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The emergence of the novel human severe acute respiratory syn-
dromecoronavirus-2 (SARS-CoV-2)has led to thepandemicof co-
ronavirus disease 2019 (COVID-19), which has markedly affected
global health and the economy.Bothuncontrolled viral replication
and a proinflammatory cytokine storm can cause severe tissue
damage in patients with COVID-19. SARS-CoV-2 utilizes angio-
tensin-converting enzyme 2 (ACE2) as its entry receptor. In this
study, we generated ACE2 extracellular domain-Fc and single-
chain variable fragment-interleukin 6 (IL-6) single-chain variable
fragment against IL-6 receptor (scFv-IL6R)-Fc fusion proteins to
differentially neutralize viruses and ameliorate the cytokine storm.
The human ACE2 (hACE2)1�740-Fc fusion protein showed a
potent inhibitory effect on pseudo-typed SARS-CoV-2 entry and
a good safety profile in mice. In addition, scFv-IL6R-Fc strongly
blocked IL-6 signal activation.We also established amesenchymal
stromal cell (MSC)-based hACE21�740-Fc and scFv-IL6R-Fc deliv-
ery system,which could serve as a potential therapy strategy for ur-
gent clinical needs of patients with COVID-19.

INTRODUCTION
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) be-
longs to the genus Betacoronavirus and is closely related to the SARS-
like coronavirus in bats. Phylogenetic analysis revealed that its genome
sequence is approximately 80% similar to that of SARS-CoV. These two
viruses exhibit �74% amino acid sequence similarity at the receptor-
binding domain (RBD) of the spike gene, suggestive of a possible com-
monhost receptor. Angiotensin-converting enzyme 2 (ACE2) has been
recognized as a critical entry receptor for both SARS-CoV-2 and SARS-
CoV.1,2 In comparison with the spike protein of SARS-CoV, the SARS-
CoV-2 spike protein exhibits higher binding affinity to human ACE2
(hACE2); this difference may have contributed to the higher transmis-
sion rate of SARS-CoV-2,3,4 implying the importance of ACE2-depen-
dent viral entry into cells. ACE2 is primarily expressed in lung alveolar
epithelial type II cells, which are crucial for the gas-exchange functionof
the lungs.5,6 Severe lung injury in some patients with coronavirus dis-
ease 2019 (COVID-19) may stem from the dysfunction of these cells.7

ACE2 is also expressed in other organs such as the heart, liver, intestine,
testis, kidney, and blood vessels,8–12 which may explain the multiple
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organ dysfunction syndrome (MODS) induced by SARS-CoV-2 infec-
tion.13 Apart from being the entry receptor of SARS-CoV, ACE2 facil-
itates tissue repair after lung injury.14

The interaction between the spike protein of SARS-CoV-2 and ACE2
is imperative for the viral entry into cells. Soluble ACE2 may act as a
potential viral entry blocker by competing with membranous ACE2.
Several studies have reported the antiviral effects of soluble ACE2-
based therapeutics. Soluble ACE2, which removes the transmembrane
domain from intact ACE2, is sufficient for neutralizing SARS-CoV-2
infection in vitro and in vivo.7,15 To enhance its half-life in vivo, soluble
ACE2 was fused with an Fc fragment.16,17 Various approaches have
been directed to enhance the affinity of soluble ACE2 toward the spike
protein or the RBD of the spike protein as an attempt to improve its
function as a competitive inhibitor of membranous ACE2.18–20 In
addition, mutations were introduced for the inactivation of the enzy-
matic activity of soluble ACE2 to avoid any adverse cardiovascular ef-
fects caused by its catalytic activity.19,21 De novo protein design and
computer-based peptide design have also been applied for engineering
native soluble ACE2 to generate potential SARS-CoV-2 entry
blockers.22–24 These studies highlight the importance of ACE2-based
therapeutics for treating COVID-19. However, whether cell therapy
can be used for the delivery of ACE2-based therapeutics is unclear.

Cell-based therapies, including immune cell and stem cell therapies,
are currently being evaluated in the clinic for a wide range of diseases
such as cancer, neurodegenerative disorders, and autoimmune dis-
eases. As a representative of cell therapy, mesenchymal stromal cell
(MSC)-based therapy is most widely used in clinics, with more than
1,138 registered clinical trials until 2020.25 MSCs can be obtained
021 ª 2021 The Author(s).
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Figure 1. ACE2-Fc could bind to the SARS-CoV-2 spike protein with high affinity

