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Keep out! SARS‑CoV‑2 entry inhibitors: their 
role and utility as COVID‑19 therapeutics
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Abstract 

The COVID-19 pandemic has put healthcare infrastructures and our social and economic lives under unprecedented 
strain. Effective solutions are needed to end the pandemic while significantly lessening its further impact on mortality 
and social and economic life. Effective and widely-available vaccines have appropriately long been seen as the best 
way to end the pandemic. Indeed, the current availability of several effective vaccines are already making a significant 
progress towards achieving that goal. Nevertheless, concerns have risen due to new SARS-CoV-2 variants that harbor 
mutations against which current vaccines are less effective. Furthermore, some individuals are unwilling or unable to 
take the vaccine. As health officials across the globe scramble to vaccinate their populations to reach herd immunity, 
the challenges noted above indicate that COVID-19 therapeutics are still needed to work alongside the vaccines. Here 
we describe the impact that neutralizing antibodies have had on those with early or mild COVID-19, and what their 
approval for early management of COVID-19 means for other viral entry inhibitors that have a similar mechanism of 
action. Importantly, we also highlight studies that show that therapeutic strategies involving various viral entry inhibi‑
tors such as multivalent antibodies, recombinant ACE2 and miniproteins can be effective not only for pre-exposure 
prophylaxis, but also in protecting against SARS-CoV-2 antigenic drift and future zoonotic sarbecoviruses.
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Introduction
COVID-19, the disease caused by the novel coronavirus 
SARS-CoV-2, was declared a pandemic and global emer-
gency shortly after it began in late 2019. As of today, the 
disease has claimed about 3 million lives and cost the 
world trillions of dollars [1, 2]. Even though the majority 
of people recover from the disease and experience only 
mild or no symptoms, the pathogenicity and transmissi-
bility of the virus grants COVID-19 a higher burden of 
mortality than seen in other ongoing viral diseases such 
as the seasonal flu caused by influenza [3, 4]. Given this 
fatality rate and the novelty of the virus, the science sur-
rounding COVID-19 has been a rapidly evolving field. 

Developing and validating treatment strategies has 
required a delicate balance between rigor in scientific 
evaluation and expediency in developing therapies that 
help to slow down the rampage of the pandemic. The 
scientific community continues to unravel the nature of 
SARS-CoV-2, though we now know much more about 
SARS-CoV-2 and the consequences of infection than 
when it was first discovered [5–7].

SARS-CoV-2 is an enveloped, positive-sense, single-
stranded RNA from the betacoronavirus genus [6, 7]. The 
major entry point is the nasal passage, from which infec-
tion begins following exposure [8–10]. Specifically, the 
virus enters the nasal epithelial cells through the binding 
of the viral Spike (S) glycoprotein to its cellular receptor 
known as angiotensin-converting enzyme-2 (ACE2). Fol-
lowing binding, the virus will gain access into the cell via 
endocytosis or fusion with surface cell membrane. After 

Open Access

*Correspondence:  pdhughes@llu.edu
Department of Basic Sciences, Loma Linda University School of Medicine, 
11021 Campus Street, 101 Alumni Hall, Loma Linda, CA 92354, USA

http://orcid.org/0000-0002-0998-2157
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-021-01624-x&domain=pdf


Page 2 of 17Chitsike and Duerksen‑Hughes ﻿Virol J          (2021) 18:154 

the virus has unloaded its genome into the cytoplasm, 
it hijacks the host translational machinery and directs 
the production of large polyproteins from which essen-
tial proteins such as RNA dependent RNA polymerase 
and helicase are made via viral proteolytic cleavage. The 
replication proteins will generate genomic RNA as well 
as sub-genomic RNA that become templates for the syn-
thesis of accessory and structural proteins [3, 7, 11]. The 
genomic RNA and the proteins are then assembled into 
virions that exit the cell via exocytosis and infect new 
cells (Fig. 1). Later on, the virus may spread to the lower 
respiratory system through aspiration and/or infection of 
cells in conducting airways [3, 7–10]. Through a timely 
and balanced immune response involving the innate 

and adaptive response, viral propagation is managed 
and mostly confined to upper airways, resulting in mild 
symptoms being observed in the majority of patients [12, 
13].

However, some individuals will go on to develop more 
severe symptoms, likely due to successful immune eva-
sion by the virus and/or delayed and impaired responses 
by their immune systems [9, 12, 13]. It has been shown 
that a balanced response involving innate immunity, B 
cells, CD4+ T cells, and CD8+ T cells is needed to con-
trol SARS-CoV-2 [12]. In the absence of this balanced 
response, the virus will eventually reach the pulmonary 
gas exchange units and infect type II alveolar cells [9]. A 
dampened initial immune response will allow the virus to 

Fig. 1  Overview of SARS-CoV-2 life cycle and inhibitors of viral entry. SARS-CoV-2 first binds to ACE2 on the cell surface and then releases RNA into 
the cytosol from the endosome following endocytosis and cathepsin activation, or directly from the cell surface membrane following S activation 
by proteases such as furin and TMPRSS2. In the cytosol, the ( +) genomic RNA is directly translated from the ORF1a/b into polyproteins containing 
non-structural proteins of the complex replicase machinery (e.g. RdRp). (-) sense RNA is synthesized and becomes a template for ( +) sense genomic 
RNA and sub-genomic RNA from which structural proteins and accessory proteins are made. These proteins and the genomic RNA will be utilized 
to assemble new virions that will exit the cell via exocytosis. The virions and the death of infected cell will induce immune response from the host. 
At each stage of entry shown, a number of candidates (shown in red) that inhibit each of the highlighted viral entry checkpoints (including cellular 
receptors, enzymes and viral proteins) have demonstrated efficacy against infection, preclinically, clinically or both. (Figure created using Biorender.)
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replicate and spread to new cells. The infected cells will 
undergo apoptosis and die, with their death leading not 
only to alveolar damage but also an excessive production 
of pro-inflammatory cytokines such as IL-6, IFN-γ, IL-8, 
TNF-α, and IL-1β [3, 9, 11, 14, 15]. The release of these 
cytokines by host cells (also known as cytokine storm) 
will further distort the antiviral immune response and 
usually coincides with recruitment of immune cells such 
as monocytes and neutrophils [12, 16]. An interplay of 
these events may lead to a vicious cycle in severe cases, 
marked by complications such as increased vascular per-
meability, pulmonary edema, acute respiratory distress 
syndrome (ARDS), multi-organ failure and death [3, 11, 
15].

