WCL) and immunopre-
cipitants derived from HEK293T cells transfected with c-terminal Flag-tagged ACE2 WT and various CS mutants, followed by the lysis at the presence 
or absence of HAM (1 M). The S-palmitoylation levels of ACE2 WT and CS mutants were quantified of three independent experiments and shown right. 
f) IB of WCL and streptavidin pull-down derived from HEK293T cells transfected with c-terminal Flag-tagged ACE2 WT and CS mutants, followed by 
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robustly enhanced ACE2 palmitoylation while causing an 
accelerated migration of ACE2 proteins during electropho-
resis (Figure  4b,c). Given the reported interaction between a 
palmitoyltransferase and its substrate, we examined whether 
ZDHHC3 can bind to ACE2. As expected, co-immunopre-
cipitation suggested physical interactions between ectopi-
cally expressed ACE2 and ZDHHC3 (Figure  4d; Figure S4c,d, 
Supporting Information) or endogenously in Vero-E6 cells 
(Figure  4e; Figure S4c, Supporting Information). In agree-
ment with this, ectopically expressed ZDHHC3 co-localized 
with ACE2 in Vero-E6 cells (Figure  4f). Furthermore, in cells 
depleted of ZDHHC3, ACE2 lost its membrane localization 
and was rarely secreted into EVs (Figure 4g,h), again replicating 
the effect of 2-BP treatment. In cells overexpressing ZDHHC3, 
ectopically expressed ACE2 could be recruited to the cell mem-
brane and released into EVs (Figure 4i; Figure S4e, Supporting 
Information). These results consistently suggest that ZDHHC3 
palmitoylates, and thus, redistributes ACE2.

Next, we sought to identify the S-de-palmitoylase for ACE2. 
Using siRNA for loss-of-function scanning, we found that 
the LYPLA1 knockdown, but not other de-palmitoylating 
enzymes, increased ACE2 palmitoylation (Figure 4j; Figure S4f, 
Supporting Information). Additionally, ectopic expression of 
LYPLA1 almost completely removed the palmitoylation of ACE2, 
however its catalytically inactive mutant S119A (SA) did not 
have this effect (Figure 4k). In line with the function of LYPLA1 
in regulating ACE2 palmitoylation, we also found that ACE2 
membrane localization and extracellular vesicle secretion were 
upregulated upon LYPLA1 depletion (Figure  4l and data not 
shown). Taken together, the results show that ACE2 is palmi-
toylated by ZDHHC3 and de-palmitoylated by LYPLA1.

2.5. Generation and Characterization of PM-ACE2-EVs; 
Engineered EVs Enriched with ACE2 on their Surface

EVs are nanosized vesicles that can serve as delivery systems 
for various therapeutics.[24,31,32] The findings reported above 
revealed the important role of palmitoylation in boosting ACE2 
transportation into EVs. Since EV-ACE2 shares similar mem-
brane topology as cell surface ACE2, in that it exposes the extra-
cellular segment to the outside of the EVs, we proposed that 
ACE2-enriched EVs might be able to bind SARS-CoV-2 and 
therefore inhibit infection.

In order to maximize the delivery of ACE2 into EVs, we 
fused the S-palmitoylation-dependent PM targeting sequence 
of the neuronal growth cone protein GAP43 (amino acids 1 to 

11, MLCCMRRTKQV)[33] to the N-terminus of ACE2 (hereafter 
denoted as PM-ACE2) (Figure 5a). Compared to the ACE2-WT, 
ectopically expressed PM-ACE2 was indeed found to be more 
strongly palmitoylated in the ABE assay (Figure 5b), moreover 
it was more concentrated on the PM in the fluorescence micros-
copy analysis (Figure 5c). Next, we used FACS to examine the 
proportion of cells with ACE2 on their surface. Notably, this 
proportion was significantly higher in cells transfected with 
PM-ACE2 than in cells transfected with ACE2-WT (Figure 5d). 
We then purified EVs from both cell types and found that 
PM-ACE2 was more abundantly and efficiently released into 
EVs than ACE2-WT (Figure S5a, Supporting Information). 
Moreover, together the ABE assay, immunofluorescence, and 
FACS analysis consistently revealed that fusion of the GAP43 
S-palmitoylation motif served as a very strong membrane 
positioning and extracellular vesicle guidance signal. It could 
even rescue the palmitoylation, membrane localization, and 
extracellular vesicle secretion capabilities of the S-palmitoyla-
tion-deficient ACE2-2CS mutant (Figure S5a–d, Supporting 
Information).

We next tried to achieve the large scale and efficient pro-
duction of clinical-grade PM-ACE2 enriched EVs. Considering 
the limited side effects of mesenchymal stem cells (MSCs) 
and the current employment of MSC-EVs in various disor-
ders,[34–36] we developed an approach for the production of good 
manufacturing practice-grade (GMP-grade) EVs derived from 
bone marrow MSCs that can express ACE2-WT or PM-ACE2 
(Figure  5e). Cell-surface biotinylation of these MSCs con-
firmed that PM-ACE2 was more abundantly located on the 
cell surface than ACE2-WT (Figure  5f). Compared to the EVs 
derived from control MSCs (hereafter denoted Con.EVs), TEM 
and NanoSight analyses showed that EVs derived from ACE2-
WT or PM-ACE2 MSCs (hereafter denoted as ACE2-EVs and 
PM-ACE2-EVs, respectively) showed no difference in mor-
phology or quantity (Figure S5e,f, Supporting Information). 
FACS of these EVs showed that ≈46% of ACE2-EVs were posi-
tive for ACE2, whereas 94% were positive in the PM-ACE2-
EVs (Figure  5g). Immunoblotting showed that although the 
expression levels of the stably expressed PM-ACE2 and ACE2-
WT were similar, PM-ACE2 was more abundantly transported 
into EVs (Figure  5h). IG-TEM revealed that PM-ACE2 pro-
teins in the EVs were more extensively anchored to the mem-
brane than ACE2-WT (Figure  5i). Furthermore ELISA, which 
precisely measures the content of ACE2 in EVs, showed that 
PM-ACE2 was ≈seven times more enriched in EVs than ACE2-
WT (Figure 5j). In detection of the total number of extracellular 
vesicle secretion by time courses, we found the secretion rates 