(A) Schematic diagram of the ACE2 and SARS-CoV-2 spike-derived fusion protein used in this study. (B) SDS-PAGE analysis of purified indicated protein. (C and D) ELISA-

binding curves of ACE21�615-hFc and ACE21�740-hFc to the immobilized S1 or RBD of the SARS-CoV-2 spike. (E) Mean fluorescence intensity (MFI) of binding of ACE21�615-

hFc and ACE21�740-hFc to 293-spike cells, as determined by flow cytometry. Data represent mean ± SD. Representative results of one from four (B) and three (C�E)

repeated experiments are shown.
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from different sources such as the bone marrow, cord blood, skin,
Wharton’s jelly, and umbilical cord tissue.26 MSCs can self-renew
and differentiate into adipocytes, chondrocytes, and osteocytes under
specific in vitro culture conditions.27 Themulti-potent differential po-
tential, tissue repair ability, and anti-inflammatory properties ofMSCs
potentiate their clinical development for the treatment of hematopoi-
etic failure,28 graft-versus-host diseases, and autoimmune dis-
eases.29,30 In addition, MSCs exert paracrine functions by secreting
soluble factors and releasing extracellular vesicles and possess the
innate ability to transport cargos to inflammation sites, thus serving
as promising drug-delivery vectors in preclinical models.31

Approximately 5% of patients infected with SARS-CoV-2 develop se-
vere lung injury symptoms, accompanied with overwhelmed immune
activation. Some antiviral and anti-inflammatory drugs have been
tested for treating COVID-19.32 However, these single-target drugs
offer limited clinical benefits. Thus, drugs targeting the virus itself
and ameliorating the tissue damage are urgently warranted to treat se-
vere COVID-19. Here, we present an MSC-based cell therapy to
simultaneously block SARS-CoV-2 entry and inhibit the virus-
induced cytokine storm. This dual-targeting strategy provides a rapid
and translational approach for COVID-19 treatment.

RESULTS
ACE2-Fc could bind to the SARS-CoV-2 spike protein with high

affinity

SARS-CoV-2 is known to enter permissive cells through ACE2;1,33

the competitive, soluble extracellular domain of ACE2 might poten-
Molecul
tially act as a viral entry blocker. To test whether the ACE2 extra-
cellular domain could block SARS-CoV-2 entry, we generated two
recombinant ACE2-Fc fusion proteins comprising 1�615 or
1�740 amino acid residues of ACE2 fused to the human immuno-
globulin G1 (IgG1) Fc (hFc) portion (Figures 1A and 1B). We then
characterized their binding profiles to the SARS-CoV-2 spike pro-
tein. With the use of the same strategy, we developed two more re-
combinant SARS-CoV-2 spike-Fc fusion proteins carrying 1�685
(S1) or 319�541 (RBD) amino acid residues of ACE2 fused to
the mouse IgG2a Fc (mFc) portion (Figure 1A). An enzyme-linked
immunosorbent assay (ELISA) showed that both ACE21�615-hFc
and ACE21�740-hFc bound to S1-mFc and RBD-mFc with similar
affinities (Figures 1C and 1D). These data suggest that the S1 and
RBD regions are essential for the binding between the ACE2 and
SARS-CoV-2 spike protein. To test the binding ability of ACE2-
hFc fusion protein to SARS-CoV-2 spike protein under physiolog-
ical conditions, we established a 293-spike cell line that stably
expressed the SARS-CoV-2 spike protein. Flow cytometry analysis
showed that both ACE21�615-hFc and ACE21�740-hFc bound to
the 293-spike cell line with similar affinity (Figure 1E). These data
suggest that the extracellular domain of the ACE2-Fc fusion protein
can bind to the SARS-CoV-2 spike protein with high affinity and
could be used as a potential entry blocker.

ACE2-Fc could block the entry of pseudo-typed SARS-CoV-2

into ACE2+ cells

With the consideration of the potential risk of severe COVID-19
induced by SARS-CoV-2 infection, the research on SARS-CoV-2
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 755

http://www.moleculartherapy.org


Figure 2. ACE21–740-hFc blocked the pseudo-typed SARS-CoV-2 infection

(A) Schematic diagram of pseudo-typed SARS-CoV-2 used in this study. (B) 293 or 293-ACE2 cells were infected with pseudo-typed SARS-CoV-2, and the reporter IRFP

was analyzed 48 h post-infection. (C and D) Lentiviruses pseudo-typed with the SARS-CoV-2 spike protein were incubated with indicated concentrations of ACE21�615-hFc

and ACE21�740-hFc for 15 min before infection. Fluorescent IRFP-positive 293-ACE2 cells were measured by flow cytometry. (E) Lentiviruses pseudo-typed with the VSV-G

glycoprotein or SARS-CoV-2 spike protein were incubated with indicated concentrations of ACE21�740-hFc for 15 min before infecting 293-ACE2 cells. Fluorescent IRFP-

positive cells were measured by flow cytometry. (F) Lentiviruses pseudo-typed with the SARS-CoV-2 spike protein were incubated with indicated concentrations of

