
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Fundamental Research 1 (2021) 166–178 

Contents lists available at ScienceDirect 

Fundamental Research 

journal homepage: http://www.keaipublishing.com/en/journals/fundamental-research/ 

Review 

Insights into biological therapeutic strategies for COVID-19 

Xiaolong Tian 

1 , Cheng Li 1 , Yanling Wu 

∗ , Tianlei Ying 

∗ 

MOE/NHC/CAMS Key Laboratory of Medical Molecular Virology, School of Basic Medical Sciences, Shanghai Medical College, Fudan University, Room 504, Fosun 

Building, 131 Dong-an Road, Shanghai 200032, China 

a r t i c l e i n f o 

Keywords: 

COVID-19 

SARS-CoV-2 

Biotherapeutics 

Viral entry 

Viral replication 

Cytokine storm 

a b s t r a c t 

The worldwide pandemic of novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) that emerged in late December 2019 requires the urgent development 

of therapeutic options. So far, numerous studies have investigated and uncovered the underlying epidemiology 

and clinical characteristics of COVID-19 infections in order to develop effective drugs. Compared with antiviral 

small-molecule inhibitors, biotherapeutics have unique advantages such as fewer side effects by virtue of their 

high specificity, and thus can be rapidly developed for promising treatments of COVID-19. Here, we summarize 

potential biotherapeutics and their mechanisms of action, including convalescent plasma, therapeutic antibodies, 

peptides, engineered ACE2, interferons, cytokine inhibitors, and RNAi-based therapeutics, and discuss in depth 

the advancements and precautions for each type of biotherapeutics in the treatment of COVID-19. 
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. Introduction 

In late December 2019, a previously undetermined acute respiratory

isease called coronavirus disease 2019 (COVID-19) emerged, which

s caused by severe acute respiratory syndrome-coronavirus 2 (SARS-

oV-2) [1] . By March 11, 2020, COVID-19 was declared a pandemic

y the World Health Organization, and at the time of this publica-

ion, resulted in over 44,000,000 infections and more than 1100,000

eaths worldwide ( http://covid19.who.int ) [2] . SARS-CoV-2 is an en-

eloped positive-sense RNA virus and belongs to the lineage B betacoro-

avirus that also includes the highly pathogenic coronaviruses MERS-

oV and SARS-CoV. Based on the phylogenetic analysis, SARS-CoV-

 shares high sequence identity with that of SARS-like coronaviruses

89.1% nucleotide similarity) and SARS-CoV (79% nucleotide similar-

ty) [ 3 , 4 ]. Like other coronaviruses, the structure of SARS-CoV-2 is com-

osed of 16 nonstructural proteins (Nsps) (Nsp1–16), 5–8 accessory pro-

eins, and 4 structural proteins including the spike (S), membrane (M),

nvelope (E) and nucleocapsid (N) proteins ( Fig. 1 a, b) [5] . The S pro-

ein is a heavily glycosylated type I membrane protein and uniformly

rranged as trimers anchored in the viral membrane [6] . The trimeric

 protein consists of two fragments: the receptor-binding fragment S1

nd the fusion fragment S2 ( Fig. 1 a) [7] , and is crucial for viral fusion,

ntry, and transmission. 

The critical step for SARS-CoV-2 entering host cells and establish-

ng infection is receptor binding and membrane fusion. The receptor-

inding domain (RBD) of S1 interacts directly with angiotensin con-
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icense ( http://creativecommons.org/licenses/by/4.0/ ) 
erting enzyme 2 (ACE2) on the surface of host cells [8] . The S protein

s naturally in a closed conformation while the helices in the S2 compo-

ent are capped by the neighboring RBD. Following cleavage by furin

etween the S1 and S2 domains, S trimers are able to accommodate the

BD in an open, ACE2-binding conformation [9] . Binding of the ACE2

eceptor to open the RBD leads to a more open trimer conformation.