the Click-iT reaction. The S-palmitoylation of ACE2 WT and CS mutants were quantified of three independent experiments and shown right. g) Left 
panel: immunofluorescence and DAPI staining of HeLa cells transfected with ACE2-WT or -2CS mutant. Scale bar, 20 µm; right panel: FACS analysis 
of the percentage of ACE2 positive cells from HeLa cells transfected with ACE2-WT or ACE2-2CS. n = 3 biological replicates per group. h) Left panel: 
IB of WCL and membrane fractions of HeLa cells stably expressing ACE2-WT, ACE2-CS mutants. Membrane ACE2 level was quantified of three inde-
pendent experiments and shown right. i) IB analysis of WCL and streptavidin pull-down derived from HeLa cells ectopically expressing ACE2-WT and 
CS mutants. j) IB analysis (left) of total cell lysates and purified EVs derived from HEK293T cells stably expressing ACE2-WT or CS mutants. EV-ACE2 
level was quantified of three independent experiments and shown right. k) SARS-CoV-2-GFP pseudovirus were used to infect HEK293T cells stably 
expressing ACE2-WT or -2CS mutant. Representative images (left) and quantification of GFP fluorescence intensity (right) were determined at 24 h 
post transduction to calculate infection (%). l) SARS-CoV-2-luci pseudovirus were used to infect 293T cells stably expressing ACE2-WT or -2CS mutant. 
Luciferase activities in cell lysates were measured at 24 h post transduction to calculate infection (%). *p < 0.05 (two-tailed Student’s t test. Data are 
analyzed of three independent experiments and shown as mean ± SD (e–h, right, j, right, k, right, l).
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Figure 4. ACE2 is palmitoylated by DHHC3 and depalmitoylated by LYPLA1. a) Immunoblot (IB) analysis of whole cell lysate (WCL) and anti-ACE2 
immunoprecipitants derived from HEK293T cells stably expressing ACE2 and transfected with si-ZDHHCs as indicated. b) IB analysis of WCL and 
anti-Flag immunoprecipitants derived from HEK293T cells transfected with c-terminal Flag tagged ACE2 and Myc-tagged ZDHHCs as indicated. c) IB 
analysis of WCL and anti-Flag immunoprecipitants derived from HEK293T cells transfected with c-terminal Flag-taggedACE2, Myc-tagged ZDHHC3-
WT, and C135S mutant. d) IB analysis of whole cell lysate (WCL) and anti-Myc immunoprecipitant from HEK293T cells transfected with ACE2-Flag and 
Myc-ZDHHC3. e) IB analysis of WCL and anti-ZDHHC3 immunoprecipitant from Vero-E6 cells. f) Immunofluorescence and DAPI staining of HeLa cells 
transfected with ACE2-Flag and Myc-ZDHHC. Scale bar, 20 µm. g) Immunofluorescence and DAPI staining of control and ZDHHC3 stably depleted 
Vero-E6 cells transfected with ACE2. h) IB analysis of EVs from Vero-E6 cells transfected with control siRNA or si-ZDHHC3. ACE2 expression in EVs 
was quantified of three independent experiments and shown right. i) IB of EVs purified from Vero-E6 cells transfected with or without Myc-ZDHHC3 
as indicated. EV-ACE2 was quantified of three independent experiments and presented shown right. j) IB analysis of WCL and anti-ACE2 immuno-
precipitants derived from HEK293T cells transfected with si-depalmitoylases as indicated. k) IB analysis of WCL and anti-Flag immunoprecipitants 
derived from HEK293T cells transfected with expression plasmids encoding ACE2-Flag, Myc-LYPLA1-WT, and S119A mutant. l) IB analysis of WCL and 
streptavidin pull-down derived from Vero-E6 cells infected with lentivirus encoding control shRNA (Con.sh) or LYPLA1 shRNA. m) IB analysis of ACE2 
in both cells and EVs derived from Vero-E6 cells transfected with control siRNA or si-LYPLA1. EV-ACE2 was quantified of three independent experiments 
and shown right. *p < 0.05 (two-tailed Student’s t test (h, right, i, right, m, right). Data are analyzed of three independent experiments and shown as 
mean ± SD (h, right, i, right, m, right).
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of ACE2-EVs and PM-ACE2-EV remained largely the same, but 
ELISA detected far more abundant PM-ACE2-EVs in the same 
experiment (Figure S5h, Supporting Information). In summary, 
we established a standard operating procedure to generate engi-
neered EVs with enriched ACE2 on their surfaces.

2.6. PM-ACE2-EVs Show Strong Neutralization Potency Against 
Pseudotyped SARS-CoV-2

To evaluate the binding affinity between ACE2-enriched EVs 
and the RBD of the SARS-CoV-2 S protein, we used surface 

Figure 5. Generation and characterization of the PM-ACE2-EVs. a) Schematic diagram of N-GAP43PM-ACE2 construct. GAP43PM, amino acids 1 to 
11 of GAP43. b) IB of whole cell lysate (WCL) and anti-Flag immunoprecipitants derived from HEK293T cells transfected with c-terminal tagged 
ACE2 or PM-ACE2 plasmids and lysed at the presence or absence of HAM. Palmitoylated ACE2 was quantified of three independent experiments 
and shown right as mean± SD. c) Immunofluorescence and DAPI staining of HeLa cells transfected with ACE2-WT or PM-ACE2 (PM-tag, GAP43 
amino acids 1 to 11). Scale bar, 10 µm. d) The FACS gating strategy employed and quantification of ACE2 positive cells in HeLa cells transfected 
with ACE2-WT or PM-ACE2. e) Schematic diagram of PM-ACE2+ EVs biogenesis and purification by differential ultracentrifugation. MVB, multiple 
vesicle body. f ) IB analysis (top) and quantification (bottom) of WCL as well as streptavidin pull-down derived from human mesenchymal stem 
cells (hMSCs) ectopically expressing ACE2-WT and PM-ACE2. g) FACS analysis (left) and quantification (right) of purified EVs derived from hMSCs 
stably expressing control vector (Con), ACE2-WT or PM-ACE2. h) Immunoblot (IB) analysis (left) and quantification (right) of ACE2 in whole cell 
lysate and EVs derived from hMSCs expressing control vector (Con), ACE2-WT, or PM-ACE2. i) TEM imaging (left) and gold particles quantifica-
tion (right) of immune-gold-labeled EVs purified from hMSCs stably expressing control vector (Con), ACE2-WT, or PM-ACE2. Gold particles are 
depicted as black dots. Scale bar, 50 nm. j) ELISA (left) and normalized quantification (right) of ACE2 on the surface of EVs derived from hMSCs 
stably expressing control vector (Con), ACE2-WT, or PM-ACE2. *p < 0.05 (two-tailed Student’s t test (b, right; d, right; f, bottom; g, right; h, right; 
i, right; j, right or two-way ANOVA (j, left). Data are representative of three independent experiments and shown as means ± SD (b, right; d, right; 
f, bottom; g, right; h, right; i, right; j).
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Figure 6. PM-ACE2-EVs shows neutralization potency against SARS-CoV-2 pseudovirus. a) Schematic diagram of functionalization of the surface-
plasmon resonance (SPR). Spike-RBD is immobilized on chip-gold surface at the level of 3000 RU with amine coupling standard method, and the EVs 
bound with receptor binding domain (RBD) protein will be captured. b) Coomassie brilliant blue staining of spike RBD protein. c) The binding affini-
ties of control EVs (Con. EVs), ACE2-EVs, and PM-ACE2-EVs with spike-RBD protein were evaluated using SPR technique. Flow rate, 5 µL min−1; EV, 
100 ng µL−1. d) SPR assay of various concentrations of PM-ACE2-EVs captured by RBD protein; the concentration of PM-ACE2-EVs were 1, 5, 25, 50, and 
100 ng µL−1 as indicated. Flow rate, 5 µL min−1. e) Schematic representation of ELISA assay to measure the binding ability of hACE2 positive EVs with 
RBD protein. TMB, tetramethylbenzidine f) ELISA assay of the binding affinities between coupled hACE2 and spike-RBD at the presence of Con. EVs, 
ACE2-EVs, or PM-ACE2-EVs at the concentration of 0, 5, 25, 50, 100, and 200 ng µL−1. g) The blocking capacity of Con. EVs, ACE2-EVs, and PM-ACE2-
EVs toward hACE2-RBD binding in (f) was calculated. h) The representative TEM images of PM-ACE2-EVs incubated with SARS-CoV-2 pseudovirus: the 
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plasmon resonance (SPR). It is a surface-sensitive technique 
that enables the study of real-time monitoring of biomolecular 
interactions. In this assay, label-free recombinant S-RBD pro-
tein (20  µg mL−1) was initially captured on a Series S Sensor 
Chip CM5 at a level of ≈3000 response units (RUs). Binding 
affinity analysis of the EVs-RBD interaction was performed 
by flowing Con. EVs, ACE2-EVs, and PM-ACE2-EVs over 
the S-RBD-captured sensor chip (Figure 6a,b). As expected, 
PM-ACE2-EVs were found to have a greater ability to bind to 
S-RBD than the ACE2-EVs; furthermore, this capability was 
nearly undetectable in the ACE2-deficient Con. EVs (Figure 6c). 
To further characterize this association, we diluted PM-ACE2-
EVs in a gradient, and then evaluated their binding affinity 
to the RBD-sensor chip. We confirmed that PM-ACE2-EVs 
achieved specific and high-affinity binding to the RBD, over a 
wide concentration range; moreover, their binding could retain 
linearity for a long period (Figure  6d). Furthermore, we also 
performed SPR assay by flowing Con. EVs, ACE2-EVs, and 
PM-ACE2-EVs over the pseudotyped virus-captured sensor 
chip (Figure S6a, Supporting Information). Consistent with the 
results from EVs-RBD interaction, PM-ACE2-EVs were found 
to have a greater ability to bind with the pseudotyped virus than 
the ACE2-EVs (Figure S6b, Supporting Information).