ACE21�615-hFc and ACE21�740-hFc for 15 min before infecting A549-ACE2 cells. Fluorescent IRFP-positive cells were measured by flow cytometry. Data represent mean ±

SD. Representative results of one from three (B�F) repeated experiments are shown. **p < 0.01, ***p < 0.001.
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must be conducted in laboratories with a biosafety level (BSL)-3 or
higher. To overcome this hurdle in SARS-CoV-2 research, we estab-
lished a pseudo-typed SARS-CoV-2 system by replacing vesicular
stomatitis virus-G (VSV-G) with the SARS-CoV-2 spike protein to
produce a pseudo-typed virus using the well-defined, third-genera-
tion lentivirus system (Figure 2A).We first checked the infection abil-
ity of this pseudo-typed virus in both ACE2+ and ACE2� 293 cells.
Pseudo-typed SARS-CoV-2 could only infect ACE2+ 293 cells but
not ACE2� 293 cells, suggestive of the SARS-CoV-2 spike, protein-
mediated, ACE2-dependent entry process (Figure 2B). With the use
of this pseudo-typed virus system, we tested the blocking efficacy of
ACE21�615-Fc and ACE21�740-Fc. Indeed, ACE21�740-Fc could
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strongly inhibit the entry of pseudo-typed SARS-CoV-2 into
293-ACE2 cells with a half-maximal inhibitory concentration (IC50)
of �0.68 nM (Figure 2C). Surprisingly, ACE21�615-Fc had a very mi-
nor blocking effect on the entry of pseudo-typed SARS-CoV-2 despite
its similar binding profile to S1-mFc, RBD-mFc, and 293-spike cells
(Figures 1C�1E and 2D). To further test the specificity of the
ACE21�740-hFc-mediated blockade of the pseudo-typed SARS-
CoV-2, we investigated the blocking effect of ACE21�740-hFc on
the entry of pseudo-typed VSV. Although ACE21�740-Fc inhibited
�80% pseudo-typed SARS-CoV-2 infection, it did not affect the
infection by pseudo-typed VSV (Figure 2E). To determine whether
the ACE21�740-Fc-mediated blockade could be applicable to other
021



Figure 3. ACE21–740-hFc-induced death of SARS-CoV-2 spike-positive cells through ADCC and CDC

(A) Raji and Raji-spike cells were labeled with different concentrations of CFSE and co-cultured with human primary NK cells in the presence of indicated concentrations of

ACE21�740-hFc. The ADCC effect was measured by flow cytometry analysis and calculated by the ratio of Raji-spike-CFSEhigh and Raji-CFSElow. (B) Raji and Raji-spike cells

were labeled with different concentrations of CFSE, co-cultured, and supplemented with human AB serum in the presence of indicated concentrations of ACE21�740-hFc.

The CDC effect was measured by flow cytometry analysis and calculated from the ratio of Raji-spike-CFSEhigh and Raji-CFSElow. Data represent mean ± SD. Representative

results of one from three (A and B) repeated experiments are shown. *p < 0.05, **p < 0.01.
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cell types, we performed a similar assay on the lung epithelial A549-
ACE2 cell line. Consistent with the data from 293-ACE2 cells,
ACE21�740-Fc significantly blocked the entry of pseudo-typed
SARS-CoV-2 into A549-ACE2 cells (Figure 2F). Therefore,
ACE21�740-hFc blocked the pseudo-typed SARS-CoV-2 infection
by competing with the membrane-anchored entry receptors.

ACE2-Fc-mediated cytotoxicity against SARS-CoV-2 spike-

positive cells is directed through the Fc portion

There are two functional portions of the ACE21�740-hFc fusion pro-
tein. The extracellular domain, ACE21�740, functions as a competitive
binding factor to the membrane-anchored SARS-CoV-2 receptor
ACE2, and the Fc portion mediates multiple functions by engaging
Fc gamma receptor (FcgR)-positive cells and complements.34 To verify
whether ACE21�740-hFc could induce death of SARS-CoV-2 spike-
positive cells through antibody-dependent cell-mediated cytotoxicity
Molecul
(ADCC), we performed a natural killer (NK) cell and Raji-spike cell
co-culture assay in the presence of ACE21�740-hFc. Given the high
binding affinity of IgG1 to active FcgRs,35 ACE21�740-hFc induced
significant ADCC and lysed more Raji-spike cells than Raji cells (Fig-
ure 3A). This observation highlights the potential lysis effect on virus-
infected cells in vivo. We also tested whether ACE21�740-hFc could
induce complement-dependent cytotoxicity (CDC). In the presence
of complements, ACE21�740-hFc induced more lysis of spike-positive
cells than that of spike-negative cells (Figure 3B). Taken together,
ACE21�740-hFc could potentially eliminate virus-infected, spike-posi-
tive cells through both ADCC and CDC.