These emerging concepts regarding SARS-CoV-2 and 
the pattern of clinical progression of COVID-19 have 
clarified several issues. For example, we now know that 
there are two phases in the pathogenesis of COVID-19, 
and that treatment of the disease requires two distinct 
strategies. Specifically, in the early phase of COVID-19, 
viral growth and propagation are the primary determi-
nants driving disease progression or resolution. In the 
later phases, a hyperinflammatory response by the host 
is much more important in driving the disease than is 
viral replication [11, 17]. This understanding has now 
translated into current approaches to treat COVID-19. 
Treatment for outpatients diagnosed early with mild to 
moderate COVID-19, but who are at risk of hospitaliza-
tion due to comorbidities or other factors, often involves 
administration of neutralizing anti-SARS-CoV-2 mono-
clonal antibodies, as discussed below. However, patients 
that are hospitalized may be given redemsevir, dexam-
athosone, bariticinib or a combinatorial regimen com-
prising these, depending on whether the patient requires 
supplemental oxygen and ventilation [18]. Importantly, 
targeting the virus during the early phase of infec-
tion means that significant benefit can be gained from 
rapid viral testing, as a quick diagnosis can capture a 
therapeutic window of opportunity before an exuber-
ant host-mediated immune response leads to potentially 
fatal complications such as pneumonia, ARDS, multi-
organ system dysfunction and hypercoagulation [19]. 
Such early treatment of COVID-19 can shorten disease 
recovery rates, prevent hospitalizations and be a more 
cost-effective way to manage COVID-19 [11, 17]. Thus 
far, monoclonal antibodies have been approved for early 
management of COVID-19. Studies have shown signifi-
cant neutralization potency and efficacy, providing proof 
of principle that targeting viral entry can be an effective 
way to treat COVID-19, at least in the early stages [18, 
20]. These encouraging results have not, however, ade-
quately addressed the potential of other types of entry 
inhibitors. As the mission of a vaccine-driven end to this 

pandemic faces new challenges due to the rise of mutant 
variants, new questions are emerging about how these 
other potential therapeutics may help to alleviate these 
problems.

In this review we summarize the development of 
anti-SARS-CoV-2 neutralizing monoclonal antibodies 
for clinical use and the impact they have had on early 
management of mild-to-moderate COVID-19. These 
concepts are discussed in the context of the emerging 
evidence showing that currently available vaccines are 
challenged by the rise of new SARS-CoV-2 variants. We 
also highlight the challenges that antibodies are facing as 
they deal with SARS-CoV-2 mutants and how, together 
with a multitude of other emerging candidates for entry 
inhibition, they can overcome those challenges. Finally, 
we discuss and evaluate the potential of entry inhibitors 
as prophylactic agents, as well as the role they can play 
against emerging SARS-CoV-2 lineages and future coro-
navirus outbreaks.

Viral entry inhibitors and their translational 
relevance
The availability of several effective vaccines against 
SARS-CoV-2 has given hope to billions of people across 
the globe [21, 22]. Since the pandemic started, vaccina-
tion has appropriately been viewed as the long term and 
most sustainable solution to deal with COVID-19. It is 
therefore encouraging that currently available vaccines 
have been shown to induce both humoral and cellular 
immunity and to provide substantial protection to vac-
cinees in clinical trials [12, 23]. Simultaneous with the 
continued rollout of vaccines across the globe, more and 
more people will also acquire protective immunity due to 
infection and recovery from the disease. Nevertheless, it 
is critical to note that the availability of the vaccine does 
not obviate the need for available therapies nor for the 
development of new and more effective therapies. First, 
the available vaccines work effectively in people who are 
not yet infected, and not in those already infected. Sec-
ondly, there are challenges associated with reaching ade-
quate levels of vaccine coverage. Experts estimate it will 
require vaccination rates of about 80 to 85% for the US 
population to be adequately protected against COVID-19 
related hospitalizations and deaths [24–26]. It will take 
time to vaccinate enough people to reach herd immunity 
or to eradicate the disease, especially given the 2-dose 
regimen recommended for some of the current vaccines. 
Additionally, there has been inequitable global distribu-
tion of vaccines according to WHO, with high and upper 
middle-income countries receiving the lion’s share of the 
available doses in comparison to developing countries. 
More initiatives such as COVAX, created by WHO and 
earmarked for provision of vaccines to the developing 
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world, are needed to continue to improve equitable 
access to vaccines in the future [27–30]. Another issue 
arises from individuals who will not be vaccinated even 
when given access, including immunocompromised 
patients who cannot take the vaccine, as well as those 
who choose to defer or delay vaccination due to vaccine 
hesitancy. Recent reports show that a significant fraction 
of Americans is unwilling to take the vaccine, and the 
recent pauses of Janssen and Astrazeneca vaccines could 
worsen this hesitancy and derail plans to reach herd 
immunity [24, 31–33]. These unvaccinated populations 
will inevitably become reservoirs and factories for ‘fitter’ 
virus species to evolve and emerge, potentially under-
mining the efforts to fight or eradicate the disease.

Perhaps of greatest concern is the emergence of new 
variants with reduced sensitivity to neutralization by vac-
cine-induced antibodies, as these variants represent the 
greatest threat to protective efficacy of current vaccines. 
As of the time of writing, there are 4 major variants of 
concern (VOC) in the world, namely Alpha (B.1.1.7), Beta 
(B.1.351), Gamma (P.1), Delta (B.1.617.2). Additional var-
iants of interest are currently under surveillance includ-
ing Lambda (C.37) [34–36]. Importantly, VOCs beta, 
gamma and delta harbor mutations in their Spike protein, 
such as E484K and L452R, that confer higher virulence, 
re-infection rates and resistance to sera from individuals 
vaccinated with Pfizer, Moderna and other major avail-
able vaccines [36–45]. Recently, reports by WHO and 
Eurosurveillance have demonstrated that the aforemen-
tioned VOCs have spread from their origins to hundreds 
of countries across the globe, with some instances show-
ing that they can rapidly become the dominant source of 
new infections over the original SARS-CoV-2 variant [36, 
46, 47]. The emergence of these new strains evokes fear of 
more deadly viral diseases breaking out in the future.