Virus-receptor binding can be mimicked in vitro via a pro-
tein–protein interaction-based ELISA assay using purified 
recombinant hACE2 and the RBD of the SARS-CoV-2 S protein 
conjugated to horseradish peroxidase (HRP) (Figure  6e). We 
then demonstrated that the specific RBD-hACE2 binding 
can be blocked or neutralized by ACE2-enriched EVs in a 
dose-dependent manner, but not by ACE2-deficient control 
EVs (Figure  6f,g). PM-ACE2-EVs were more effective than 
ACE2-EVs in this assay, particularly at lower dosages; this fur-
ther confirms that the engineered PM-ACE2-EVs possess a 
higher binding inhibition capacity between RBD and hACE2 
(Figure 6f,g). In the TEM, we observed an association between 
PM-ACE2-EVs and the pseudotyped SARS-CoV-2 (Figure  6h), 
suggesting that ACE2-enriched EVs might also be effective 
in antagonizing SARS-CoV-2 infection. To verify this, we per-
formed a SARS-CoV-2-GFP pseudovirus neutralization assay, in 
which the ACE2 expressing HEK293T cells were incubated with 
serially diluted EVs and infected with the SARS-CoV-2-GFP 
pseudovirus. Of note, PM-ACE2-EVs showed a significantly 
higher neutralisation potency (IC50  = 10  ± 0.8  ng µL−1, IC50, 
half-maximal inhibitory concentration) than ACE2-EVs (IC50 = 
45 ± 1.9  ng µ−1) (Figure  6i,j; Figure S6c, Supporting Informa-
tion). Similar observations were more accurately obtained 
using the pseudovirus-luciferase reporter assay (Figure  6k,l; 
Figure S6d, Supporting Information). These data demon-
strated that PM-ACE2-EVs inhibited the cellular attachment 

and invasion of SARS-CoV-2. Importantly, as expected from a 
neutralizing agent, this inhibition was dependent on the initial 
quantity of SARS-CoV-2 pseudovirus and the concentration of 
PM-ACE2-EVs (Figure 6m), thus, it is dose-dependent. Further-
more, PM-ACE2-EVs still had a high neutralization efficiency 
(IC50 = 12 ± 0.7 ng µL−1, IC90 = 46 ± 1.3 ng µL−1) at a high mul-
tiplicity of cellular infection (MOI) (Figure 6m). We also puri-
fied free ACE2 protein as a control in the SARS-CoV-2 pseu-
dovirus neutralization assay (Figure S6e, Supporting Informa-
tion). Apparently, PM-ACE2-EVs had a stronger neutralization 
potency against SARS-CoV-2 pseudovirus than the free ACE2 
protein (Figure S6e, Supporting Information). In summary, the 
engineered PM-ACE2-EVs are capable of binding to the RBD of 
SARS-CoV-2 with a high affinity, and PM-ACE2-EVs can inhibit 
the infection of pseudotyped SARS-CoV-2 in vitro.

2.7. PM-ACE2-EVs Block the Infection of Pseudotyped SARS-
CoV-2 in hACE2 Mice In Vivo

Mice transgenic for the expression of hACE2 are vulnerable 
to SARS-CoV-2.[37,38] To evaluate the neutralization efficacy of 
engineered PM-ACE2-EVs against pseudotyped SARS-CoV-2 
in vivo, specific pathogen-free, 6-week-old, hACE2-transgenic 
mice were injected with EVs and inoculated intranasally 
with pseudotyped SARS-CoV-2 (Figure 7a; Figure S7a, Sup-
porting Information). Bioluminescent imaging (BLI) meas-
urements and images showed that the mice infected with 
pseudotyped SARS-CoV-2 exhibited broad infections in mul-
tiple organs, which can be significantly and potently reduced 
with PM-ACE2-EVs treatment (Figure  7b; Figure S7b, Sup-
porting Information). Quantified luminescence values fur-
ther revealed that the neutralization efficacy of PM-ACE2-EVs 
could reach up to ≈75% (Figure  7c). Moreover, immunohisto-
chemistry (IHC) analysis of sequential sections revealed that 
the SARS-CoV-2 S protein showed strong staining signals in 
alveolar and bronchial epithelial cells of mice in the control 
EV-treated group. However, this was reduced by PM-ACE2-EVs 
in the therapy group (Figure 7d, left panel). Quantitative histo-
pathology of lung sequential sections also demonstrated that 
the infection of pseudotyped SARS-CoV-2 was significantly 
decreased following treatment with PM-ACE2-EVs (Figure 7d, 
right panel). Furthermore, we found co-localization of SARS-
CoV-2-GFP pseudovirus S protein and the GFP signals in the 
alveolar epithelial cells of control EV-treated mice two days 
post-infection. This phenomenon was not observed in the non-
infected group or the PM-ACE2-EVs treated group (Figure 7e). 
Similar observations of the pseudovirus S protein were 
obtained with IHC staining lung section bronchial epithelial 

arrow indicates for EVs and the viruses are numbered. i) SARS-CoV-2-GFP pseudovirus neutralization assay of ACE2-EVs and PM-ACE2-EVs. Vero-E6 
cells treated with Con. EVs, ACE2-EVs, or PM-ACE2-EVs (0, 5, 10, 20, 50, and 100 ng µL−1) were infected with SARS-CoV-2-GFP pseudovirus (MOI, 1) for 
24 h, and the GFP positive cells were determined at 48 h post infection. j) The neutralization potency of Con. EVs, ACE2-EVs, and PM-ACE2-EVs was 
calculated based on the SARS-CoV-2-GFP pseudovirus neutralization assay in (i). k) SARS-CoV-2-luci pseudovirus neutralization assay of ACE2-EVs 
and PM-ACE2-EVs. Vero-E6 cells treated with Con.EVs, ACE2-EVs, or PM-ACE2-EVs (0, 5, 10, 20, 50, 100 ng µL−1) were infected with SARS-CoV-2-luci 
pseudovirus (MOI, 1) for 24 h, and the luciferase activity was determined at 48 h post infection. l) The neutralization potency of Con. EVs, ACE2-EVs, 
or PM-ACE2-EVs was calculated based on the SARS-CoV-2-luci pseudovirus neutralization assay in (k). m) Neutralization assay of SARS-CoV-2-luci 
pseudovirus by different concentration of PM-ACE2-EVs (0, 10, 20, 50, 100, 200 ng µL−1).Vero-E6 Cells were infected with SARS-CoV-2-luci pseudovirus 
at MOI = 1 or 2. *p < 0.05 (two-tailed Student’s t test (g, i, k, m) or two-way ANOVA (f, j, l). Data are representative of at least two independent experi-
ments with triplicates and shown as means + SD (f, g, i, j, k, l, m).

Adv. Mater. 2021, 33, 2103471



www.advmat.dewww.advancedsciencenews.com

2103471 (12 of 21) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH

Figure 7. PM-ACE2-EVs efficiently blocks the infections of SARS-CoV-2 pseudovirus in vivo. a) EVs administration and experimental analysis in vivo: 
six-week-old hACE2 transgenic mice were tail vein-injected with Con. EVs or PM-ACE2-EVs (100 µg per day) at day -1, followed by intranasal inoculation of 
SARS-CoV-2-GFP pseudovirus or SARS-CoV-2-luci pseudovirus (106 TCID50/50 µL) at the day 0. n = 5 for each group. b) Bioluminescent imaging of repre-
sentative mice from each group at 2 days post infection. Normalized photon flux of all experimental mice of each group was shown right. c) The neutrali-
zation potency of PM-ACE2-EVs in vivo was determined based on normalized photon flux from each group. d) Representative immunohistochemistry 
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cells (Figure S7c, Supporting Information). To explore the bio-
distribution of PM-ACE2-EVs in major organs of mice, espe-
cially in lung after i.v injection, we labeled PM-ACE2-EVs with 
near-infrared (NIR) fluorescent dye of 1,1′-dioctadecyl3,3,3′,3′-
tetramethylindotricarbocyanine iodide (DiR) and performed 
the in vivo analysis (Figure S7d, Supporting Information). At 
24 h p.i., the animals were sacrificed, and the major organs 
were excised and imaged ex vivo. Strong DiR signals were 
observed in lung, liver, and spleen, correlating well with the 
in vivo imaging data but with higher fluorescent intensity 
(Figure S7e,f, Supporting Information). Thus, these results 
confirm that the engineered PM-ACE2-EVs can also diminish 
the infection of pseudotyped SARS-CoV-2 in vivo.