Safety profile of ACE21–740-hFc in vivo

ACE2 is a carboxypeptidase that potently degrades angiotensin II to
angiotensin 1�7.36 ACE2 antagonizes the activation of the classical
renin-angiotensin (RAS) system and protects against organ damage,
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 757
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Figure 4. Safety profile of ACE21–740-hFc in mice

(A) C57BL/6 mice received a single injection of 100 mg ACE21�740-hFc. The serum concentration was determined by ELISA at indicated time points. (B�E) C57BL/6 mice

received a single injection of 100 mg ACE21�740-hFc. 7 days later, the hematology, body weight, and hematoxylin and eosin (H&E) staining of indicated organs were analyzed.

Data represent mean ± SEM. Representative results of one from two (A–E) repeated experiments are shown.
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hypertension, diabetes, and cardiovascular diseases.37 Whether exog-
enous exposure to ACE21�740-hFc affects the normal physiological
status is, however, unclear. First, we tested the in vivo half-life of
hACE21�740-hFc in mice and found it to be approximately 8.22 h
(Figure 4A). We subsequently collected different tissues and investi-
gated the potential effect of ACE21�740-hFc on tissue damage. There
were no differences in hematological features, body weight change,
alanine aminotransferase (ALT), and immune cell infiltration in or-
gans such as the heart, liver, spleen, lung, and kidney (Figures
4B�4E). Although the enzyme activity of hACE21�740-hFc is well re-
ported in mice,38 two potential factors may affect the evaluation of
side effects, namely, the potential immune response against human
protein hACE2 in mice and different interaction networks of
hACE2 and mouse ACE2 (mACE2). To avoid these limitations, we
performed similar experiments using mACE21�740-hFc and observed
no adverse effects 7 days after treatment (Figures 4B�4E). Taken
together, ACE21�740-hFc was well tolerated in mice without any
obvious side effects.

EngineeredMSCs can be a potential drug-development strategy

for COVID-19 treatment

The clinical translation of protein-based therapeutics can be time
consuming owing to good manufacturing practices (GMP) produc-
tion and quality control, which may not be feasible for the urgent
need for treating COVID-19. Therefore, other drug-delivery systems
758 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
should be considered to save time. MSCs have been widely used for
treating autoimmune diseases and as vectors for protein drug deliv-
ery. We generated an MSC cell line stably expressing ACE21�740-hFc
(MSC-ACE21�740-hFc) by lentiviral infection. As expected, this cell
line persistently secreted ACE21�740-hFc into the culture superna-
tant (Figures 5A and S1). The concentration of ACE21�740-hFc in
the supernatant was about 190 ng/mL after a 4-day culture. To
determine whether ACE21�740-hFc in MSC-derived supernatant is
bio-reactive, we first measured its ability to react with spike-positive
293 cells (Figure 5B). The MSC-secreted ACE21�740-hFc showed a
binding strength similar to that of purified ACE21�740-hFc (Fig-
ure 5C). We next investigated whether ACE21�740-hFc from the
MSC-derived supernatant could block pseudo-typed virus entry.
Indeed, the MSC-derived supernatant showed a significant blockade
effect on the entry of pseudo-typed SARS-CoV-2 into 293-ACE2
cells (Figure 5D). To test the possibility of using MSC-
ACE2-1�740-hFc as a live drug in vivo, we injected these engineered
MSCs into mice. The expression of ACE2-Fc in the serum lasted for
more than 14 days after a single dose (Figure 5E). Further, we eval-
uated the bio-distribution of these MSCs, which were preferentially
located in the lungs after 24 h of injection (Figure 5E). Thus, these
MSCs are suitable for treating SARS-CoV-2-induced pneumonia.
Therefore, the MSC-based ACE21�740-Fc delivery strategy provides
a time-saving option for clinical treatment of SARS-CoV-2-induced
disease.
021



Figure 5. Characterization of ACE21–740-hFc-expressing MSCs

(A) The continuous ACE21�740-hFc production by stably engineered MSC-ACE21�740-hFc was measured by ELISA after a 1 month of culture. (B) Flow cytometry analysis of

the supernatant from 293 or 293-spike cells treated with MSC-ACE21�740-hFc. (C) Lentiviruses pseudo-typed with SARS-CoV-2 spike protein were incubated with indicated

dilutions of MSC-ACE21�740-hFc supernatant for 15 min before infecting 293-ACE2 cells. Fluorescent IRFP-positive cells were measured by flow cytometry. (D) MSC-

ACE21�740-hFc was intravenously injected into M-NSG mice, and ACE21�740-hFc production in the serum was determined by ELISA at indicated time points. (E) MSC-

ACE21�740-hFc cells were intravenously injected into M-NSG mice, and their bio-distribution in the indicated tissues was analyzed by qPCR. Data represent mean ± SEM.