hen, the S2 fusion region is exposed and inserted into the host cell

embrane [ 10 , 11 ], priming the internalization of SARS-CoV-2 into host

ells by receptor mediated endocytosis [12] . Once inside the host cell

ndosomal compartment, there is an increase in H 

+ influx into the endo-

ome which activates cathepsin L to facilitate viral membrane fusion and

elease of RNA out of the endosome. Alternatively, following recognition

y ACE2, proteolytic cleavage of the S protein by type II transmembrane

erine protease (TMPRSS2) on the surface of host cell can induce direct

usion of the viral and plasma membranes leading to release of the vi-

al RNA into the cytoplasm [13] . Next, polyproteins, such as pp1a and

p1ab, are translated, and cleaved by the Papain-like protease (Pl pro)

nd 3C-like protease (3CL pro) to form functional Nsps as a helicase or

he RNA replicase-transcriptase complex (RdRp) [14] . Using these viral

eplicative enzymes, the viral RNA acts as a messenger RNA (mRNA)

nd then generates new RNA and the mRNAs for SARS-CoV-2 genome

eplication. RNA polymerization also relies on the RdRp. Subsequently,

tructure proteins of SARS-CoV-2 are translated by RdRp [15] , and fuse

ith the virus precursor which is then transported from the endoplas-

ic reticulum through the Golgi apparatus to the cell surface via small

esicles. Finally, SARS-CoV-2 is released from the infected cell through

xocytosis and can infect other host cells ( Fig. 2 ) [13] . Noteworthily,

ncreasing mutations occurring within the S protein-encoded genome

ave been detected. Among them, D614G shows fitness advantage and

ncreases infectivity of the SARS-CoV-2, but not with disease severity

16] . Double mutations containing not only D614G but also P1263L,
Ai Communications Co. Ltd. This is an open access article under the CC BY 
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Fig. 1. Schematic representation of SARS-CoV-2 and construct of the spike protein. (a) Structure of SARS-CoV-2. (b) SARS-CoV-2 genome annotation. The regions 

of genome encoding 16 nonstructural proteins (cyan), 4 structural proteins (red), and 9 accessory factors (blue), as well as subunits contained in the S protein are 

displayed in proportion. 

Fig. 2. Life cycle of SARS-CoV-2. For SARS-CoV-2 entering host cells and establishing infection, the S1 subunit of spike protein firstly binds to the ACE2 receptor 

(1a). Through conformational change, the virus is then internalized by receptor mediated endocytosis (2). Subsequently, increasing H 

+ influx activates cathepsin L 

(3), which facilitates viral membrane fusion and release of RNA out of the endosome (4a). Alternatively, following recognition by ACE2, proteolytic cleavage of the 

spike protein by TMPRSS2 on the surface of the host cell (1b) induces direct fusion of the viral and cellular membranes and then leads to release of the viral RNA into 

the cytoplasm (4b). The viral RNA is then translated to produce the polyproteins pp1a and pp1ab (5), which are cleaved (6) to yield the 16 NSPs that form the RNA 

replicase-transcriptase complex (7) for the genome replication (8). The viral mRNA encoding structural proteins is then transcribed (9) for the final virus assemble 

(10). In the end, the new virion is released (11). 
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Fig. 3. Cytokine storm induced by SARS-CoV-2. The infection of SARS-CoV-2 

in the lung (1) induces increased plasma concentrations of inflammatory cy- 

tokines and chemokines, secreted by immune cells, such as macrophages (2), 

T-lymphocytes and dendritic cells (3), and ultimately leads to the inflammatory 

cytokine storm (4). 
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943T, S939F, D936F, I472V, K458R, V341I, or L5F, as well as the sin-

le mutation A520S are also significantly more infectious, whereas most

ariants with amino acid change at RBD are less infectious, and V341I

nd investigational glycosylation mutant (N331Q + N343Q) have no in-

ectivity [17] . 