Therefore, there remains an urgent need for additional 
therapeutic strategies that work alongside these vaccines. 
Early translational efforts targeted against COVID-19 
focused primarily on identifying treatments for the criti-
cally ill, as evidenced by several drug repurposing cam-
paigns that tested antivirals and immune modulators in 
hospitalized patients. Most of the antivirals tested tar-
geted the more advanced checkpoints of the virus life 
cycle, such as translation and RNA replication. Redem-
sivir is one agent that emerged from these studies, and 
is now used to treat hospitalized patients who require 
supplemental oxygen [48–50]. However, we have also 
learned that treating unhospitalized COVID-19 patients 
early improves prognosis. This highlights the importance 
of identifying more therapies for early management. 
Furthermore, some outpatients who eventually recover 
without medical intervention will experience long term-
effects such as fatigue, loss of taste and smell, as well as 

cognitive impairment and cardiopulmonary dysfunction 
[19, 51]. These patients are not eligible for remdesivir 
treatment, and developing therapies for this population 
has the potential to improve recovery and quality of 
life. Antibodies and other viral entry inhibitors are suit-
able candidates for addressing these concerns, as they 
have the potential to minimize hospitalizations, prevent 
chronic late effects, and slow down spread by shorten-
ing the period of infectiousness and reducing mortal-
ity. While vaccines help to prevent new infections, entry 
inhibitors complement these gains by fighting COVID-
19 in the unvaccinated population and the vaccinated 
who develop breakthrough infections. Moreover, the use 
of antibody cocktails and other viral entry inhibitors is 
also showing potential in combating new variants and 
other coronavirus clades. Below, we discuss the poten-
tial of inhibiting SARS-CoV-2 entry with antibodies and 
with alternative entry inhibitors such as recombinant 
human soluble ACE2, miniproteins, peptides and small 
molecules.

Targeting Spike, ACE2 and/or their interactions
SARS-CoV-2 Spike is a homotrimeric protein found on 
the surface of the viral membrane [52, 53]. Each mono-
mer consists of two subunits, S1 and S2, located at the 
N- and C- termini, respectively. S1 consists of the N 
terminal domain (NTD) and receptor binding domain 
(RBD). Within the RBD is a sub-domain called the recep-
tor binding motif (RBM) [54, 55]. The virus makes first 
contact with target cells that express ACE2 by way of a 
direct contact between the S1 RBD and ACE2 [56]. This 
receptor binding and virus attachment is the first step 
of viral entry into the cells, and therefore an attractive 
therapeutic target (Fig.  1). A subsequent step involves 
fusion with cell membrane to facilitate the release of the 
viral genome into the cell cytoplasm, and is mediated by 
the S2 subunit. S2 consists of the fusion peptide (FP), two 
α-helical heptad repeats (HR1 and HR2), a loop region, a 
transmembrane (TM) domain and cytoplasmic tail (CT). 
Binding of ACE2 to S1 induces a conformational change 
and processing that allows the FP to insert into the host 
cell membrane [54, 55]. The HR1 repeats, one from each 
subunit of the trimer, will refold together with the HR2 
repeats in an anti-parallel fashion to form a coil-coil 
fusion core called the six-helix bundle (6HB). This struc-
ture brings the viral and cellular membranes together and 
drives cell fusion and release of the viral contents into the 
cytoplasm [54, 55]. This step is crucial and requires com-
pletion in order for the virus to achieve productive infec-
tion. Therefore, it represents another entry checkpoint 
that can be selectively targeted. The domain structure of 
the Spike glycoprotein and binding motifs of ACE2 are 
shown in Fig.  2. Various therapeutic proteins and their 
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derivatives and small molecules have been employed to 
target these two distinct steps of SARS-CoV-2 entry as 
discussed in the following sections.

Neutralizing antibodies
In August 2020, convalescent plasma (CP) was approved 
by the FDA for emergency use in COVID-19 patients. 
CP consists primarily of neutralizing antibodies from 
individuals who have recently recovered from SARS-
CoV-2 infection. Therefore, these antibodies have the 
potential to help block entry of the virus into the cells 

and to facilitate viral clearance. CP has been used in sev-
eral past outbreaks of other pathogens, and is generally 
understood to prevent infection and shorten duration 
and severity of the illness [4, 57, 58]. However, in the case 
of COVID-19, evidence of clinical benefit derived from 
CP has thus far been inconsistent, due to a lack of well 
controlled studies and the challenges associated with CP 
such as heterogeneity of plasma, lack of standardized 
protocols in preparing the antibody titers and how best 
to administer this plasma [59–61]. In contrast, synthetic 
antibodies, including monoclonal antibodies (Mab) can 

Fig. 2  SARS-CoV-2 Spike glycoprotein domain structure and Spike interaction with ACE2. a Domain structure of the SARS-CoV-2 Spike comprises 
two subunits, S1 and S2. S1 consists of the NTD, RBD domains and the RBM within the RBD. Two cleavage sites, S1/S2’ and S2, are needed for 
priming and S activation for fusion of S2 and the cellular membrane to occur. S1/S2’ is cleaved by furin and S2’ by TMPRSS2 at the indicated cleavage 
sites. S2 subunit consists of FP; HR1 and HR2, TM, and the cytoplasmic tail (CT). b The interaction of Spike and the ACE2 receptor is defined by 
binding of S1 RBD and ectodomain motifs of ACE2. Specifically, the RBM of S1 RBD engage residues mainly from the α1 and α2 and β3/β4 binding 
motifs. (Figure created using Biorender)
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overcome some of these limitations as they are more spe-
cific, homogenous and scalable in terms of production. 
These types of antibodies can be generated from conva-
lescent plasma, transgenic mice, B cell isolation or phage 
display libraries [15, 62, 63]. Since COVID-19 emerged, 
the field of Mabs has experienced an explosion of dis-
coveries. Evidence shows that the majority of Mabs neu-
tralize the virus by binding to epitopes in the RBD and 
preventing its interaction with ACE2. Characterization 
using techniques such as bio-layer interferometry (BLI) 
and surface plasmon resonance (SPR), as well as X-ray/
cryo-EM structural studies reveal that this antagonism 
of ACE2 binding is enabled by the ability of antibodies 
to bind with high affinity and specificity to RBD [62–65]. 
These findings in turn have been supported by studies 
that show neutralization of infection of pseudotyped and 
live SARS-CoV-2 in vitro, as well as therapeutic protec-
tion of rodents and primates from virus-induced lung 
injury [15, 55–58]. Prominent examples of antibodies that 
have been characterized in this way include CCL12.1, 
311mab-31B5 and 311mab-32D4, CR3022, S309, B38, 
CB6 and 4A8 [15, 62–64]. Some of these will progress to 
clinical trials soon, and several more are already being 
evaluated for therapeutic benefit in clinical trials includ-
ing CT-P59, VIR-7831, AZD7442, TY027, SCTA01, and 
SAB-185 [15, 62–64, 66].