Representative results of one from three (A and C) and four (B) repeated experiments are shown. Pooled results from three independent experiments are shown (D and E). *p

< 0.05, **p < 0.01, ***p < 0.001.
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MSCs expressing variable fragment-interleukin 6 (IL-6) single-

chain variable fragment against IL-6 receptor (scFv-IL6R)-Fc can

potentially inhibit SARS-CoV-2-induced immune damage

The proinflammatory cytokine storm can cause tissue damage inmul-
tiple disease models. Suppression of proinflammatory cytokines such
as IL-6 has been shown to mediate therapeutic effects in autoimmune
diseases and the chimeric antigen receptor (CAR)-T cell-induced
cytokine storm.39,40 For instance, tocilizumab has been used to treat
COVID-19 and improve patient outcome.41,42With the consideration
thatMSCs are capable of rapidly producing proteins and preferentially
migrating to inflammatory tissues, we aimed to generate MSCs ex-
pressing single-chain variable fragment against IL-6 receptor (scFv-
IL6R)-Fc to suppress the SARS-CoV-2-induced cytokine storm. We
first generated and purified scFv-IL6R-Fc protein and compared its ac-
tivity with that of tocilizumab. scFv-IL6R-Fc showed a similar
blockade effect on the IL-6-induced TF-1 cell proliferation compared
with tocilizumab (Figure 6A). We then established an MSC cell line
stably expressing scFv-IL6R-Fc. After 1 month of culture, this cell
line was still capable of secreting scFv-IL6R-Fc. The concentration
of scFv-IL6R- Fc in the supernatant was about 300 ng/mL after a 4-
day culture (Figure 6B). To test the in vivo performance of the
MSC-derived scFv-IL6R-Fc, we injected them intravenously into
mice. Interestingly, the expression of scFv-IL6R-Fc in the serum lasted
formore than 14 days after administration of a single dose (Figure 6C).
Therefore, scFv-IL6R-Fc-expressing MSCs can be potentially used for
blocking the SARS-CoV-2-induced cytokine storm and can be com-
Molecul
bined with virus-neutralizing MSC-ACE21�740-Fc to provide multi-
layer protection against SARS-CoV-2 infection.

DISCUSSION
The current COVID-19 pandemic has created a greater social and
economic stir than its predecessors, SARS outbreak and Middle
East Respiratory Syndrome (MERS) epidemic. Although some vac-
cines and neutralizing antibodies have been approved for clinical
usage,43–50 their efficacy may be compromised by the frequent viral
mutations.51,52 Therefore, safe and effective treatments for COVID-
19 are urgently warranted. SARS-CoV-2 enters permissive cells
mainly through ACE2.1 Neutralizing antibodies against the SARS-
CoV-2 spike protein and soluble ACE2 receptors are potential
drug candidates that can block the viral entry into cells.7,16 The
acceptable stability, specificity, and manufacturing process have
deemed neutralizing antibodies as promising candidates for drug
development. Theoretically, these antibodies only affect the virus
or virus-infected cells and thus, pose limited side effects in vivo.
However, the high mutation rate may lead to the escape of the virus
from neutralizing antibodies even after a single mutation. This hy-
pothesis is supported by the observation that neutralizing antibodies
against SARS-CoV have limited blocking effect on SARS-CoV-2
despite the high similarity in their RBD structures. This limitation
can be avoided with a soluble ACE2-based neutralization strategy,
as mutant viruses escaping soluble ACE2 will also lose the ability
to infect ACE2-positive cells. One shortcoming with both
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 759
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Figure 6. Characterization of scFv-IL6R-hFc-

expressing MSCs

(A) Approximately 1 � 104 TF-1 cells were stimulated with

IL-6 in the presence of indicated concentrations of scFv-

IL6R-Fc and tocilizumab. Cell proliferation was determined

48 h later by CCK-8 assay. (B) The continuous scFv-IL6R-

Fc production from stably engineered MSC-scFv-IL6R-Fc

was measured by ELISA after 1 month of culture. (C) MSC-

scFv-IL6R-Fc cells were intravenously injected into M-NSG

mice, and the scFv-IL6R-Fc level in the serum was deter-

mined by ELISA at indicated time points. Data represent

mean ± SEM. Representative results of one from three (A

and B) repeated experiments are shown. Pooled results

from three independent experiments are shown (C). *p <

0.05, **p < 0.01, ***p < 0.001.
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neutralizing antibodies and ACE2-Fc fusion protein is the antibody-
dependent enhancement effect on virus infection. Further experi-
ments are imperative to clarify these concerns. With the consider-
ation of the biosafety issue, our study was performed using
pseudo-typed viruses. Although the entry step of pseudo-typed vi-
ruses is similar to that of live viruses, further investigation with
live virus and animal models will provide more information on
the efficacy of ACE2-Fc-based therapy.