SARS-CoV-2 infection in humans can be asymptomatic or result in a

ange of mild to fatal disease [18] . Generally, COVID-19 patients with

neumonia present with fever, fatigue, dyspnea and a cough [19] . Dur-

ng infection, a local immune response is triggered by damaged lung

ells. Clinical reports revealed that CD4 + T cells are rapidly activated

o form pathogenic T helper (Th) 1 cells and produce granulocyte-

acrophage colony-stimulating factor (GM-CSF). In most COVID-19 in-

ections, increased plasma concentrations of inflammatory cytokines,

uch as interleukins (IL-2, IL-7, IL-10), chemokine CCL2 and TNF- 𝛼, are

ound, especially in critically ill patients [20–22] . Moreover, these cy-

okines contribute to CD14 + and CD16 + monocyte recruitment and IL-6

ecretion, which further aggravate the inflammatory response ( Fig. 3 )

23] . In severe COVID-19 infections, the overreactive immune response

esults in cytokine storm and development of severe acute respiratory

istress syndrome (ARDS), which can cause respiratory failure, multi-

rgan failure, and death [2] . 

As an airborne virus, SARS-CoV-2 is transmitted through respira-

ory droplets and aerosols [24] . Moreover, SARS-CoV-2 infection can

e asymptomatic, particularly in the younger population [25] , and

ighly contagious before symptom onset [26] . These altogether con-

ribute to the spread of SARS-CoV-2 worldwide and make it more chal-

enging to curb SARS-CoV-2 transmission compared to other respiratory
 t  

168 
iruses [ 27 , 28 ]. Current clinical management of COVID-19 largely relies

n infection prevention and supportive care. Epidemiological research

howed that universal masking, extending social distancing and timely

dentification of infected individuals are the most effective preventive

trategies in reducing the spread of COVID-19 [29] . Generally, 80% of

atients with COVID-19 recover within 1 to 3 weeks without specific

reatment. However, ~20% of patients rapidly deteriorate within ~7 to

0 days after symptom onset, and a small proportion (~5%) develop

evere illness such as ARDS, ultimately resulting in death even under

roper supportive care, which constitute a significant health and eco-

omic burden [30] . Thus, there is a critical need to develop vaccines

nd drugs to protect against and treat COVID-19. 

Antifibrotic therapy is deemed to be effective in attenuating the

rogress of fibrosis and the progressive decline of lung function in

OVID-19 patients when used early in SARS-CoV-2 infection [31] . A

hase III trial showed that pirfenidone, an antifibrotic drug, reduced

isease progression in patients with idiopathic pulmonary fibrosis, yet

ith no significant differences in dyspnea scores or rates of death when

ompared with the placebo group (NCT01366209). As an agonist of

ngiotensin II receptor type 2 that had been proved for inhibiting ex-

erimental acute lung injury and IL-6 expression [32] , C21 has been

pproved for a phase II study in COVID-19 (EudraCT 2017–004923–

3). Corticosteroid compound, a type of anti-inflammatory drug, has

lso been suggested as a potential drug against the COVID-19, in

ight of that ciclesonide suppressed SARS-CoV-2 replication in cultured

ells [33] and COVID-19 patients receiving dexamethasone showed sig-

ificantly lower mortality and hospitalization duration than controls

34] . The antiviral drugs such as remdesivir, chloroquine, hydroxy-

hloroquine, lopinavir/ritonavir, ribavirin, favipinavir and umifenovir,

ave been considered as attractive options for COVID-19 therapy [35] .

mong them, remdesivir, the first treatment for COVID-19 approved by

DA, was able to shorten the time to recovery from mild to fatal COVID-

9 infections (NCT04280705), improve clinical status with five-day in-

ection in moderate COVID-19 patients (NCT04292730), but couldn’t

hange recovery rates or mortality rates in severe COVID-19 patients

NCT04292899). Similarly, chloroquine was highly effective in the con-

rol of SARS-CoV-2 in vitro [36] , yet administration of hydroxychloro-

uine showed higher adverse events and a non-significantly higher prob-

bility of negative conversion than in non-recipients [ 37 , 38 ]. The com-

ination use of antiviral drugs with traditional Chinese medicines has

een found effective against the COVID-19 infection [39] . 