Currently, neutralizing monoclonal antibodies by 
Regeneron (casirivimab and imdevimab or REGEN-
COV) and Eli Lilly (bamlanivimab and etesevimab) 
have already been granted emergency use authoriza-
tion (EUA). Approval for REGEN-COV was obtained 
in November 2020, and the Eli Lilly combination was 
recently authorized in February 2021 [67, 68]. Clinically, 
these antibody regimens have demonstrated capacity to 
reduce viral load and hospital visits and are currently pre-
scribed for treatment of mild to moderate COVID-19 in 
patients who are at risk for progressing to severe disease 
[67–69]. As their clinical efficacy continues to be moni-
tored, the ongoing antigenic drift that poses ongoing 
challenges to vaccine efficacy also threatens to limit the 
efficacy of antibodies. A number of studies have reported 
findings that the new variants, particularly those that 
contain the E484K mutation such as the B.1.351 and P.1, 
display significant resistance to the efficacy of neutral-
izing Mabs [70–72]. This is particularly true when the 
antibodies are used as monotherapies [72–74]. Indeed, 
the US government has now warned against use of 
bamlanivimab alone, which was initially approved as a 
monotherapy, and now recommends bamlanivimab use 
together with etesevimab [75]. The individual antibod-
ies in the two EUA cocktails recognize distinct epitopes 
and their combinatorial use limits the development of 
escape mutants and resistance. New data has shown 

that the bamlanivimab and etesevimab combination has 
relatively higher neutralization efficacy against variants 
compared to either antibody alone, whilst REGEN-COV 
has largely maintained its potency against all the variants 
tested so far [69, 76, 77]. These observations validate the 
use of cocktails and emphasize the importance of design-
ing antibodies from more conserved epitopes to counter 
neutralization escape mutations as well as the need to 
create broad-spectrum antibodies and other therapies for 
future variants and outbreaks.

Fortunately, the development of biologics with a 
wide neutralization breadth is already a growing area 
of research. Rappazzo et  al.  have shown that antibod-
ies engineered using directed evolution can be broadly 
active. Specifically, one of their affinity matured vari-
ants, ADG-2, which recognizes a highly conserved 
epitope exhibited potent neutralization against authentic 
SARS-CoV-2 in  vitro, and protected mice infected with 
SARS-CoV and SARS-CoV-2 against viral replication 
and lung pathology. More importantly, when compared 
to EUA antibodies that neutralized mostly SARS-CoV-2, 
ADG-2 displayed a wider breadth against clade 1 sar-
becoviruses including SARS-CoV, SARS-CoV-2, WIVI, 
LYRa11, Rs4231, GD-Pangolin and Pangolin-GX-P2V 
[78]. Another study by Wec et al. has also identified sev-
eral antibodies from a convalescent Covid-19 patient that 
cross-neutralized SARS-CoV, SARS-CoV-2 and WIVI 
[79]. More recently, two studies have reported similar 
discoveries. Starr et al. discovered antibodies that target 
conserved, functionally constrained RBD residues. One 
of these, S2H97, showed high affinity and neutralization 
breadth across SARS-CoV-2-related sarbecoviruses [80]. 
An accompanying study showed that S2X259, which 
binds to a highly conserved cryptic RBD epitope, cross-
neutralized all the VOCs and a wide spectrum of human 
and zoonotic sarbecoviruses. Notably, prophylactic dos-
ing of Syrian hamsters with S2X259 offered protection 
against a SARS-CoV-2 and B.1.351 variant challenge 
[81]. Additional antibodies that have demonstrated simi-
lar efficacy against variants are summarized in Table  1 
[82–84].

However, it is not only antibodies that are demonstrat-
ing success in dealing with current or potential escape 
mutants. Nanobodies are also proving to be a viable 
option. Nanobodies are single domain antibodies that 
are generated from immunized llamas, camels and phage 
displays [85–88]. Recent published evidence shows that 
multivalent nanobodies are capable of both neutralizing 
circulating variants and preventing emergence of resist-
ant escape mutants via binding to multiple, non-overlap-
ping epitopes, avidity effects and binding to conserved 
epitopes largely inaccessible to normal antibodies [89–
96]. Table  1 summarizes the main findings from these 
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studies. Additionally, nanobodies have properties that 
may be beneficial considering the potential use of mono-
clonal antibodies as pre-and post-exposure prophylactics 

(PEPrs). Pre-clinically, monoclonal antibodies have pro-
phylactic value in addition to therapeutic value. Wide-
spread evidence of prophylactic protection against 

Table 1  Prominent examples of viral entry inhibitors that have demonstrated therapeutic or prophylactic efficacy in cross-
neutralization, suppression of escape mutants and broad activity against circulating variants and sarbecoviruses

Inhibitor type Agent Study design/model Main findings References

Antibody ADG-2 Pseudotypes and WT SARS viruses 
in vitro and in vivo

Neutralized SARS-CoV, SARS-CoV-2, 
bat SARSr CoVs, sarbecoviruses and 
protected mice against SARS-CoV 
and SARS-CoV-2

[78]

ADI-55689 Pseudotypes and WT SARS viruses 
in vitro

Neutralized SARS-CoV, SARS-CoV-2, 
bat SARS-like WIVI in cells

[79]

S2H97, S2X259 Pseudotypes and WT SARS viruses 
in vitro and in vivo

Neutralized SARS-CoV-2, all sarbe‑
covirus clades. Prevented escape 
mutants and neutralized all VOC. 
Protected Syrian hamsters from 
SARS-CoV-2 and B.1.351

[80, 81]

REGN10987 + REGN10933 SARS-CoV-2 pseudotypes in vitro Agents prevented selection of escape 
mutants in vitro

[82]

S309 + S304 Pseudotypes and aunthentic SARS 
viruses in vitro

Neutralized SARS-CoV-2, SARS-CoV, 
WIVI pseudotypes as well as live 
SARS-CoV-2 in cells

[83]

CV38-142 + COVA1-16 Pseudotypes and aunthentic SARS 
viruses in vitro

Neutralized SARS-CoV, SARS-CoV-2, 
B.1.1.7 and B.1.351 in cells

[84]

Nanobody Multiple candidates (e.g. VHH VE) Pseudotypes and WT SARS viruses 
in vitro

VE neutralized SARS-CoV, SARS-CoV-2 
and escape mutants

[89]

Multiple candidates (NB34, 36,N105) Pseudotypes and WT SARS viruses 
in vitro

Neutralized SARS-CoV-2 and variants 
including B.1.1.7 and B.1.351 in cells

[90, 94]

Multiple candidates (Nb30, Nb56 
trimers)

Pseudotypes in vitro Neutralized SARS-CoV-2 and VOC (UK 
and South African variants) in cells

[91]

Multiple candidates (S1-1, S1-RBD-15) Pseudotypes and WT SARS viruses 
in vitro

Neutralized SARS-CoV, SARS-CoV-2, 
B.1.351 and escape mutants in cells

[95]

Multiple candidates (e.g. WNb 2 + 7) Pseudotypes and WT SARS viruses 
in vitro and in vivo

