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therapeutic option against SARS-CoV-2 infection
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The recombinant soluble human angiotensin-converting enzyme 2 (rshACE2) is a promising therapy against SARS-CoV-2 infection,
but it has some drawbacks that reduce the success of its clinical applications. The bioengineered ACE2 (Tag-sACE2 and probiotic-
ACE2) as a way may overcome its therapeutic limitations against ongoing current pandemic.
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INTRODUCTION
A recent outbreak of novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) causes a fatal coronavirus disease
2019, namely COVID-19, that ruins the enormous economy and
human health around the globe. Several clinical reports have
suggested that COVID-19 patients with weakened immune system
and comorbidity are at high risk [1]. On an urgent basis, several
pharmaceuticals are being tested clinically, but no one has fruitful
outcomes [2]. Therefore, a suitable drug/therapy is required to halt
this uninterrupted COVID-19 pandemic.
The primary cause of SARS-CoV-2 infection is hACE2 (human

angiotensin-converting enzyme-2) mediated virus binding and
enabling entry into the host cell, resulting in dysfunction of multi-
organ [3]. However, hACE2 does not play only as a SARS-CoV-2
receptor, but it is well known as a key regulator of lung function [4].
Therefore, hACE2 can be considered as an important target for
drug development against COVID-19 pandemic. Multiple attempts
are ongoing to halt SARS-CoV-2 infection by the disruption of
ACE2-viral interlock. Among them, injection of recombinant soluble
form of ACE2 (rsACE2) is a promising approach that can
significantly block the virus entry into the host cell and restore
the native ACE2 activity also. Several preclinical reports have
suggested that rshACE2 therapy may be beneficial for COVID-19
treatment [5], but it has some drawbacks such as short half-life,
moderate binding affinity, degradation at acidic pH, and low
bioavailability in the target cell, which can retard the success of its
clinical applications. Therefore, this concise review aims to explore
the bioengineered ACE2 including Tag-sACE2 and probiotic-ACE2,
as a way that may overcome therapeutic limitations of ACE2
against SARS-CoV-2 infection.

DUAL ROLE OF ACE2
The ACE2, a membrane-bound Zn-containing metalloenzyme, is a
mono-carboxypeptidase that is counter-balance with its homolog
angiotensin-converting enzyme (ACE; known as dipeptidyl-
carboxypeptidase). Both ACE and ACE2 are key components of

renin–angiotensin system (RAS) that regulates a series of
physiological and pathophysiological functions, including cardio-
vascular, and pulmonary systems [4, 6, 7]. In spite of the presence
of the same Zn-catalytic site, both ACE2 and ACE show different
cleavage patterns, due to the presence of only 40% amino acid
sequence similarity in their catalytic domain [4, 6, 7]. ACE converts
decapeptide (Ang-I) to octapeptide (Ang-II), contributing high
blood pressure, while ACE2 converts Ang-II to blood vessel
protected heptapeptides (Ang 1–7), resulting in negative effect on
RAS, suggesting a tight link between ACE2 (Ang 1–7) and ACE
(Ang-II) (Fig. 1).
The hACE2 has been also implicated as a receptor of SARS-CoV-

2, enabling cellular entry of virus, thus causing cell toxicity (Fig. 1)
[8]. This toxic effect may alter the ACE2 expression, resulting in
disruption of the subtle balance between ACE and ACE2, leading
to multiple organ injuries. Restoration of the balance between the
ACE/Ang-II and ACE2/Ang-(1–7) may protect organs from injuries.
Indeed, Kuba et al. reported that SARS-CoV-infected mice model
showed the downregulation of the ACE2 expression, developing
severe lung injury [9]. This result suggests that deficiency of ACE2
expression leads to respiratory dysfunction. Another experimental
result from Zhou et al. had suggested that the overexpression of
ACE2 allowed more SARS-CoV-2 infection, resulting in more virus
load into the host cell [10]. Therefore, ACE2 not only neutralizes
the virus but also rescues the lung from injury. ACE2 is expressed
in multiple organs including lungs, intestine, kidneys and blood
vessels. The kidneys have highest ACE2 levels together with the
intestine whereas lungs have low levels. The clinical manifesta-
tions of COVID-19 include more common respiratory symptoms
and also gastrointestinal symptoms [11].
The SARS-CoV-2 binding motif of hACE2 is away from its