2.8. PM-ACE2-EVs Exhibit Ability to Neutralize Authentic SARS-
CoV-2 In Vitro and Inhibit SARS-CoV-2 Infection In Vivo

We next evaluated whether infection of authentic SARS-
CoV-2 could also be inhibited by ACE2-enriched EVs. In 
Vero-E6 cells, PM-ACE2-EVs were demonstrated to have 
much stronger effect (IC50  = 140 ± 15  ng µL) than ACE2-EVs 
(IC50 = 1350 ± 110 ng µL−1) in protecting cells against authentic 
SARS-CoV-2, whereas the control EVs barely showed any effect 
(Figure 7f). To verify this was due to suppressed viral infection 
and replication in cells, we examined RNA load of SARS-CoV-2 
and indeed found that PM-ACE2-EVs displayed the most robust 
ability to reduce SARS-CoV-2, as compared to that of ACE2-EVs 
and control EVs (Figure  7f). These results suggested that 
PM-ACE2-EVs strongly neutralize authentic SARS-CoV-2.

Given the validated binding affinity between PM-ACE2-
EVs and the RBD of SARS-CoV-2, we established a method to 
enrich SARS-CoV2 by utilizing PM-ACE2-EVs bound aldehyde/
sulphate latex beads, which would likely enable viral detection 
from extreme environments with low virus titers or elimination 
of virus from biological products or patient serum (Figure 7g). 
We first harvested supernatants from infected Vero-E6 cells that 
contain authentic SARS-CoV-2 and performed test. As expected, 
beads bound with ACE2-EVs were capable of enriching virus 
and thus eliminated the viral titers in the effluent; This ability 
was greatly enhanced by using PM-ACE2-EVs bound beads, in 
which the enrichment efficiency was approximately increased 
by10 times (Figure  7h). We also noticed that the beads bound 
with control EVs showed no enrichment at all (Figure 7h). Next, 
we utilized patient sera with lower, intermediate, or higher virus 
titers to evaluate the virus enrichment and clearance efficiency 
of the extracellular vesicle-bound beads. Of note, although the 
beads bound with ACE2-EVs can clear serum samples with 
lower virus titers, the clearance efficiency for sera samples with 

intermediate or higher virus titers are very low; while the beads 
coupled with PM-ACE2-EVs performed well in all sera sample 
tested with much better clearance efficiency which was con-
sistent with the fact that PM-ACE2 bound beads showed much 
stronger ability to enrich virus (Figure 7i).

To further evalidate PM-ACE2-EVs mediated protection 
in infection of SARS-CoV-2, we pre-injected human ACE2 
(hACE2) transgenic mice with PM-ACE2-EVs or control EVs 
and then inoculated via the intranasal route with 105 50% tissue 
culture infectious dose (TCID50) SARS-CoV-2. Compared to 
control EVs-treated mice, viral RNA in the lung, spleen, liver, 
and heart were significantly reduced in PM-ACE2-EVs-treated 
mice (Figure 8a,b; Figure S8a, Supporting Information). Con-
sistently, lower levels of several pro-inflammatory cytokines and 
chemokines, including Ifnb1, Ifng, IL1b, IL-6, Cxcl10 and Ccl2 
were detected in bulk lung homogenates from mice treated 
with PM-ACE2-EVs compared with the counterparts treated 
with control EVs (Figure  8c). Hematoxylin-and-eosin staining 
of lung sections indicated a severe virus-induced lung injury, 
characterized by thickened alveolar septa and infiltration of 
inflammatory cells in the alveolar spaces in control EVs-treated 
hACE2 transgenic mice, whereas only minor lung damages 
were observed in PM-ACE2-EVs pretreated mice (Figure 8d). In 
ashcroft score analysis of lung fibrosis, the continuous numer-
ical scale also revealed much lower degree of fibrotic changes in 
PM-ACE2-EVs pretreated mice (Figure S8b, Supporting Infor-
mation). Notably, the expression of viral S and N proteins in 
lung, as determined by IHC and immunofluorescence respec-
tively, were substantially reduced in PM-ACE2-EVs-treated 
mice than in control EVs-treated mice (Figure  8e,f). Together, 
these data suggest that PM-ACE2-EVs can protect mice against 
SARS-CoV-2 infections.

2.9. PM-ACE2-EVs Can be Used to Saturate the Viral S Protein 
as a Viral Trap

Above, we have identified the presence of ACE2 in EVs and 
reported ACE2 palmitoylation, palmitoylation-acting enzymes, 
and their key roles in transporting ACE2 into EVs. By utilizing 
the above-mentioned mechanisms, we have obtained engi-
neered EVs such as PM-ACE2-EVs that are highly enriched 
with ACE2 on their surface. After verifying the efficacy of 
PM-ACE2-EVs against viral infections both in vitro and in 
vivo, we proposed a model by engineering PM-ACE2-EVs as a 
nano-vesicular trap for SARS-CoV-2. PM-ACE2-EVs via their 
enhanced capacity to bind to the RBD of SARS-CoV-2’s S pro-
tein can become saturated with virus, thereby suppressing viral 
association and attachment to cell surface ACE2 (Figure 9).

(IHC) staining of the lung tissue from each group assayed with anti-SARS-CoV-2 spike antibody. Scale bar, 20 µm. H Score of S protein from each 
group (2 slides per mice) was evaluated. e) Representative immunofluorescence and DAPI staining of lung tissue from each group. Scale bar, 50 µm. 
f) Authentic SARS-CoV-2 was incubated with serially diluted Con. EVs, ACE2-EVs, or PM-ACE2-EVs and the mixtures were then added to Vero-E6 
cells. Left panel: neutralization against authentic SARS-CoV-2. Right panel: virus RNA loads were determined by RT-qPCR. g) Schematic diagram of 
authentic SARS-CoV-2 virus enrichment by PM-ACE2-EVs bound beads. h) Cell culture supernatant of authentic SARS-CoV-2 infected Vero-E6 cells 
were incubated with Con. EVs, ACE2-EVs, or PM-ACE2-EVs bound aldehyde/sulphate latex beads for 1h. Virus titers were determined on Vero-E6 cells. 
i) Serum samples from COVID-19 patients with lower (left panel), intermediate (middle panel), or higher (right panel) virus titers were incubated with 
Con. EVs, ACE2-EVs, or PM-ACE2-EVs bound aldehyde/sulphate latex beads for 1h. Viral burden was measured by RT-qPCR assay. *p < 0.05 (two-tailed 
Student’s t test (b, right; c,d, right; h) or two-way ANOVA (f). Data are representative of at least two independent experiments and shown as means 
± SD (b, right; c,d, right; f, h).
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Figure 8. PM-ACE2-EVs display strong ability to enrich and neutralize authentic SARS-CoV-2. a) Neutralization of Con. EVs or PM-ACE2-EVs to authentic 
SARS-CoV-2 in hACE2 transgenic mice: six-week-old hACE2 transgenic mice were tail vein-injected with Con. EVs or PM-ACE2-EVs (100 µg per day) at 
day -1, followed by intranasal inoculation of authentic SARS-CoV-2 (106 TCID50/50 µl) at the day 0. n = 6 for each group. b) Authentic SARS-CoV-2 burden 
at 3 dpi was determined in the lung, spleen, heart, and liver by RT-qPCR. c) Relative fold changes in gene expression of cytokines and chemokines were 
calculated by qRT-PCR in lung homogenates at 3 dpi from Con. EVs or PM-ACE2-EVs-treated mice. n = 6 for each group. d) Hematoxylin and eosin 
staining analysis of tissue injury in lung sections from hACE2 transgenic mice pre-treated with PBS, Con. EVs (100 µg per day), or PM-ACE2-EVs (100 µg 
per day) for one day and then intranasally inoculated with authentic SARS-CoV-2 (106 TCID50/50 µl). Scale bar, 500 µm (top) or 100 µm (bottom). e) 
Left panel: immunohistochemistry assay of the SARS-CoV-2 S protein antigen (brown) of lung sections from ACE2 transgenic mice as in (d). Scale bar, 
500 µm (top) or 100 µm (bottom). Right panel: H score quantification of the S protein expressions. f) Left panel: representative immunofluorescence 
and DAPI staining of lung tissue from hACE2 mice as in (d). Scale bar, 500 µm (top, middle) or 100 µm (bottom). Right panel: fluorescence intensity 
quantification of the S protein expressions. *p < 0.05 (two-tailed Student’s t test (b,c,e, right; f, right). Data are representative of at least two independ-
ents with triplicates and shown as mean ± SD (b, c, e, right; f, right).
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3. Discussion