Unlike most conventional drugs, biotherapeutics present higher po-

ency and fewer side effects because of their high specificity. Biother-

peutics targeting COVID-19 have been rapidly developed and show

romising clinical outcomes. In this review, we will review COVID-19

iotherapeutics involved in blocking viral fusion and entry, degrading

he viral genome, preventing viral replication, enhancing antiviral in-

ate immunity, and ameliorating the inflammatory cytokine storm. 

. Convalescent plasma 

Convalescent plasma collected from recovered patients have been

mployed for over a hundred years for the treatment of many viral infec-

ions with varying degrees of clinical efficacy. During the outbreaks of

bola virus in 2014 and MERS-CoV in 2015, convalescent whole blood

r plasma was recommended by WHO as an empirical treatment [ 40 ,

1 ]. Convalescent plasma treatment for SARS and severe influenza also

ppears safe and reduces mortality, especially if administered early in

he illness [42] . For COVID-19, five patients at the Shenzhen Third Peo-

le’s Hospital in Shenzhen, China, were first treated with convalescent

lasma, and all five patients were discharged or stable from respiratory

ailure following the transfusion. The second study in ten patients with

evere disease reported that three had been discharged and the oth-

rs were ready for discharge following transfusion. In contrast, among

en matched historical controls with similar baseline characteristics,

hree died, one improved and six stabilized. Liu et al. [43] performed a
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Fig. 4. Schematic diagram of blocking SARS-CoV-2 entry. The strategies to prevent the SARS-CoV-2 entry into host cells mainly contain therapeutic antibodies, 

peptide inhibitors, and engineered ACE2. 
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ropensity score-matched case-control study to assess the effectiveness

f convalescent plasma therapy in 39 patients, and results showed that

upplemental oxygen requirements were reduced with increased sur-

ival in plasma recipients compared to the matched controls. The mass

onvalescent plasma clinical trials have since been initiated; however,

any hospitals deployed convalescent plasma without clinical support

ata, mostly due to the urgency of the pandemic [44] . 

It is worth noting that the plasma component can differ significantly

mong convalescent patients. The viral neutralization titer of collected

lasma against SARS-CoV-2 should be measured before treatment. Oth-

rwise, transfusions of plasma without neutralizing antibodies will have

o impact on treatment [45] , and may even result in adverse immune

esponses caused by non-specific antibodies. Therefore, more large-scale

linical trials still need to be conducted for the evaluation of curative

ffects. Moreover, due to limited sources, convalescent plasma should

nly be used in emergency cases. 

. Therapeutic antibodies 

The antiviral activity of antibodies is mediated by the inhibition of

iral entry into host cells (neutralization) and by the effector functions

f antibodies as they recruit other components of the immune response

 Fig. 4 ) [ 46 , 47 ]. Human monoclonal antibodies are the most common

herapeutic strategy for human viral infections due to their high speci-

city, strong neutralizing activity and potentially low immunogenic-

ty. Trimeric S protein exposed on the viral surface, which mediates

eceptor binding and viral entry into host cells, is a dominant target

or SARS-CoV-2 neutralizing antibodies [11] . Currently, multiple SARS-

oV-2 specific monoclonal antibodies against the S protein have been

eveloped, and three monoclonal antibodies have been evaluated in

hase III trials ( Table 1 ). However, no therapeutic antibodies have been

pproved to treat COVID-19 to date. 

.1. Broadly neutralizing antibodies isolated from SARS-CoV infected 

ubjects 

The S protein shares high sequence similarity between SARS-CoV-

 and SARS-CoV, suggesting the possibility of conserved immunogenic
169 
urfaces on the RBD domain recognized by cross-neutralizing antibod-

es. One antibody (named S309), potently neutralizing SARS-CoV-2 and

ARS-CoV pseudoviruses as well as authentic SARS-CoV-2 [48] , was en-

ineered to have a longer half-life and is currently in a phase III clinical

rial, known as VIR-7831 and VIR-7832. 