catalytic Zn-site that is the outer surface of the N-terminal domain
(Fig. 1). In spite of that, the protective role of ACE2 is abolished
upon SARS-CoV-2 binding on ACE2, contributing to severe lung
injury. The catalytic cleft of ACE2 harbors two subdomains—
membrane-distal subdomain-I, and membrane-proximal-subdo-
main-II, connecting by a hinge that controls the movement of two
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domains (Fig. 1) [8]. In the absence of substrate/inhibitor binding,
the two subdomains of ACE2 are separated from each other, and
thereby the Zn-active site is exposed to solvent, generating an
“open-conformation”. Therefore, the free state of ACE2 is likely
referred to as open-conformation. Upon substrate or inhibitor
binding, the subdomain-I moves toward subdomain-II (which
remains almost unchanged position), generating “close-conforma-
tion”. Indeed, a specific inhibitor, MLN-4760 bound ACE2 shows
the closed conformation over open-conformation of ACE2 [8].
Upon virus binding on ACE2, the membrane-distal subdomain-I of
ACE2 is also slightly moved to membrane-proximal subdomain-II,
inducing closed conformation of ACE2 [3]. This subtle conforma-
tional change in ACE2 structure may reflect on its protease
activity. Recently, Lu et al. have reported that spike bound
ACE2 shows a wide range of substrates affinity and speeds up the
protease activity with respect to native state in vitro study [12].
This result proposes that subtle conformational change in ACE2
bound SARS-CoV-2 spike protein alters the catalytic activity of
ACE2. Therefore, spike bound ACE2 loses the substrate specificity,
resulting in more production of Ang-II and Ang 1–7 instead of Ang
1–7 alone [12]. Therefore, homeostatic regulation of the cardio-
vascular system by virus attached ACE2 is out of controlled,
resulting in enhancement of complications.
Functionally, cellular ACE2 exhibits two forms: membrane-

bound ACE2 (mACE2) possessing trans-membrane domain
coupled with an exposed extracellular catalytic domain, and
soluble ACE2 (sACE2) possessing only catalytic domain. The sACE2
can circulate freely in plasma unlike mACE2, but it shares the same
viral binding and enzymatic activity with mACE2 [13]. The cellular
ACE2 may be shed by two important cell membrane proteases,
ADAM17 (a disintegrin and metalloproteinase 17) and TMPRSS2
(trans-membrane serine protease 2), but their cleavage patterns
are different (Fig. 2) [13, 14]. The extracellular region of mACE2 can
be trimmed by ADAM17, releasing the sACE2 into the extracellular
environment, whereas TMPRSS2 cleaves the ACE2-virus spike
complex to facilitate the SARS-CoV-2 entry into the cell for
replication. So, mACE2 plays a key role for cellular entry of virus,
whereas sACE2 probably has no role for virus entry into the cell.
Both cleavage processes reduce the surface density of mACE2,
thereby creating significant peripheral imbalance between Ang
1–7 and Ang-II levels that foster organ injuries. Indeed, ACE (Ang-
II) level in plasma of COVID-19-infected patients is markedly
elevated compared to healthy persons [15]. This is also found in
many other pathological lesions such as diabetes mellitus,
hypertension, cardiovascular disease, and ageing [8]. Recently,
Kornilov et al. have reported that the formation of sACE2 may be

influenced by COVID-19 infection and its concentration may be
correlated with degree of inflammation [16]. As concentration of
mACE2 at the cell surface is reduced by ADAM17, the degree of
virus entry into the cell is also reduced. So, it may be suggested
that the initial stage (relatively higher density of mACE2 at cell
surface) may be the maximum limit of viral entry into the cell. The
sACE2 may bind virus to generate sACE2-coated virus particles,
which may freely travel to distant organs, resulting in slow virus
spreading and entering into the cell (Fig. 2) [17]. However, sACE2
is a competitor virus receptor with mACE2, and it can be
considered as a potential therapy against COVID-19 illness.

ACE2-BASED THERAPY
Recombinant-sACE2-based therapy
Several reports have suggested that high levels of rsACE2 may be
beneficial for COVID-19 treatment. The proposed mechanism is
that the injected rsACE2 may pull the SARS-CoV-2 virus, releasing
the mACE2 as free state, thus reducing the virus load into the cell
and maintaining the balance between ACE2 (Ang 1–7) and ACE
(Ang-II) (Fig. 3A). In this regard, the clinical grade rsACE2 or hrACE2
is being considered as a promising drug for the treatment of
SARS-CoV-2 infection [5]. This sound theoretical idea is appealing
for COVID-19 treatment, but needs experimental support. Actually,
rsACE2 had been developed previously for the treatment of acute
lung injury, respiratory distress syndrome, and hypertension
[18, 19]. After approving by Food and Drug Administration in
2010, the rsACE2 is being conducted on patients with acute lung
injury, respiratory distress syndrome in several clinical phase trials
and now also give permission to treat COVID-19 illness due to its
rapid transmission and no available registered drug or therapy
currently [18, 19]. Recently, published vitro models and cellular
experiments have suggested that therapeutic hrsACE2 or rsACE2
reduces the SARS-CoV-2 entry into the cell and corrects the altered
balance of Ang 1–7 and Ang II (Fig. 3A). Indeed, Monteil et al. have
reported an interesting result, wherein rshACE2 significantly
blocks the SARS-CoV-2 infection in human organoids and Vero-
E6 cells but required high concentration (10–200 µg/mL) of
rshACE2 compared to physiological range in plasma (~ng/mL),
providing an important clue regarding drug dose [5]. Of note, a
recent and first study on single patient with COVID-19 by Zoufaly
et al. has reported that the rshACE2 reduces viral load significantly
and has no serious adverse effects or toxicity [20]. This clinical
observation encourages it to apply in more clinical trials.