The S protein of SARS-CoV-2 has been previously reported to 
be vital for viral invasion of host cells by binding to ACE2 and 
promoting cellular entry. Considering the importance of the 
interaction between the S protein and ACE2, it has been pro-
posed that preventing the S protein from recognizing ACE2 by 
either nanobodies or neutralizing antibodies may be an effec-
tive approach to block SARS-CoV-2 infection.[9,10,12,39–45] Indeed, 
many neutralizing antibodies against SARS-CoV-2 have been 
developed.[46–49]

However, RNA viruses can mutate to escape the effects of 
neutralizing antibodies through selection.[39,50–57] Therefore, 
effective ACE2 strategies could avoid the mutational escape of 
the virus and give a broad neutralizing activity. Recombinant 
soluble ACE2 has been shown to be sufficient for binding S 
protein and neutralizing SARS-CoVs infection in cells and 
organoids.[58] Furthermore, a recent study has shown that an 
engineered trimeric ACE2 protein can bind the S protein with 
high affinity, to inhibit SARS-CoV-2.[59] However, many new 
drug candidates, such as proteins and nucleic acids, are highly 
unstable in the in vivo environment, posing a major chal-
lenge for the effectiveness of therapeutic outcomes. Therefore, 
ACE2 may not be an optimal inhibitor to block the early entry 
of SARS-CoV-2 infections in host cells. Due to their high sta-
bility in circulation as well as low toxicity and immunogenicity, 
EVs are a rapidly developing drug delivery platform for small 
molecules and nucleic acids in anti-tumor treatments[60,61] and 
antiviral therapy,[62–64] demonstrating the safety and efficacy of 
extracellular vesicle delivery. Accordingly, it is conceivable that 
ACE2 anchored EVs interact with the RBD of SARS-CoV-2 S 
protein, thus they can potently inhibit the infection of SARS-
CoV-2. Similar concept of research was reported using cellular 
nanosponges made of plasma membrane expressing ACE2 to 
pretreat SARS-CoV-2.[65] Importantly, we identified the natural 

existence of ACE2 in extracellular vesicle and developed a 
novel engineering EVs enriched with palmitoylated ACE2 for 
COVID-19 therapy. Compared to soluble ACE2 protein, ACE2 
anchored on the membrane of extracellular vesicles can bind 
the S protein with a much higher affinity. It is worth noting 
that ACE2 enriched EVs found in the blood, can more effec-
tively and broadly block the interaction between S protein and 
host cell surface ACE2, thereby blocking the entry of SARS-
CoV-2 into host cells.

Palmitoylation is a reversible lipid modification made with 
a thioester bond between an amino acid residue, typically 
cysteine, and a 16-carbon fatty acid called palmitate.[66–68] Palmi-
toylation regulates the trafficking and membrane localization 
of proteins.[68–71] We have demonstrated, for the first time, that 
ACE2 can be palmitoylated, and that this mechanism controls 
ACE2 membrane localization and extracellular vesicle secre-
tion. Screening of a small inhibitor compound library identified 
that 2-bromopalmitate (2-BP), a general palmitoylation inhib-
itor, reduced ACE2 levels in the EVs by disrupting the mem-
brane localization of ACE2. Conversely, enhanced ACE2 palmi-
toylation by the selective inhibitor of acyl protein thioesterase 
1 (APT1) increased EV-ACE2 secretion. These findings suggest 
that palmitoylation regulates the extracellular vesicle secretion 
of ACE2. By employing both the acyl–biotin exchange (ABE) 
assay and the Click-iT assay, we confirmed that ACE2 can be 
strongly palmitoylated at Cys141 and Cys498. Moreover, substi-
tution of the Cys141 and Cys498 residues by serine completely 
abolished the palmitoylation of ACE2, resulting in a disruption 
of ACE2 membrane localization and diminished ACE2 secre-
tion into the EVs. Furthermore, we identified palmitoyltrans-
ferase ZDHHC3 as the acetyltransferase responsible for ACE2 
palmitoylation and showed that silencing ZDHHC3 efficiently 
reduced the levels of ACE2 in EVs.

Taking advantage of the essential role of palmi-
toylation in transporting ACE2 into EVs, we fused the 

Figure 9. Proposed model of a trap for SARS-CoV-2 by engineered PM-ACE2-enriched EVs. Using PM-ACE2-EVs to saturate the viral S protein as a viral 
trap. Briefly, PM-ACE2-EVs can bind to the SARS-CoV-2 receptor binding domain (RBD) of the spike protein and block its interaction with cell surface 
ACE2, which blocks the binding of SARS-CoV-2-RBD with the cell surface ACE2, inhibiting the infections of SARS-CoV-2. Thus, this study provides an 
engineering protocol of PM-ACE2-EVs as a novel EV-based promising candidate for prophylactic and therapeutic treatment against COVID-19.
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S-palmitoylation-dependent PM targeting sequence to the 
N-terminus of the ACE2 protein and constructed MSCs that 
expressed palmitoylated ACE2. Compared with the EVs from 
control cells, the forced fusion of the PM targeting sequence 
facilitated the accumulation of ACE2 in EVs (PM-ACE2-EV). 
Moreover, most of the ACE2 proteins were found to be located 
on the surface of PM-ACE2-EVs. Considering that EVs are 
approximately the same size as SARS-CoV-2, we tested the 
potential of using PM-ACE2-EVs as a viral trap. As expected, 
PM-ACE2-EVs can bind to the RBD of the S protein, thus 
blocking its interaction with cell surface ACE2. Compared 
to the control EVs, PM-ACE2-EVs exhibited a much higher 
neutralization potency against pseudotyped SARS-CoV-2. By 
using transgenic mice bearing human ACE2, we verified that 
PM-ACE2-EVs also significantly diminished infections of 
pseudotyped SARS-CoV-2 in vivo. These results demonstrate 
the versatility of engineered EVs and their outstanding phys-
icochemical properties in neutralizing SARS-CoV-2. Further-
more, by employing PM-ACE2-EVs and beads/microspheres 
that enrich EVs, we proposed an innovative approach to reduce 
titers of SARS-CoV-2, which would help to reduce the virus load 
and thus contribute to the treatment of COVID-19 patients.

To our knowledge, the current study reports the first EV-
based engineering technology for preventing SARS-CoV-2. 
Flexible and efficient strategies could improve the antiviral effi-
cacy while minimizing the production cost, dose, and potential 
toxicity for clinical application. Our findings not only iden-
tify a novel palmitoylation-dependent mechanism by which 
human cells can secrete ACE2 into EVs, but also provides an 
engineering protocol for PM-ACE2-EVs as a novel EV-based 
candidate for prophylactic and therapeutic treatment against 
COVID-19. We hope that this extracellular vesicle technology 
presented here will contribute to curbing the current COVID-19 
pandemic, as well as future disease outbreaks.

4. Experimental Section
Cell Culture: HEK293T, HeLa, MCF7, Vero-E6, and A549 cells were 

purchased from ATCC and cultured in DMEM supplemented with 10% 
FBS (Cat No. FSP500, ExCell Bio) and 1% penicillin–streptomycin. Bone 
marrow-derived human mesenchymal stem cells (hMSC) were from 
Cell Bank of Type Culture Collection of Chinese Academy of Sciences 
(Shanghai, China). Single cell suspension of mouse mesenchymal stem 
cells (mMSC) were obtained from bone medullary cavity of femurs and 
tibias with 0.5% FBS in PBS and filtered by passing through 70 µm cell 
strainer. The MSCs were cultured in complete growth medium with 
10% FBS and 1% penicillin–streptomycin. All cell lines were free of 
mycoplasma and were cultured at 37 °C under 5% CO2.