Besides, some of the broadly neutralizing antibodies were effective

n vitro. A previously identified SARS-CoV-specific human monoclonal

ntibody from a convalescent SARS patient [49] , CR3022, was con-

rmed to bind potently to the SARS-CoV-2 RBD [50] . The neutralizing

ctivity of CR3022 against SARS-CoV-2 has not been conclusively de-

ned, although one study reported neutralization through destruction

f the prefusion S protein conformation [51] . In another study, H2L2

ice were immunized with the S protein of human coronavirus OC43

HCoV-OC43), SARS-CoV, and MERS-CoV, which resulted in the iden-

ification of one monoclonal antibody, 47D11, with cross-neutralizing

ctivity against SARS-CoV-2 and SARS-CoV [52] . Several monoclonal

ntibodies have also been identified that target the S glycoprotein of

ARS-CoV-2 from memory B cells of an individual who was infected

ith SARS-CoV in 2003 [48] . Similarly, using single B-cell sorting, mul-

iple human monoclonal antibodies against the viral S protein of SARS-

oV-2 were isolated from the memory B cells of a survivor infected

ith SARS-CoV [53] . Eight RBD-targeted antibodies showed potent and

road neutralization against SARS-CoV-2, SARS-CoV, and representative

ARS-like virus WIV1 by blocking receptor attachment and inducing S1

hedding, as demonstrated by cryogenic electron microscopy (cryo-EM)

tructure [53] . 

.2. Neutralizing antibodies isolated from SARS-CoV-2 infected individuals

SARS-CoV-2 infected patients produce SARS-CoV-2 specific antibod-

es, which can be rapidly isolated to develop therapeutic neutralizing

ntibodies. Several of them have been developed and tested in clini-

al trials. Human monoclonal antibody CB6 was collected from recov-

red COVID-19 patients using SARS-CoV-2 RBD as the antigen. It can

trongly neutralized SARS-CoV-2 with an IC 50 of 0.036 𝜇g/mL. More-

ver, CB6 greatly decreased the viral load in the respiratory tract of

ARS-CoV-2-infected rhesus monkeys [54] and has entered a phase II

linical trial in China and USA with the name as JS016. A cocktail of
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Table 1 

Neutralizing antibodies for SARS-CoV-2. 

mAb name 

Screening 

method 

Affinity 

(K D ) 

Neutralizing 

activity)IC 50 ( 

SARS-CoV-2 

Neutralizing 

activity)IC 50 ( 

SARS-CoV 

Binding region 

of S protein 

Competing 

epitope 

Anti-viral activity in 

animal model 

Clinical trials 

/Ref 

47D11 

chimeric 

human IgG 

SARS-S 

hybridoma 

derived from 

immunized 

transgenic 

H2L2 mice 

S1: 

10.8 ± 2.46 nM 

S1 B : 9.56 ± 2.68 

nM 

Pseudoviruses: 

0.08 𝜇g/mL 

Authentic 

viruses: 

0.57 𝜇g/mL 

Pseudoviruses: 

0.06 𝜇g/mL 

Authentic 

viruses: 

0.19 𝜇g/mL 

S1 B Non-ACE2- 

competing 

N/A [52] 

S309 

human IgG 

SARS-CoV-2- 

reactive 

memory B cell 

from 

convalescent 

SARS-CoV 

patients 

S1: 

0.0428 nM 

S1 B : 

1 pM 

Pseudoviruses: 

0.24 𝜇g/mL 

Authentic 

viruses: 

0.079 𝜇g/mL 

Pseudoviruses: 

0.12–

0.18 𝜇g/mL 

S1 B Non-ACE2- 

competing 

N/A [48] NCT04545060 

P2B-2F6, 

P2C-1F11 

human IgG 

Single cell 

sorting of 

convalescent 

SARS-CoV-2 

patients 

S1 B : 

5.14 nM 

Pseudoviruses: 