ACE2 is a carboxypeptidase that potently degrades angiotensin II to
angiotensin 1�7.36 It plays a central role in the homeostatic control
of cardiorenal action. ACE2 is a membrane protein, and its distribu-
tion is determined by the expressing cells. Soluble ACE2 is delivered
to all possible tissues through the circulatory system, thereby raising
the concern regarding its side effects on the cardiorenal system. Our
preliminary mouse data showed no obvious side effects induced by
ACE2-Fc treatment. Further investigation on the long-term side ef-
fects of ACE2 is needed in animal models before translation into clin-
ical studies. Despite this limitation, there is one potential advantage of
soluble ACE2 as a promising therapy. ACE2 has been reported to play
a protective role in lung injury.14 SARS-CoV-2 infection leads to
internalization of the ACE2 receptor, which may reduce ACE2 enzy-
matic activity and its subsequent protective effect on lung injury. Sup-
plementation with soluble ACE2 may provide additional tissue repair
effects beyond viral neutralization.
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Given the important role of ACE2 in SARS-CoV-
2 entry, multiple research groups have reported
the applicability of soluble ACE2 as an effective
entry blocker.16,53 In addition to using wild-
type intact soluble ACE2, high-affinity ACE2
mutant,18,20,54 enzymatic dead mutation,23,55 or
peptide inhibitors derived from ACE256,57 pro-
vide highly promising effects for blocking
SARS-CoV-2 entry. Our data indicate that the
Fc portion of ACE2-1�740-Fc can mediate weak
ADCC and CDC to eliminate virus-infected,
spike-expressing cells58,59 and may provide addi-
tional immune-regulatory functions for
improving antiviral effects. We used MSC as a
drug-delivery vector; its inflammation tissue tropism may provide
an advantage of targeting the drug specifically to the virus-infected
tissue. Furthermore, MSCs were engineered to secrete scFv-IL6R,
which could sufficiently block the IL-6 signaling pathway and prevent
the overwhelming inflammation in COVID-19.

To meet the urgent need for treating SARS-CoV-2-induced COVID-
19, we have developed an MSC-based cell therapy strategy. MSCs
have been widely used for treating autoimmune diseases for more
than 20 years.60 There are ongoing clinical trials to evaluate the effi-
cacy of MSCs for COVID-19 treatment, given their innate anti-in-
flammatory and tissue-repair activities. Here, we armed MSCs with
virus neutralization and anti-cytokine storm capabilities to signifi-
cantly boost their therapeutic effects. MSCs are preferentially located
in inflammatory tissues, thus aiding in the targeted delivery of ACE2
fusion protein to SARS-CoV-2-infected tissues. This phenomenon
significantly enhances the drug concentration in the targeted tissue
and lowers the potential side effects. However, a plausible disadvan-
tage of MSC-based therapy includes the challenges in regulating the
dosage of soluble ACE2 secreted from cells. Further engineering of
MSCs with on-off switchable promoters or suicide genes may provide
a possible solution to overcome these hurdles.

The MSC delivery method is critical for the successful clinical treat-
ment of COVID-19 and determines treatment efficacy and safety.
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Previous studies have shown that the in vivo persistence of MSCs is
limited,61–63 which restricts their potency as a delivery vector. Further
optimization to reduce immunogenicity and enhance survival of
MSCs in vivo is critical to improve their efficacy. With the consider-
ation of the safety profile of intravenously infused MSCs, some severe
COVID-19 patients are in a hypercoagulable-procoagulant state and
are at high risk of thrombosis and embolization.64 Some non-bone
marrow-derived MSCs express high levels of the procoagulant tissue
factor, which might induce severe thrombosis and embolization when
intravenously infused in patients with COVID-19.64–66 Pre-screening
for the expression of the procoagulant tissue factor of MSCs and the
hemocompatibility test before infusion is critical for preventing this
adverse effect.

The limitations of our study include the lack of the use of the
SARS-CoV-2 virus and immune-competent animal models.
Although pseudo-viruses are widely used to dissect the viral-entry
mechanism, they are not capable of replication in host cells; this
may cause overestimation of the viral-entry blockade effect of
ACE2-1�740-Fc. Furthermore, the deficiency of non-obese diabetic
(NOD)-Prkdcsevere combined immunodeficiency (scid)Il2gtm1Wjl

(NSG) mice in adaptive immune cell components may be favorable
for MSC persistence in vivo. When allogeneic MSCs are used in the
clinic, their clearance by the recipient’s adaptive immune response
reduces both the delivered drug concentration and its half-life.
Further optimization of the in vivo persistence of MSCs and
improvement of transgene expression will be critical before their
clinical application. Owing to the lack of BSL-3 laboratory condi-
tions, we did not evaluate the side effects of ACE2-1�740-Fc in vi-
rus-infected hosts. As ACE2-1�740-Fc showed cytotoxicity against
spike-expressing cells, it may cause tissue damage upon virus infec-
tion. This should be further investigated using appropriate virus-
infected models. It would also be interesting to test whether
ACE2-1�740-Fc is effective against the mutated SARS-CoV-2 strain.