Neutralized SARS-CoV-2 in vitro, 
N501Y D614G variant in vitro and 
prophylactically reduced viral loads 
in mice

[96]

Decoy receptor sACE22.v2.4 Pseudotypes and WT SARS viruses 
in vitro

Neutralized various ACE2-utilizing 
SARS-related viruses from humans 
and bats in cells

[102]

CTC-445.2d, CTC-445.2t Pseudotypes and WT SARS viruses 
in vitro and in vivo

Showed resilience to escape mutants; 
neutralized SARS-CoV-2 in vitro. Pro‑
tected mice and hamsters against 
SARS-CoV-2

[103]

ACE2(740)-Fc Pseudotypes and WT SARS viruses 
in vitro

Neutralized SARS-CoV-2 and other 
ACE2-utilizing CoVs in cells

[102]

LCB1 WT SARS viruses in vitro and in vivo Neutralized WT SARS-CoV-2 in vitro 
and prophylactically protected mice 
against SARS-CoV-2, B.1.1.7 and 
E484K/N501Y variant

[106, 107]

Fusion inhibitor EK1, EK1C4 Pseudotypes and WT SARS viruses 
in vitro and in vivo

Inhibited entry of various CoVs 
including SARS-CoV-2, SARS-CoV, 
MERS, WIVI, HCoV-NL63, HCoV-0C43 
in vitro. Protected mice from MERS, 
HCoV-0C43, SARS-CoV-2

[122, 123]

IPB-01, IPB-02 Pseudotypes of SARS viruses in vitro Inhibited SARS-CoV and SARS-CoV-2 
entry in cells

[124]

(SARSHRC-PEG4)2-chol WT SARS-CoV-2 in vitro and in vivo Inhibited SARS-CoV-2 entry in vitro 
and prophylactically protected fer‑
rets from SARS-CoV-2 infection

[125]
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SARS-CoV-2-related respiratory injury in animal models 
ranging from mice to hamsters to rhesus macaques has 
been reported [97–101]. Consistently, preliminary evi-
dence from ongoing clinical trials with EUA monoclo-
nal antibody therapies is also very promising [102–104]. 
However, it is important to point out that widespread 
outpatient use of potential PEPrs therapies would be 
most practical with agents that can be conveniently 
administered. Antibodies are molecularly large, less sta-
ble, complex and costly to produce. Currently, antibod-
ies are usually given intravenously in healthcare facilities 
that must also be equipped with resources for dealing 
with potential infusion reactions. Nanobodies, on the 
other hand are smaller, cheaper to make and can be nebu-
lized for easier and more convenient pulmonary delivery 
using inhalers or nasal sprays [63, 85]. Collectively, these 
facts make monoclonal antibody cocktails, broad-spec-
trum antibodies and multivalent nanobodies the future in 
terms of dealing with variants during early onset of dis-
ease and prevention of infection pre- and post-exposure.

Recombinant human soluble ACE2 and other 
protein‑based antivirals
The use of protein-based antivirals has been dominated 
by antibodies or their functional fragments that bind to 
the RBD of S1. An alternative to this strategy is to tar-
get the ectodomain of ACE2, as it serves as the SARS-
CoV-2 receptor. These decoy receptors (Fig. 3) work like 
scavengers that have the potential to outcompete the 

endogenous transmembrane ACE2 for binding to Spike 
[15]. Moreover, although escape mutants can sometimes 
outmaneuver antibody defenses with RBD- or NTD-spe-
cific mutations, it is more difficult to escape decoys with-
out also losing virulence, since decoy receptors have the 
same binding interface as does the endogenous ACE2. 
Furthermore, soluble ACE2 has already been found to 
be safe as shown in clinical studies focused on treatment 
of ARDS and SARS [15]. It is expected, therefore, that 
soluble ACE2 receptors will likely be safe and potentially 
effective against SARS-CoV-2 infection. An earlier pre-
clinical study by Monteil et al. using clinical grade solu-
ble recombinant human ACE2 (hrACE2) confirmed this 
potential, and showed that hrACE2 prevented infection 
by SARS-CoV-2 significantly [105]. A number of ongo-
ing clinical trials are currently evaluating the potential 
of soluble rACE2 [15]. For example, rhACE2 APN01 is 
now in Phase II clinical trials. Phase I data showed that 
APN01 can reduce viremia and viral titers, and prelimi-
nary evidence from phase II data indicates that APN01 
lowers risk of medical complications and shortens recov-
ery time [106, 107]. These exciting findings have inspired 
other groups to engineer even more potent forms of solu-
ble ACE2 using computational design, deep mutagen-
esis and affinity maturation. A study by Chan et al. shows 
that soluble ACE2 designed using affinity maturation 
based on the mutations of the 117 residues involved in 
the binding of S led to the discovery of sACE22.v2.4. 
sACE22.v2.4 was more potent than WT sACE2, and its 

Fig. 3  Summary of strategies of targeting viral entry at the surface membrane. Four approaches are highlighted including antibody-based 
inhibitors that consists of monoclonal antibodies and nanobodies. Receptor decoys consists of WT soluble ACE2 or versions of ACE2 that are 
engineered to have high affinity than WT ACE2. Various inhibitors mainly based on HR2 of S2 have also been designed to prevent fusion of the S2 
with cellular membrane. Also, peptides and small molecules that are designed to interfere with the S1 RBD and ACE2 interaction have also been 
made. (Figure created using Biorender)
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resilience against mutants was exemplified by ability to 
potently neutralize coronaviruses that use ACE2 as entry 
port including SARS-CoV-2, SARS-CoV and SARS-like 
bat coronaviruses [108]. Two other studies by Glasgow 
and Linsky et al. have employed a similar approach with 
success [109, 110]. In particular, two decoys engineered 
by Linsky et  al., namely CTC-445.2d and CTC-445.2t, 
showed potent neutralization of SARS viruses and pro-
tected Syrian hamsters from SARS-CoV-2 following a 
single prophylactic dose [110]. More importantly, other 
findings have shown that even smaller versions of decoy 
receptors can yield potent neutralization effects [111]. 
Hyper-stable miniprotein binders that include AHB1, 
AHB2, LCB1 and LCB3 have displayed impressive in vitro 
inhibition of SARS-CoV-2 infection with potencies in the 
nano- to picomolar range [112]. LCB1, only 56 residues, 
has been utilized as the lead binder in follow up stud-
ies to evaluate in vivo efficacy when administered either 
intraperitoneally (LCB1-Fc) or intranasally (LCB1v1.3) 
in a transgenic COVID-19 mouse model. LCB1 admin-
istration using both routes protected the mice post-expo-
sure against SARS-CoV-2-mediated lung disease as well 
as pre-exposure, even when dosed intranasally as many 
as five days before virus inoculation. Notably, LCB1v1.3 
protected the mice in vivo against the B.1.1.7 variant and 
a variant encoding key E484K and N501Y mutations in 
Spike following prophylactic dosing through the nose 
[113]. Taken together, these protein-based antivirals hold 
clinical promise and point to a remarkable therapeutic 
and prophylactic potential now, as well as potential pro-
tection against re-emerging ACE2-utilizing coronavi-
ruses in the future.