Animal Studies: Mice experiments were approved by the Committee 
for Animal Welfare in Soochow University. For the animal experiments, 
specific pathogen-free, 6-week-old, male and female transgenic human 
ACE2-transgenic mice were purchased from the Shanghai Model 
Organisms Center (Shanghai, China). For the in vivo pseudovirus 
infection blocking experiments, six-weeks-old hACE2 transgenic mice 
were tail vein-injected with control EVs or PM-ACE2 EVs (100  µg per 
mice) at day -1, followed by intranasal inoculation of SARS-CoV-2-GFP 
or SARS-CoV-2-luci pseudovirus (106 TCID50/50 µL) at the day 0 (n = 5 
for each group). Bioluminescent reporter imaging was used to monitor 
the development of infection and detect the differences of lungs 
among each group by IVIS spectrum in vivo imaging system. Mice 
were dissected at 2 days post infection to detect pseudotyped virus 

infection and histopathological changes by bioluminescent imaging and 
immunohistochemistry staining. For the in vivo authentic SARS-CoV-2 
infection blocking experiments, six-weeks-old hACE2 transgenic mice 
were tail vein-injected with control EVs or PM-ACE2 EVs (100  µg 
per mice) at day -1, followed by intranasal inoculation of authentic 
SARS-CoV-2 (106 TCID50/50 µl) at the day 0 (n  = 6 for each group). 
Mice were dissected at 3 days post infection to detect authentic virus 
infection and histopathological changes. All the authentic SARS-CoV-2-
related experiments were approved by the Ethics Committee of ZSSOM 
of Sun Yat-sen University on Laboratory Animal Care and conducted in 
a Biosafety Level 3 (BSL-3) facility. All animal studies were conducted 
in accordance with the guidelines of Soochow University or Laboratory 
Monitoring Committee of Guangdong Province of China.

EV Separation, Concentration, and Characterization: As previously 
described,[72,73] to obtain EVs, cells were seeded at a density of 1.2 × 107 
cells/dish and cultured in DMEM supplemented with 10% EV-depleted 
FBS (FBS-derived extracellular vesicles were removed by centrifugation 
at 120 000 × g overnight) for 48–72 h. 200 mL cell culture supernatants 
were collected and subjected to sequential centrifugation steps: 500 × g  
for 10 min at 4 °C to remove floating and dead cells; 2000 × g at 4 °C 
for 20 min to remove dead cell-derived residue; 10 000 × g at 4 °C for  
1 h to remove microvesicles. The supernatants were then centrifuged at 
120 000 × g at 4 °C for 2 h or overnight to concentrate EVs suspended 
in medium. After that, the most supernatants were discarded and the 
medium at the bottom of ultra tube was resuspended by PBS (pH 7.4, 
0.22 µm filtered), followed by the centrifugation at 120 000 × g at 4 °C for 
another 2 h. Next, the whole supernatants were poured away slowly and 
the EVs adhered in the bottom of ultra tube were resuspended by 400 uL 
PBS (pH 7.4) softly. For immunoblot analysis, the EVs were lysed by 8 m  
urea buffer with 2.5% SDS for 0.5 h at room temperature and the 
concentration of total proteins was quantified by BCA Protein Assay Kit 
(Thermo Scientific).

The EVs purified from cell culture supernatants were analyzed by 
NanoSight NS500 (Malvern Instruments, Amesbury, UK), which is 
equipped with fast video capture and Nanoparticle tracking analysis 
(NTA) software.

All relevant data of the authors’ experiments were submitted to the 
EV-TRACK knowledgebase (EV-TRACK ID: EV210209).[74]

Lentiviral Transduction and the Generation of Stable Cell Lines: 
Lentiviruses were prepared by co-transfecting HEK293T cells with pLKO.1 
plasmids and the three packaging plasmids pCMV-VSVG, pMDLg-RRE 
(gag/pol), and pRSV-REV. After 48h transfection, the cell supernatants 
were harvested.

To obtain stable cell lines, cells were infected with supernatants with 
5  ng mL−1 polybrene (Sigma). After 48 h, infected cells were cultured 
under selection with puromycin (2 µg mL−1) for three days. The validated 
lentiviral shRNAs were obtained from Sigma–Aldrich (MISSION shRNA).

Human Rab27a shRNAs: TRCN0000279985 (#1) and TRCN0000279982 
(#2); human ZDHHC3 shRNAs: TRCN0000133710 (#1) and 
TRCN0000162097 (#2); human ZDHHC3 shRNA: TRCN0000299950.

Primers and Reagents: Sequences of siRNAs used in this study are listed 
in Table S1, Supporting Information. Primer sequences used for qRT–PCR 
are listed in Table S2, Supporting Information. ACE2 were subcloned from 
pcDNA3.1 recombinant plasmid (provided by Prof. Wang PH, Shandong 
University, China) into the pLV-C-Flag bc puro lentivirus vector and pLVX-
C-AcGFP-N1 vector. Point mutations were generated by the site-directed 
mutagenesis with KOD plus (Toyobo) polymerase. All constructs were 
confirmed by DNA sequencing. Anti-cancer component library were from 
SelleckChem. 2-bromopalmitate (2BP) was from Sigma (#18263-25-7); 
ML348 was from MCE (HY-100736); Hieff Trans in vitro siRNA/miRNA 
Transfection Reagent (Cat No. 40806; Yeasen, Shanghai, China) 17-ODYA 
was from APExBIO (# 34450-18-5); and GW4869 was from MCE (HY-19363).

Real-Time RT-PCR (qRT-PCR): Total RNAs were extracted from tissues 
homogenates of organs using the RNAiso Plus (9109, Takara), and 
reverse transcription was performed using the HiScript II Q RT SuperMix 
(R223-01, Vazyme). Real-time PCR was performed with ChamQ Universal 
SYBR qPCR Master Mix (Q711-02, Vazyme). All target gene expression 
levels were normalized to GAPDH.
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Primers sequences targeting N gene of SARS-CoV-2 were as follows:

• SARS-CoV-2-N-F: 5′-GGGGAACTTCTCCTGCTAGAAT-3′,
• SARS-CoV-2-N-R: 5′-CAGACATTTTGCTCTCAAGCTG-3′.

Primers sequences targeting SARS-CoV-2 S gene were as 
follows:

• SARS-CoV-2-S-RBD-qF1: 5′-CAATGGTTTAACAGG CACA-
GG-3′,

• SARS-CoV-2-S-RBD-qR1: 5′-CTCAAGTGTCTGTGGAT-
CACG-3′.

Flow Cytometry Analysis: To detect the level of ACE2 on cell membrane 
surface, cells were prepared according to standard protocols and 
suspended in 2% FBS with PBS. Anti-human ACE2 antibody (CL488-
66699, Proteintech) was used for ACE2 detection. To detect the level 
of ACE2+ EV, EVs were incubated with aldehyde/sulphate latex beads 
(4  µm, Invitrogen, no.1743119) in PBS for 1h at 4 °C. EV-bound beads 
were incubated with anti-ACE2 FITC-conjugated antibody (CL488-66699, 
Proteintech) for 30 min. The percentage of positive beads referred to as 
the percentage of ACE2+ EVs was calculated relative to the total number 
of beads analyzed per sample. All samples were analyzed with Beckman 
CytoFlex (Beckman) or FACSAria II (Becton Dickinson) machines. FACS 
data were analyzed with CytExpert software and FlowJo (TreeStar).

Immunoprecipitation and Immunoblotting: Briefly, cells were lysed with 
lysis buffer (20  mm Tris-HCl pH 7.4, 2  mm EDTA, 25  mm NaCl, 10% 
glycerol and 1% NP40) containing protease inhibitors cocktail (MCE, 
No. HY-K0010) for 15 min at 4 °C. After centrifugation at 12 000 rpm for 
5  min, the protein concentrations were measured using BCA kit, and 
equal amounts of proteins were incubated with anti-FLAG M2-AGAROSE 
beads (Sigma, A2220) or specific antibodies and protein A/G-Sepharose 
(Santa Cruz, sc-2003) for immunoprecipitation. The precipitants 
were washed with same lysis buffer and eluted with sample buffer for 
5 min at 100 °C. Immunoblot (IB) analysis was performed with specific 
primary antibodies overnight at 4 °C, followed by secondary peroxidase-
conjugated antibodies at RT for 1h.