Taken together, our data indicate that ACE2-Fc can serve as a poten-
tial therapeutic agent for COVID-19 treatment with a relatively good
safety profile. MSC-based viral blockade and inflammation control
can provide a rapid alternative for multi-layer protection against
SARS-CoV-2 infection.

MATERIALS AND METHODS
Mice

C57BL/6J mice were purchased from Beijing Vital River Laboratory
Animal Technology (Beijing, China). NSG equivalent M-NSG mice
were obtained from the Shanghai Model Organisms Center (Shanghai,
China). All mice were maintained under specific pathogen-free condi-
tions. Animal care and use were in accordance with institutional and
NIH protocols and guidelines, and all studies were approved by the
Animal Care and Use Committee of Shanghai Jiao Tong University.

Cell lines and reagents

Lenti-X 293 cells were purchased from Clontech. A549 cells were ob-
tained from the American Type Culture Collection. Raji cells were
Molecul
kindly provided by the Stem Cell Bank, Chinese Academy of Sciences
(Shanghai, China). TF-1 cells were kindly provided by the Cell
Resource Center, Peking Union Medical College (Beijing, China).
Human NK cells and MSCs were kindly provided by Shanghai Long-
yao Biotechnology (Shanghai, China). Plasmids encoding the SARS-
CoV-2 spike protein and ACE2 were obtained from Molecular Cloud
(Nanjing, China) and sub-cloned into a pCDH-EF (System Biosci-
ences) lentiviral vector plasmid with a puromycin-resistance marker.
To establish SARS-CoV-2 spike- or ACE2-expressing cell lines, Lenti-
X 293, A549, or Raji cells were infected with a SARS-CoV-2 spike- or
ACE2-expressing lentivirus. After selection with puromycin, the
pooled resistant cells were identified by flow cytometry. The cell cul-
ture medium was supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin,
and 100 mg/mL streptomycin. Lenti-X 293 as well as A549 cells and
their derivatives were cultured in complete Dulbecco’s modified Ea-
gle’s medium (DMEM). Raji cells and their derivatives were cultured
in complete Roswell Park Memorial Institute (RPMI) medium. Hu-
man AB serum was purchased from Gemini Bio-products (West Sac-
ramento, CA, USA).

Production of ACE2 and spike fusion protein

For hACE21�740-hFc, hACE21�615-hFc, mACE21�740-hFc, S1-mFc,
and RBD-mFc fusion protein production, DNA sequences encoding
the indicated proteins (Figure S1) were cloned into the pCDH-EF vec-
tor (System Biosciences, Mountain View, CA, USA). Briefly, plasmids
containing the indicated fusion protein were transiently transfected
into Lenti-X 293 cells using polyethylenimine. From days 1 to 5 after
transfection, the medium was refreshed with DMEM supplemented
with 1% FBS. All supernatants containing the recombinant proteins
were collected and pooled. Purification was carried out using a Dia-
mond Protein A column according to the manufacturer’s protocol
(Bestchrom, Shanghai, China).

Neutralization assay with pseudo-typed SARS-CoV-2

Lenti-X 293 cells were transfected with lentivirus package component
plasmids, Gap/pol (Addgene; #12251), RSV-Rev (Addgene; #12253),
pCDH-EF-infrared-fluorescent protein (IRFP)-luciferase (luc), and
pcDNA3.1(+)-2019-nCoV-spike-P2A-EGFP (Molecular Cloud;
#MC_0101087). Supernatants containing lentivirus particles were
collected 48 and 72 h post-transfection by ultracentrifugation for
direct usage or concentration. The viral titer (transduction units per
milliliter) was determined by flow cytometry analysis of transduced
Lenti-X 293-ACE2 cells. In the viral neutralization assay,
hACE21�740-hFc and hACE21�615-hFc were serially diluted to indi-
cated concentrations in complete DMEM. Diluted hACE21�740-hFc
and hACE21�615-hFc were incubated with pseudo-typed lentiviral
particles for 15 min at room temperature (20�C�25�C), inoculated
on 293-ACE2 or A549-ACE2 monolayers in 96-well plates in the
presence of 10 mg/mL polybrene, and further incubated at 37�C for
48 h. For A549-ACE2 infection, the samples were subjected to
60 min spinning at 1,258 � g at 32�C to improve the infection effi-
ciency. Near-IRFP reporter activity was measured using Cytoflex S
(Beckman Coulter). The percentage of infectivity was calculated as
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the ratio of IRFP readout in the presence of fusion protein normalized
to that in the absence of fusion protein. The IC50 value was deter-
mined using a four-parameter logistic regression model (GraphPad
Prism version 8).