S1 and S2 targeted peptides
Peptides represent another type of inhibitor that can be 
directed against Spike and ACE2 to prevent viral entry. 
Peptides are smaller, simpler and cheaper to make than 
are antibodies or the other protein-based antivirals. Their 
well-known liability is generally low bioavailability due 
to degradation and metabolism when given systemically 
[113]. However, as a COVID-19 therapeutic, this disad-
vantage can easily be overcome through nebulization 
or dry aerosol powders for direct delivery to the lungs 
[113]. In general, we can divide SARS-CoV-2 Spike-
targeted peptide inhibitors into two groups: those that 
perturb S1 RBD: ACE2 binding, and those that interfere 
with fusion of S2 with the membrane (Fig.  3). Previous 
studies by groups such as the Huang and Cho labs had 
shown that peptides extracted from important S1 RBD-
recognizing motifs in ACE2 (see Fig.  2b), such as those 
in the N-terminal helix (α-1), can result in significant 
competitive antagonism and antiviral activity [114, 115]. 
For example, the Cho group showed that linking together 

two non-contiguous segments that are close in space can 
inhibit SARS-CoV infection with a half-maximal inhibi-
tion concentration of 100  nM [114]. Other studies also 
reported similar findings with S1-derived linear peptides 
[116, 117]. Given the similarity in the binding conforma-
tion between S1 RBD of SARS-CoV and SARS-CoV-2 
with ACE2 and the high sequence identity of the S1 RBD 
of SARS-CoV and SARS-CoV-2, there is reason to believe 
that peptides against ACE2: S1 RBD binding in SARS-
CoV-2 can also be effective [62]. Findings by Karoyan 
et  al.  appear to corroborate this expectation. Their data 
show that peptide fragments (P8, P9, P10) from the 
α-helix of the ACE2 peptidase domain (PD) that are 
rationally modified with residues that have a propensity 
for helical folding show high binding affinity and antiviral 
activity against authentic SARS-CoV-2 in the nanomo-
lar range [118]. A study by Curreli et al. also showed that 
peptides from a similar region of ACE2 that are structur-
ally stabilized with double stapling show inhibitory activ-
ity against pseudotyped and live SARS-CoV-2 in the low 
micromolar range [119]. For peptides that are based on 
the binding motif of S1 RBD, particularly the RBM as 
shown in Fig.  2b, one lab has reported a group of pep-
tides called SARS-BLOCK™ with sub-micromolar anti-
viral activity against SARS-CoV-2 pseudovirions [120]. 
On the other hand, some studies report  more modest 
activity or complete lack of activity of peptide inhibitors. 
For example, the Zhang lab published that even though a 
23-mer peptide from the α-helix of PD of ACE2 exhibited 
high binding affinity in the nanomolar range, it lacked 
appreciable competitive capability against soluble ACE2 
for binding S1 RBD [121, 122]. Certainly, an argument 
can be made that the lack of binding here may be due 
to limited secondary structure in solution of the linear 
native peptide designed by Zhang et  al.[113]. Nonethe-
less, a different group has shown that even with stapling 
that dramatically improved helicity of their peptides, no 
appreciable binding activity was observed for either sta-
bilized and non-stabilized peptides [123]. In our lab we 
have found that peptides rationally designed from the 
binding motifs of either ACE2 or S1 RBD display modest 
inhibitory activity in the low micromolar range (unpub-
lished). These inconsistencies therefore warrant more 
data for safer conclusions to be reached regarding the 
activity of peptides that inhibit S1 RBD: ACE2 interac-
tion and their prospects as COVID-19 therapeutics.

As noted above, viral fusion with the cellular mem-
brane also represents a point of potential therapeutic 
targeting. Since both HR1 and HR2 are needed to come 
together to form the 6HB and then to fuse, designing a 
peptide mimicking one region will competitively inter-
fere with formation of the fusion core [54, 55]. This 
approach has been utilized to prevent entry of other 
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viruses with heptad regions such as HIV. In fact, enfu-
virtide is a fusion inhibitor that is approved for treating 
HIV infection [113]. HR2 is usually used as template to 
make HR1-directed peptides, and this approach has been 
successfully applied for coronaviruses [113]. Much of this 
work was published before the inception of SARS-CoV-2, 
and targeted viruses such as SARS-CoV, MERS-CoV and 
HCoV-229E [124, 125]. Perhaps the most impressive 
results were obtained from OC43-HR2P, as reported in 
2019 [126]. OC43-HR2P peptide was derived from the 
HR2 domain of HCoV-OC43, and showed broad spec-
trum activity against alpha- and beta-coronaviruses. 
An optimized version of OC43-HR2P from this study 
(EK1) was quickly tested once SARS-CoV-2 emerged, 
and showed potent activity against SARS-CoV-2 infec-
tion in  vitro. A lipid-conjugated form of EK1 called 
EK1C4 with an IC50 of 37 nM against SARS-CoV-2 infec-
tion in vitro has also been tested in mice. In the mouse 
study, EK1C4 displayed not only a good in  vivo safety 
profile, but also antiviral activity and metabolic stabil-
ity following intranasal administration [127, 128]. The 
extension of activity from previous hCoV strains such as 
SARS-CoV stems from the high conservation of the HR 
regions. For instance, HR1 and HR2 of SARS-CoV and 
SARS-CoV-2 have 92.6% and 100% similarity, respec-
tively [113]. The conservation allows for broad spectrum 
activity against hCoVs. Other HR2-derived peptides 
have also been identified and tested against SARS-CoV. 
IPB-01 and IPB-02 have shown low nanomolar activ-
ity against infection with SARS-CoV and SARS-CoV-2 
pseudovirions [129]. Another lipid-modified fusion pep-
tide called (SARSHRC-PEG4)2-chol inhibited SARS-CoV-2 
with a half maximal inhibitory concentration of 3.8 nM, 
and intranasal administration protected ferrets from 
SARS-CoV-2 infection [130]. The pan-specific activity 
and in vivo protection of animals show that fusion inhibi-
tors have potential for clinical utility. Altogether, peptides 
are a promising therapeutic option for COVID-19 in the 
future, though more research is needed.