Fig. 1 Dual role of ACE2. Cartoon represents the dual role of ACE2:
virus receptor domain (dark black color ribbon) and lung protector
catalytic Zn-site (black dotted circle). The ACE2 structure is adopted
from PDB-1R42.

Fig. 2 ACE2 shedding and virus entry & spreading in cell. Cartoon
represents the proposed ACE2 shedding and SARS-CoV-2 entry as
well as randomly circulating sACE2-ASRS-CoV-2 complex in extra-
cellular space.
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Increased level of rsACE2 at surface of tissue/cell is beneficial for
the treatment of COVID-19, but it is opposite to comorbid patients
or elderly people who are struggling to get such type of benefit, in
spite of the presence of high level of sACE2 in plasma [15, 16]. This
may be the reason for the short half-life of sACE2 [21]. Therefore,
rsACE2 may be required to refill the loss of sACE2. Although
rsACE2 is currently being studied in clinical trials, it has some
limitations that reduce the therapeutic efficacy. The main
obstacles of rsACE2 are short half-life, no transport mechanism
from circulating to target tissue, moderate binding affinity,
enzymatically activation, degradation at low pH, and short-term
storage at room temperature, which can be overcome by the
protein engineering pathways.

Fusion/bioengineered sACE2-based therapy
Fusion protein (sACE2) engineering approach offers a promising
route to overcome sACE2 limitations. The improvement of the
plasma half-life of rsACE2 is desirable for therapeutic use in the
clinical setting. To achieve this, rsACE2 is conjugated with a
specific tag, human immunoglobulin (Ig) crystallizable fragment
(Fc) domain. Indeed, Iwanaga et. al., have constructed a cocktail
protein, hACE2-IgG1 (Fig. 3B), wherein hACE2-variant coupled with
human immunoglobulin γ1 Fc region (IgG1), that shows high
plasma stability (half-life ∼ 145 hs) with excellent bioavailability in
the epithelial cell of the lung and reduces the viral load in a
COVID-19 infected murine model. However, this is only demon-
strated by immunostaining on day 3 post infection [22].
Furthermore, to improve the binding capacity, sACE2-IgG1 has
been extended to design multivalent forms (di-, tri-, and tetra-
valent), by using a self-assembled linker. The engineered multi-
valent ACE2 derivatives enhance the efficiency of hindering viral
entry, thus significant halting SARS-CoV-2 infection in the cell
culture [23]. It is noted that Fc-dependent effector functions of IgG
can potentially lead to antibody-dependent cellular cytotoxicity,
and therefore could potentially support viral infection instead of
inhibiting it by binding the Fc-tag to cells like macrophages that
express high levels of the Fc receptor [24]. To avoid this effect,
albumin-binding domain (ABD) is conjugated with a sACE2 variant
to generate a monomeric sACE2-ABD protein, which extends the
duration of action up to 3 days in vivo and can neutralize the
SARS-CoV-2 infectivity in human kidney organoids [25]. The virus
binding capacity of sACE2 fused ABD protein is also improved by
dimerization. To achieve this, Hassler et al, have designed a sACE2-
DDC-ABD derivative, wherein sACE2 variant is coupled with ABD
and bridged with a linker, 4-cysteine dodecapeptide (DDC) for
dimerization [26]. The dimerized sACE2-DDC-ABD derivative
displays higher duration of action and binding affinity compared

to monomer. This study using an ABD-fused sACE2 protein is
shown to be prevented lethal disease when given preventatively
to k18-hACE2 mice, an otherwise lethal model of SARS-CoV-2
infection [26].
As spike-bound sACE2 loses the peripheral balance of Ang-II

and Ang 1–7 levels, so prior to injection of rhACE2, the Zn-catalytic
site should be catalytically inactivated. The rhACE2 can be
inactivated by blocking with suitable inhibitors (MLN-4760) [11]
or engineering amino acid residues at Zn-site without any
significant alteration of virus receptor role [22]. Therefore, high
clinical dose of rsACE2 does not affect on protease activity. Indeed,
Iwanaga et. al. have designed an ACE2-IgG1 derivative with
mutations in the catalytic Zn-site of ACE2 that inactivates the
protease activity but significantly increases the virus binding
affinity [22].