To detect the level of cell surface ACE2, cells were biotinylated 
for 30  min at 4 °C and the biotinylated ACE2 on the cell surface was 
precipitated with streptavidin beads and analyzed by immunoblotting. 
For the biotinylation internalization/recycling assay, cell surface ACE2 
were biotinylated for 30 min at 4 °C and then incubated at 37 °C for the 
indicated times. The biotinylated ACE2 on cell surface or in EVs were 
precipitated with streptavidin beads and subjected to immunoblotting 
analysis.

The following antibodies were used for immunoprecipitation, IB, 
and immunofluorescence: ACE2 (A4612, ABclonal, 1:2000 for IB, 1:200 
for IF), ACE2 (sc-390851, Santa Cruz, 1:2000 for IB, 1:200 for IF), ACE2 
(ab-15348, Abcam, 1:2000 for IB, 1:200 for IF), Spike (ab273433, Abcam, 
1:2000 for IB, 1:200 for IF), Spike (A20022, ABclonal, 1:2000 for IB, 
1:200 for IF), ZDHHC3 (ab-31837, Abcam, 1:2000 for IB, 1:200 for IF), 
LYPLA1 (A4419, ABclonal, 1:2000 for IB), TSG101 (sc-7964, Santa Cruz 
Biotechnology, 1:1000 for IB), Alix (sc-53540, Santa Cruz Biotechnology, 
1:1000 for IB, 1:100 for IF), Hrs (A1790, ABclonal Technology, 1:2000 for 
IB), Rab27a (sc-74586, Santa Cruz Biotechnology, 1:1000 for IB), CD9 
(A19027, ABclonal, 1:2000 for IB), CD63 (ab216130, Abcam, 1:2000 for 
IB), CD81(sc-166029, Santa Cruz Biotechnology, 1:1000 for IB), GAPDH 
(G041, Applied Biological Materials, 1:5000 for IB), β-actin (#A5441, 
Sigma, 1:10  000 for IB), polyclonal Myc (A-14) (sc-789, Santa Cruz 
Biotechnology, 1:1000 for WB), monoclonal Myc (9E10) (sc-40, Santa 
Cruz Biotechnology, 1:1000 for WB), Flag (M2, Sigma, 1:10  000 for IB, 
1:200 for IF), FITC Goat Anti-Rabbit IgG (AS001, ABclonal, 1:200 for IF) 
or Rhodamine Goat Anti-Rabbit IgG (AS040, ABclonal, 1:200 for IF).

Immunofluorescence: Briefly, cells cultured on chamber slides 
were washed with PBS, fixed with 4% PFA Fix Solution for 20  min, 
permeabilized with 0.5% Triton X-100. Cells were then blocked with 
3% bovine serum albumin (BSA) containing 0.1% Tween 20, and 

incubated with different specific antibodies at 4 °C overnight, followed 
by incubation with fluorescent-dye-conjugated secondary antibodies at 
RT for 1h. The cell nuclei were stained with DAPI (Sigma).

Immunogold Labeling and Electron Microscopy: As previously 
described,[72,73] purified EVs suspended in PBS were dropped on formvar 
carbon-coated nickel grids with glow discharge treatment. Grids were 
stained with 2% uranyl acetate and observed using a transmission 
electron microscope (JEM-1011). For immunogold labeling, the grids 
were blocked with 3% BSA at RT for 1h, incubated with ACE2 antibody 
(A4612, ABclonal, 1:200), followed by incubation with the secondary 
antibody conjugated with anti-rabbit gold antibody (colloidal gold 10 nm, 
Sigma, G7402). The grids were washed three times with PBS after each 
staining step before uranyl acetate staining.

Subcellular Fractionations Assays: Subcellular fractionations assay was 
performed with cell fractionation kit (Cell Signaling Technology, #9038). 
After treating with 0.1% DMSO or 2BP (100 µm) overnight, wild type 
Vero-E6 cells were harvested with 0.5  mL cold PBS, and 100  µL cell 
suspension was aliquoted into a 1.5  mL tube with SDS loading buffer 
and treated by sonicate and centrifugation. The supernatant of which 
was the whole cell lysate (total). The remaining 400 µL cell suspension 
was centrifuged and resuspended by cytoplasm isolation buffer (CIB). 
After incubation on ice and centrifugation, the supernatant was collected 
as cytoplasmic fraction and pellet was resuspended with membrane 
isolation buffer (MIB). After incubation on ice and higher speed 
centrifugation, the supernatant was collected as membrane fraction. 
All experiments were performed according to the manufacturer’s 
instructions.

Acyl–Biotin Exchange Palmitoylation Assay: The Acyl-Biotin exchange 
palmitoylation assay was performed using a previously reported 
method.[75] In brief, HEK293T cells transiently expressing Flag-tagged 
ACE2 were harvested 48 h after transfection and washed with cold PBS. 
For the ZDHHCs-knockdown experiments, the siRNAs were transfected 
24 h prior to the transfections of the ACE2-Flag constructs. Prior to cell 
lysis, N-ethylmaleimide (NEM, E3876, Sigma-Aldrich) was dissolved in 
100% EtOH and added to the lysis buffer of PH 7.4 (50 mm Tris-HCl pH 
7.4, 1% NP-40, 150 mm NaCl, 10% Glycerol) at the final concentration of 
50  mm. Cells were then suspended in NEM containing lysis buffer for 
1 h at 4 °C and the supernatants were incubated with anti-Flag beads 
(Sigma, A2220) at 4 °C for 1h. After incubation, the beads were washed 
three times with lysis buffer of pH 7.4 and three times with lysis buffer of 
pH 7.2. Then, beads were incubated with a hydroxylamine (HAM) buffer 
at RT for 1 h, washed three times with lysis buffer of pH 7.2, and three 
times with lysis buffer of pH 6.2. Subsequently, beads were treated with 
2 µm Biotin-BMCC (21 900, Thermo Fisher Scientific) in lysis buffer of 
pH 6.2 at 4 °C for 1 h. The immunoprecipitate samples were analyzed 
by Western blot using anti-Flag M2-antibody (Sigma, 1:10  000) and 
streptavidin-HRP (21 130, Thermo Fisher Scientific).

For mass spectrometry of palmitoylated ACE2, HEK293T cells 
transfected with hACE2-Flag were harvested and followed with 
purification by immunoprecipitation with anti-Flag beads. The free 
sulfhydryl were blocked by N-ethylmaleimide, and the palmitoylation of 
palmitoylated cysteine residues was cut off by 1 m hydroxylamine (HAM) 
and alkylated with 4  mm iodoacetamide (Sigma). Then, the proteins 
were digested with trypsin.

Click-iT Identification of ACE2 Palmitoylation: 48 h after the 
transfection of ACE2-WT or ACE2 mutants into HEK293T cells, 100 µm 
17-ODYA (17-Octadecynoic acid, B6373, APExBIO) was added to the 
cell medium for 12 h or overnight. Cells were lysed with lysis buffer (1% 
NP-40, 50 mm Tris-HCl pH 7.5, 150 mm NaCl, 10% Glycerol) containing 
protease and phosphatase inhibitors (HY-K0010, HY-K0023, MCE). The 
lysate was sonicated to disperse the DNA and centrifuged afterwards. 
Then, the supernatant was transferred to a clean 1.5 mL microcentrifuge 
tube. The following experiments were performed according to the 
manual using Click-iT protein reaction buffer kit (C10276, Invitrogen). 
Subsequently, the complex of biotin alkyne–azide–plamitic-protein was 
immunoprecipitated by streptavidin beads. The immunoprecipitate 
samples were analyzed by western blot.
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Mass Spectrometry: SDS-PAGE gels were minimally stained with 
Coomassie brilliant blue, cut into one range that contains ACE2 
according to the protein marker, and digested with trypsin. Eluted 
peptides from the SDS-PAGE gel were identified on a Thermo Fisher 
QE-HFX mass spectrometer. Spectral data were then analyzed by 
Proteome Discovery software and searched from the human protein 
RefSeq database in Uniprot.