Small molecules inhibiting the ACE2: S1 RBD interaction
Small molecules therapeutics generally are better situ-
ated to overcome problems such as cell permeability 
and metabolic lability than are peptides, but their devel-
opment also takes time. Thus far, efforts to develop 
small molecule therapeutics for COVID-19 have largely 
involved repurposing antiviral drugs already approved 
for clinical use, or which have undergone regulatory 
processes tied to clinical trials. The drug remdesivir, 
previously clinically studied for Ebola, was identified in 
this manner. Additional antiviral drugs for RNA viruses 
targeting the RdRP, helicase and protease proteins are 
undergoing further clinical evaluation for efficacy against 

COVID-19 [48, 131]. The same approach can be adopted 
for viral entry inhibitors. Unfortunately, the literature 
shows that most small molecule inhibitors that were 
previously evaluated as entry antagonists have no regu-
latory approval. In addition, the reported pre-clinical 
potency is largely in the low micromolar range, implying 
that most of these candidates will first have to be tested 
in the context of SARS-CoV-2 and then be optimized 
for affinity and potency [132–134]. Examples of inhibi-
tors that target S1 RBD and ACE2 and their interactions 
in the context of ACE2-utilizing coronaviruses include 
cepharantine, VE607, SSAA09E2, emodin, HTCC and 
HM-HTCC [132–134]. Drug reprofiling studies in our 
lab that evaluated candidates targeting the ACE2: S1 
RBD interaction showed that of those tested, cepharan-
tine was the most promising candidate, with single digit 
micromolar potency against SARS-CoV-2 RBD binding 
to ACE2 (unpublished). Indeed, several findings in recent 
publications have validated these observations and dem-
onstrated that cepharantine does display anti-viral activ-
ity against both pseudotyped and authentic SARS-CoV-2 
infection in vitro, with potencies ranging from 0.73 µM 
to 30 μM [135–141]. Additionally, some candidate small 
molecule inhibitors with novel activity against coronavi-
ruses have also been identified. Hanson et al. discovered 
coriligan through a high content screen that inhibited 
the RBD and ACE2 interaction with an IC50 of 5.5  µM 
[142]. In a study by Day et al., an SPR based RBD: ACE2 
screen was done on 3,141 compounds. In  vitro studies 
using live SARS-CoV-2 showed that the hit compounds 
suramin and evans blue possessed antiviral activity with 
acceptable selectivity and IC50 values of 46 and 28  μM, 
respectively [143]. Overall, compared to the other stud-
ies discussed above, targeting ACE2 and S1 RBD inter-
action with small molecules remains a developing area 
of research. The reported antiviral potencies thus far are 
modest, indicating the need for significant additional 
optimization to support their development into effica-
cious agents. The strategy of using small molecules and 
other agents to prevent viral entry through the cell sur-
face membrane is summarized in Fig. 3.

Host proteases and endosome acidification 
inhibitors
Although S1 and S2 mediate viral attachment and mem-
brane fusion to enable the virus to unload its genetic 
cargo, function of these two subunits is enabled by the 
participation of at least 3 types of host proteases: furins, 
cathepsins and surface serine proteases. Viral entry gen-
erally occurs either through direct fusion of the virus 
with the surface membrane or endocytic uptake, and 
what determines which proteases will dominate in facili-
tating fusogenic activity is the entry pathway utilized [54, 
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55, 108, 144]. The SARS-CoV-2 Spike protein has two 
cleavage sites, S1/S2’ and S2’. For non-endocytic entry, 
the S1/S2’ site is cleaved primarily by the furin proprotein 
convertase. This cleavage may then help to reveal the S2’ 
site more fully to the surface trypsin-like serine proteases 
such as TMPRSS2. The S2’ site is immediately upstream 
of the fusion peptide (FP), and its cleavage by TMPRSS2 
exposes the hydrophobic peptide (FP) for insertion into 
the membrane (Fig. 2a) and subsequent formation of the 
6HB as already described. Conversely, if the virus takes 
the endocytic route, cathepsins will play a more domi-
nant role [54, 55, 108, 144]. Specifically, the cathepsin 
L isoform has been shown to be more important in S2’ 
cleavage for coronaviruses. Cathepsin L is a lysosomal 
cysteine protease and its function, like that of many other 
cathepsins, is pH-dependent, with optimal pH activity 
ranging from 3–6.5 [114, 144, 145]. Without cleavage of 
Spike by these proteases, the virus would not be able to 
fuse with the lysosomal or autolysosomal membrane to 
release its genome into the cytoplasm (Fig. 1). Therefore, 
all the three different classes of proteases noted above 
represent rational targets for COVID-19 therapeutic 
intervention.

Furin and TMPRSS2 inhibition
Furin inhibitors have previously been reported as pos-
sible targets in the context of other viruses such as 
influenza, and may also be relevant for SARS-CoV-2. 
SARS-CoV Spike contains only the monobasic S2’ site, 
and not the extra polybasic (RRAR) motif for the S1/
S2’ site found in SARS-CoV-2 (Fig.  2a). The S1/S2’ in 
SARS-CoV-2 likely plays an activating role, which might 
contribute to the higher pathogenicity and multi-organ 
infectivity of SARS-CoV-2 [11, 144]. A common way to 
inhibit S1/S2’ site processing is to design peptide sub-
strate mimics. The consensus sequence recognized by 
furin proteases is R-X-R/K-R↓ and studies in the past 
have shown that the peptidomimetic decanoyl-RVKR-
chloromethylketone (dec-RVKR-cmk) inhibits furins and 
cleavage of viral glycoproteins [144, 146]. In SARS-CoV-2 
studies, dec-RVKR-cmk inhibited infection in vitro with 
an IC50 of 5  μM [147]. MI-1851, another furin inhibi-
tor has also been found to reduce SARS-CoV-2 titers 
in Calu-3 cells by almost 200-fold at 10  µM [146]. For 
TMPRSS2, various inhibitors, both peptidomimetics and 
small molecules, have been reported for previous coro-
navirus strains such as MERS and SARS-CoV [144, 147, 
148].The peptidomimetic inhibitors that have shown 
promising activity against SARS-CoV-2 include apro-
tinin, MI-1900 and MI-432. Aprotinin has been tested 
previously in the clinic for combating influenza infec-
tion, and has also shown significant inhibition of SARS-
CoV-2 growth at 10 μM [144, 149]. MI-1900 and MI-432 

have both shown higher potency compared to aprotinin 
under similar experimental conditions and are thus 
more promising. More importantly, the combination 
of MI-1851 plus MI-432 was viable and more effective 
than either therapy alone [146]. Equally promising are 
the small molecule inhibitors of TMPRSS2, camostat and 
nafamostat mesylate. Camostat and nafamostat mesylate 
are analogues with clinical approval for pancreatitis and 
disseminated intravascular coagulation [150]. Indeed, 
camostat was one of the early small molecule inhibitors 
to be shown to have significant activity in blocking the 
entry of SARS-CoV-2 into cells [56]. However, nafamo-
stat is actually the more potent analogue, and has been 
shown to inhibit SARS-CoV-2 replication in Calu-3 cells 
with an EC50 of 10 nM [145, 147]. Both inhibitors are cur-
rently in clinical trials for evaluation as COVID-19 thera-
peutics, and results regarding their efficacy are eagerly 
awaited [56, 151].