ELISA and flow cytometry analysis of hACE21–740-hFc and

hACE21–615-hFc

ELISA plates (Jet Biofil, Guangzhou, China) were coated with 2 mg/
mL of RBD-mFc at 4�C for overnight. Plates were washed thrice
with phosphate-buffered saline (PBS) containing 0.05% Tween 20
and blocked with 2% FBS in PBS at room temperature for 1 h. Sam-
ples with diluted, hACE21�740-hFc and hACE21�615-hFc were added
to the wells, and the plates were incubated for 1 h at room tempera-
ture. Plates were then washed thrice and incubated with an alkaline
phosphatase (AP)-conjugated goat anti-hFc secondary antibody
(Jackson ImmunoResearch) diluted 1:2,000 in a blocking buffer for
1 h at room temperature. AP activity was measured at 405 nm using
p-nitrophenyl phosphate (Guangzhou Howei Pharmaceutical Tech-
nology, Guangzhou, China) on an ELISA plate reader (Molecular De-
vices). The half-maximum effective concentration (EC50) binding
values were calculated using GraphPad Prism (version 8).

293-spike cells were incubated with indicated samples containing
ACE21�740-hFc or ACE21�615-hFc at 4�C for 30 min, washed thrice
with 2% FBS in PBS, and incubated with 1:200 diluted Alexa Fluor
647-conjugated goat anti-hFc antibodies (Jackson ImmunoResearch).
Samples were analyzed on a Cytoflex S (Beckman Coulter), and data
were analyzed using FlowJo software (Tree Star).

Lentivirus production

Lentivirus was produced by transient transfection of Lenti-X 293 with
a four-plasmid system. Supernatants containing lentivirus particles
were collected 48 and 72 h post-transfection and used to establish sta-
ble cell lines.

In vitro ADCC and CDC assays

Raji and Raji-spike cells were labeled with 5 or 50 mM carboxyfluor-
escein succinimidyl amino ester (CFSE), respectively, according to the
manufacturer’s protocol (MedChemExpress, Shanghai, China).
Approximately 2 � 104 CFSE-labeled Raji and Raji-spike cells were
co-cultured with 4 � 105 primary NK cells or supplemented with
10% human AB serum in the presence of various concentrations of
hACE21�740-hFc. After 48 h, the cells were analyzed by flow cytom-
etry. The ratio of CFSEhigh/CFSElow was used to indicate the relative
death of Raji-spike cells versus Raji cells.

In vivo characterization of hACE21–740-hFc

Pharmacokinetics were determined in C57BL/6 mice after a single in-
jection of 100 mg ACE21�740-hFc. Serum concentrations at indicated
time points were determined by ELISA using immobilized RBD-mFc.
C57BL/6 mice received a single injection of 100 mg of ACE21�740-hFc.
7 days later, hematology, body weight, and hematoxylin and eosin
(H&E) staining of the indicated organs were analyzed. H&E staining
was performed by Servicebio (Wuhan, China).
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Bio-distribution of MSC-ACE2-Fc

M-NSG mice were intravenously injected with 5�7.5 � 105 MSC-
ACE2-Fc through retro-orbital sinus. On days 1, 7, and 14 after in-
jection, the heart, liver, spleen, lung, and kidney were collected.
Genomic DNA was isolated from these organs using an E.Z.N.A.
Tissue DNA Kit I (Omega Bio-tek). The relative distribution of hu-
man MSCs was quantified by real-time polymerase chain reaction
(PCR) using primers (50-aagtcataagtcggttgaggggagat-30 and 50-cca-
gattctgcagttttagcatctgtgt-30) against the human IL2RG gene, which
was absent in M-NSG mice.

TF-1 proliferation assay

TF-1 cells were seeded in flat-bottomed, 96-well plates at 10,000 cells/
well in the presence of 1, 10, or 50 ng/mL IL-6 (Sino Biological, Bei-
jing, China). The cells were then incubated with 0.1, 1, or 10 mg/mL of
scFv-IL6R-Fc or tocilizumab (Roche) for 48 h. Following incubation,
cell proliferation was measured by the Cell Counting Kit (CCK)-8
assay (Dojindo Molecular Technologies, Shanghai, China) according
to the manufacturer’s protocol.

Statistical analysis

Data are expressed as mean ± standard deviation (SD) or standard er-
ror of the mean (SEM). The data of two groups were compared using
a two-tailed unpaired Student’s t test. Statistically significant differ-
ences are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.
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