Probiotic-expressing ACE2-based therapy
The embedded ACE2 in probiotics may be another promising
therapeutic approach that may significantly halt the current SARS-
CoV-2 outbreak (Fig. 3C). Probiotics are live microbes that are
generally involved in various activities in human, such as boosting
the immune response against invading pathogens and preventing
inflammation [27, 28]. However, the gastrointestinal tract contains
a large number of microbiota compared to lung, but a
bidirectional communication is present between them, resulting
in migration of microbiota from gut to lung, thereby maintaining
the gut and lung microbiota composition [28]. The imbalance of
gut microbiota (dysbiosis) causes gastrointestinal inflammation,
which results in respiratory pathological lesions through this
bidirectional communication [29]. Several studies have reported
that intestinal infection by SARS-CoV-2 may cause microbiota
dysbiosis contributing inflammatory response in patients with
severe COVID-19 [30, 31]. This microbiota dysbiosis can be
recovered by consumption of particular probiotic strains (com-
monly used Lactobacillus and Bifidobacteria spp) that may improve
immune activity, and thereby reduce the SARS-CoV-2 infection
[32]. Recently, bioengineered probiotics with specific strains have
been proposed for anti-coronavirus drugs or vaccines delivery
vehicle with high therapeutic efficacy, rather than direct treatment
on SARS-CoV-2 infection [32]. Bioengineering probiotics have
been successfully used for the treatment of ulcerative colitis [33],
and irritable bowel syndrome [34]. Furthermore, ACE2 expresses
and suppresses inflammation in the human gut where gut
microbiota play a key role for the regulation of colonic ACE2
expression, contributing to the gut microbiota-mediated protec-
tive role of ACE2 against invading pathogens [35]. Several data
have reported that the protective role of microbiota coupled ACE2

Fig. 3 Bioengineered ACE2: Panel A - rsACE2, Panel B - Tag-rsACE2 and Panel C - Probiotic-ACE2. Probable designed ACE2 for disruption of
mACE2-viral interlock: rhACE2 (A), tag-rsACE2 (B), and expression of mACE2 in probiotic (C).
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may be abolished during SARS-CoV-2 infection, resulting in
intestinal microbiota dysbiosis and ACE2 down-regulation [35].
In addition, therapeutic ACE2 has limitations in oral administration
due to the degradation of ACE2 in the acidic environment of the
gastrointestinal tract. To overcome the above problems, probiotic-
expressing ACE2 would be a promising technology against
invading pathogens. Recently, Verma et. al. have designed a live
vector by embedding ACE2 in probiotic species (Lactobacillus
paracasei) to serve as oral delivery of ACE2 with microbial richness
in tissues for the treatment of diabetic retinopathy [36]. In
addition, Buford et al. have designed a oral delivery L. paracasei
expressing Ang(1–7) that markedly enhances circulating concen-
trations of Ang(1–7) in rats [37]. These results give an evidence for
feasibility of probiotic-ACE2 regarding delivery, bioavailability,
stability, immune response and oral administration. Therefore, it
would be a promising drug that may increase the ACE2 level at
cell surface as well as control the microbiota dysbiosis in lung and
gut via bidirectional pathway, thereby blocking viral entry in lung
and intestine cells. Although there is a lack of clinical evidence yet,
probiotic-ACE2 could be considered as a next generation drug for
the treatment of ongoing COVID-19 pandemic.

CONCLUSION
In conclusion, SARS-CoV-2 not only plugs on surface receptor protein
but also hijacks enzymatic activity of ACE2. The administration of
rsACE2 or Tag-rsACE2 or probiotic-ACE2 would be a promising
chelation therapy that interferes the virus-ACE2 cross talk and restores
the RAS homeostasis, but they may also be recognized by other
biomolecules that could interact with ACE2 resulting in negative
effect. However, virus is evolving with time, but human ACE2 is not
evolving to recognize SARS-CoV-2. Therefore, manipulation of ACE2 or
coupled with a suitable tag or probiotic would be a promising
approach to develop a new full potent ACE2 drug, which can
efficiently solve the current global health crisis.
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