Surface–Plasmon Resonance (SPR): The interaction between EVs 
and COVID-19 Spike-RBD protein or SARS-CoV-2 pseudovirus was 
detected by the Biacore T200 System (GE Healthcare). COVID-19 
Spike-RBD protein (40592-VNAH, Sino Biological. molecular weight: 
25.1  kDa, theoretical pI: 8.89) was dissolved at a concentration of 
0.25  mg mL−1 in pH 7.4 PBS (0.22  µm filtered). The concentration of 
RBD protein was diluted to 20 µg mL−1, respectively with 10 mm sodium 
acetate at different pH (pH 6.0, pH 5.0, pH 4.0) to conduct the pre-
concentration of CM5 sensor chip. The CM5 sensor chip surface was 
activated by using sulpho-NHS/EDC chemistry and prepared to a target 
immobilization level of 3000 RU with 20 ng mL−1 COVID-19 Spike-RBD 
protein in 10  mm sodium acetate (pH 5), and blocked the CM5 chip 
surface by 1 m ethanolamine (pH 8.0). The Con. EVs, ACE2-EVs, and 
PM-ACE2-EVs in the same particle concentration were flowed at the rate 
of 10 µL min−1 for 1200 s to allow for the association. The capture surface 
was regenerated by 50 mm NaOH. SARS-CoV-2 pseudovirus (GENEWIZ, 
China) was diluted at a concentration of 106 particles per mL with 10 mm 
sodium acetate at different pH (pH 6.5, pH 6.0, pH 5.5) to conduct the 
pre-concentration of CM5 sensor chip. The CM5 sensor chip surface 
was activated by using sulpho-NHS/EDC chemistry and prepared to a 
target immobilization level of 3000 RU with SARS-CoV-2 pseudovirus in 
10  mm sodium acetate (pH 6.5), and M5 chip surface blocked by 1 m 
ethanolamine (pH 8.0). The ACE2-EVs and PM-ACE2-EVs in the same 
particle concentration were flowed at the rate of 5 µL min−1 for 1200 s 
to allow for the association. The capture surface was regenerated by 
regeneration buffer (10% isopropanol, 5 mm NaOH in pH 7.5 PBS).

Production of SARS-CoV-2 Pseudovirus: To generate SARS-CoV-2-GFP 
pseudovirus (GENEWIZ), HEK293T cells were cotransfected with a 
plasmid encoding codon-optimized SARS-CoV-2 S protein (1-3819) 
(pMD2.S), a green fluorescent protein (GFP) vector (pLenti-CMV-
coGFP), and psPAX by using polyethyleneimine. To generate SARS-CoV-
2-luci pseudovirus (Genscript), HEK293T cells were cotransfected with 
pMD2.S encoding SARS-CoV-2 S protein, luciferase vector (pLVx-luci), 
gap/pol, and pRSV-REV by using polyethyleneimine. After transfection 
for 8 h, the medium was replaced with new complete culture medium. 
48 h after transfection, the supernatant containing SARS-CoV-2-GFP 
pseudovirus or SARS-CoV-2-luci pseudovirus were collected, clarified 
by 0.45-µm pore-size filter, concentrated by centrifugation for 2 h at 
30  000  g and stored in 200  uL at aliquots at −80 −°C until use. The 
pseudovirus titer was tested with Lenti-X p24 Rapid Titer Kit (Clontech, 
No.632200).

SARS-CoV-2 Pseudovirus Neutralization Assay: For SARS-CoV-2 
pseudovirus neutralization assay, serially diluted EVs and SARS-CoV-
2-GFP pseudovirus (GENEWIZ, China) or SARS-CoV-2-luci pseudovirus 
(Genscript, China) were added to 48-well culture plates containing 5 × 104 
cells. The cells were then maintained at 37 °C with 5% CO2 for 48 h. For 
SARS-CoV-2-luci pseudovirus neutralization assay, the obtained relative 
fluorescent were normalized to the negative control wells and used to 
calculate the percentage of neutralization of each concentration, and 
the luciferase activity of each group was measured with a PerkinElmer 
luminometer. For SARS-CoV-2-GFP pseudovirus neutralization assay, 
GFP-positive cells were detected by fluorescent inverted microscope 
(CKX53, Olympus). Cells without virus infection and EVs treatment 
were used as blank controls, and cells with virus infection but without 
EVs treatment were used as virus controls. Percent neutralization was 
calculated as (Sample signals – Blank control signals) / (Virus control 
signals – Blank control signals) × 100%. Data were fitted using a three-
parameter logistic model in GraphPad Prism 7.

Authentic SARS-CoV-2 Virus Inhibition or Authentic SARS-CoV-2 
Neutralization: The authentic SARS-CoV-2 virus inhibition assay was 
performed according to a method previously reported.[76] Briefly, Vero-E6 

cells were passaged at a cell number of 3 × 104 per well in 96-well 
plate. After incubating the cells for 18 h, 100 TCID50 of SARS-CoV-2 was 
incubated with serially diluted EVs at 37 °C for 1 h. Then, cells were 
infected with the EV-virus mixtures and cultured for another 72 h. Cells 
were stained with crystal violet and absorbance at 570 nm/630nm was 
measured. Supernatants at 3 days post infection were collected to detect 
viral RNA titer.

Enzyme-Linked Immunosorbent Assay (ELISA): The analysis of ACE2 
concentration in culture supernatants was performed according to 
the manual of ELISA Kits (ab235649, abcam). Briefly, EVs were added 
to the plate followed by the addition of anti-hACE2 antibody cocktails 
which contained capture antibody and detector antibody. The plate was 
incubated for 1 h at RT on a plate shaker at 450 rpm. After washing steps, 
TMB substrate was added and incubated for 15 min. The chromogenic 
reaction was quantified following the addition of stop solution. The 
absorbance of the samples was measured at 450 nm.

The binding capacity of EV-ACE2 against spike glycoprotein (RBD) 
was measured by SARS-CoV-2 surrogate virus neutralization test kit 
(GenScript, China).[77] Briefly, EVs were pre-incubated with the HRP-RBD 
to allow the binding of EVs to HRP-RBD. Then the mixture was added 
to the plate pre-coated with human ACE2 protein. After washing steps, 
TMB substrate (Invitrogen) was added to each well and the plate 
was incubated in the dark at ≈20–25 °C for 15  min. The chromogenic 
reaction was quantified following the addition of stop solution (KPL 
SeraCare). The absorbance of the samples was measured at 450  nm. 
All experiments were performed according to the manufacturer’s 
instructions.

Histological Analysis: For routine histology, the tissue paraffin sections 
were stained with H&E. For IHC, lung tissues sections were incubated 
with the primary antibodies to Spike (ab273433, Abcam, 1:1000), Spike 
(A20022, ABclonal, 1:1000).[78] The quantification of ACE2 protein 
expression was obtained by measuring the H score. The H-score was 
calculated as: the formula 3 × the percentage of strongly staining cells 
+ 2 × the percentage of moderately staining cells + the percentage 
of weakly staining cells, yielding an H-score range of 0 to 300. For IF, 
after re-hydration and antigen retrieval, tissue sections were blocked by 
3% BSA for 1 h, and then stained with specific antibodies, followed by 
incubation with secondary antibodies. Nuclei were stained with DAPI.

Quantitative Histologic Analysis: To detect the quantitative histologic 
evaluation of virus-induced fibrotic changes, a numerical fibrotic scale 
(Ashcroft scale[79]) was measured as follows. Briefly, the grade of lung 
fibrosis was scored on a scale of 0 (normal) to 8 (total fibrosis) using 
a predetermined scale of severity (numerical fibrotic scale). After 
observing 25 fields in each lung section at a magnification of 100×, the 
mean score of all the fields was obtained as the fibrosis score in each 
sample. The histologic analysis strictly followed the blind principle.

Statistical Analyses: Statistical analyses between or among groups 
were performed with a two-tailed Student’s t test or two-way ANOVA 
using Office Excel (Microsoft) and Prism 7.0 software (GraphPad). 
p value < 0.05 is was considered statistically significant in the Figures 
(*p < 0.05, n.s., not significant). Data are analyzed of three independent 
experiments.
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