Cathepsin inhibition
A number of cathepsin inhibitors against coronaviruses 
have also been reported in various studies. Amongst 
them are teicoplanin, K1777, SSAA09E1, SID-26681509 
and P9 derivatives [64, 113, 144, 152, 153]. Teicoplanin 
has exhibited good activity against SARS-CoV-2 pseu-
dovirions entry with an IC50 of 1.6 µM [154]. The same 
can be said for SID-26681509 and P9 derivatives. A 
study by Ou et al.  found that the Cathepsin L inhibitor, 
SID 26681509, independently decreased SARS-CoV-2 S 
pseudovirion entry by about 76% at 2 μM [155]. The P9 
derivates, P9R and 8P9R, have also shown significant 
activity against SARS-CoV and SARS-CoV-2 ranging 
in the low micro- to nanomolar range [156, 157]. More 
importantly, 8P9R demonstrated antiviral activity by 
decreasing the SARS-CoV-2 viral load in vivo in mice and 
hamsters [157]. The inhibitors mentioned above, such as 
SID-26681509, inhibit the protease activity of cathepsins 
in a direct way by interacting with the enzyme active site 
through mimicking of the endogenous substrate. How-
ever, indirect inhibition of protease activity through pH 
modulation is also an option. Endosome acidification 
inhibitors act through this mechanism, and a number 
were highly touted as potential effective treatments at 
the beginning of the pandemic [152]. Such inhibitors, 
which include chloroquine, hydroxychloroquine and 
azithromycin, function by elevating the pH of the endo-
some, shifting the pH outside the optimal range and 
thereby indirectly suppressing cathepsin protease activ-
ity [158–160]. Despite this rational and promising pre-
clinical activity, these inhibitors have not demonstrated 
evidence of consistent and robust benefit when evalu-
ated in various clinical trials [158–163]. Given some of 
the known side effects of chloroquine derivatives, such 
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as cardiac-related toxicities and retinopathy, their consid-
eration for clinical use has now been put on hold [164]. 
Despite these recommendations against endosome acidi-
fication inhibitors, the other protease inhibitors remain 
potential candidates for clinical development given their 
specificity. Future studies will reveal and determine their 
utility as future COVID-19 therapeutics.

Conclusions and future perspectives
COVID-19 is now understood as a biphasic illness, with 
an early viral phase and a more dangerous host-immune 
response phase. This knowledge has shaped our trans-
lational and clinical therapeutic strategies to find treat-
ments for those infected. The ongoing antigenic drift of 
SARS-CoV-2 is also shaping the fight against COVID-
19. Four major variant strains have now been identified, 
which have generally shown increased transmissibility 
and resistance to the efficacy of vaccines and monoclo-
nal antibodies [36, 37]. Vaccines, particularly those that 
are mRNA-based, have shown that they offer some pro-
tection against the variants, albeit with reduced effec-
tiveness, and multiple doses of the vaccines, including 
booster shots, may be necessary in the future [165–
168]. Health officials will also continue to monitor 
variants of interest that have already been identified. 
In addition, the emergence of SARS-CoV-2 has also 
renewed fears that another zoonotic spillover will occur 
and cause an even more deadly outbreak. These fears 
are not unfounded, given that we experienced more 
than 10 serious outbreaks from emerging RNA viruses 
in the last 20  years alone [169]. Each of these aspects 
have subjected the counter-measures currently in place 
to increased attention, asking how such measures  can 
be made more effective based on available evidence. In 
addition, and also of critical importance, is the devel-
opment of future plans for dealing with mutant strains 
and potential outbreaks. In this review, we have high-
lighted the utility of vaccines and the gaps they leave 
in fighting COVID-19. We then demonstrated that the 
mechanism of action of entry inhibitors makes them 
suitable agents for early management of COVID-19 to 
help cover some of the gaps, and shown why continued 
research on such inhibitors is crucial. The monoclonal 
antibody entities are farthest along the drug develop-
ment pipeline, with some already approved for use 
(EUA) and several more in advanced stages of clinical 
trials [66]. Cocktails of monoclonal antibodies, multi-
valent nanobodies and recombinant soluble ACE2 have 
also demonstrated therapeutic effect against mutant 
strains, including those currently in circulation, as 
well as broad, cross-family coronavirus efficacy. The 
antibody species’ ability to limit resistance and deliver 
broad activity comes from their targeting of more 

than one epitope, including some from the more con-
served regions of Spike. For agents based on recombi-
nant ACE2, similar efficacy comes from their similarity 
with the endogenous receptor, which makes it difficult 
for mutant strains to arise without also losing infec-
tivity. In addition to these valuable therapeutic effects 
and their potential as agents to treat future outbreaks, 
these protein-based antivirals have also demonstrated 
they can be useful when given prophylactically, even 
several days before exposure. As noted earlier, vari-
ous subgroups of people will benefit from prophylactic 
treatment using these agents. As for the miniprotein, 
peptide and small molecule therapeutics, current lit-
erature suggests that they are not as advanced in terms 
of clinical development as are the antibodies or recom-
binant ACE2. However, their utility is in their size and 
ability to be more readily developed into therapeutic 
formulations that can be self-administered either as 
oral pills or inhalants. More research is therefore still 
needed, as researchers and decision makers continue 
to evaluate the potential use of entry inhibitors for out-
patient prophylaxis. Also, given that the nasal passage 
is the most dominant and initial site of infection, aero-
solization can potentially be beneficial in preventing 
viral spread to the lungs through use of nasal sprays [8]. 
Finally, more investment in the development of entry 
inhibitor therapeutics as well as other antivirals and 
therapies directed against the host immune response 
is needed, as their availability will impact our options 
in responding not only to future SARS-CoV-2 line-
ages, but also to future coronavirus pandemics. Recent 
events have made it abundantly clear that it is both 
more impactful and cost effective to prevent or prepare 
for a pandemic like the one caused by COVID-19, than 
to encounter such a pandemic without preparation. For 
this reason, current proposals by the US and interna-
tional community to invest more into pro-active and 
pre-emptive countermeasures against future outbreaks 
are commendable, as this development will shorten the 
time between an outbreak and an effective therapeutic 
response [170, 171].
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