0.05,0.03 𝜇g/mL 

Authentic 

viruses: 

0.41,0.03 𝜇g/mL 

N/A S1 B ACE2- 

competing 

N/A [64] 

CB6 

human IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

S1 B : 

2.49 nM 

Authentic 

viruses: 

0.036 𝜇g/mL 

N/A RBS ACE2- 

competing 

Prophylactic and 

therapeutic in 

rhesus monkeys at 

50 mg/kg 

[54] NCT04292340, 

NCT04327349, 

NCT04321421 

BD-368–2, 

BD-629 human 

IgG 

High- 

throughput 

single-cell 

sequencing of 

convalescent 

Patients’ B 

Cells 

S1 B : 

0.82 nM 

0.78 nM 

Pseudoviruses: 

1.2 ng/mL 

6 ng/mL 

Authentic 

viruses: 

15 ng/mL 

N/A RBM ACE2- 

competing 

Prophylactic and 

therapeutic in 

hACE2 mice at 

20 mg/kg 

[ 61 , 127 ] 

CC12.1 human 

IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

N/A Pseudoviruses: 

0.019 𝜇g/mL 

N/A S1 B ACE2- 

competing 

Prophylactic in 

hamster at 

16.5 mg/kg 

[63] 

4A8 

human IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

S1: 

92.7 nM 

S-ECD 

0.996 nM 

Pseudoviruses: 

49 𝜇g/mL 

Authentic 

viruses: 

0.61 𝜇g/mL 

N/A NTD Non-ACE2- 

competing 

N/A [67] 

ADI-55,689, 

56,046 human 

IgG 

SARS-CoV-2- 

reactive 

memory B cell 

from 

convalescent 

SARS-CoV 

patients 

N/A Pseudoviruses: 

~0.1 𝜇g/mL 

Authentic 

viruses: ~0.1 

𝜇g/mL 

Pseudoviruses& 

Authentic 

viruses: 

ADI-55,689: 

~0.01 𝜇g/mL 

ADI-56,046: 

~0.05 𝜇g/mL 

S1 B ACE2- 

competing 

ADI-56,046: 

ACE2 

&CR3022- 

competing 

N/A [53] 

ADI-55,690 

human IgG 

SARS-CoV-2- 

reactive 

memory B cell 

from 

convalescent 

SARS-CoV 

patients 

N/A Pseudoviruses: 

~1 𝜇g/mL 

Authentic 

viruses: 

~10 𝜇g/mL 

Pseudoviruses: 

~0.05 𝜇g/mL 

Authentic 

viruses: 

~0.05 𝜇g/mL 

S1 B ACE2- 

competing& 

CR3022- 

competing 

N/A [53] 

ADI-56,010 

human IgG 

SARS-CoV-2- 

reactive 

memory B cell 

from 

convalescent 

SARS-CoV 

patients 

N/A Pseudoviruses: 

~0.5 𝜇g/mL 

Authentic 

viruses: 

~1 𝜇g/mL 

Pseudoviruses& 

Authentic 

viruses: 

~0.05 𝜇g/mL 

S1 B ACE2- 

competing& 

CR3022- 

competing 

N/A [53] 

ADI-55,951 

human IgG 

SARS-CoV-2- 

reactive 

memory B cell 

from 

convalescent 

SARS-CoV 

patients 

N/A Pseudoviruses: 

~1 𝜇g/mL 

Authentic 

viruses: 

~5 𝜇g/mL 

Pseudoviruses& 

Authentic 

viruses: 

~0.01 𝜇g/mL 

S1 B ACE2- 

competing& 

CR3022- 

competing 

N/A [53] 

H014 

chimeric 

human IgG 

Biopanning of 

scFv 

phage-display 

library 

S1 B : 

0.096 nM 

Pseudoviruses: 

3 nM 

Authentic 

viruses: 38 nM 

Pseudoviruses: 

1 nM 

S1 B ACE2- 

competing 

Prophylactic in 

hACE2 mice at 

50 mg/kg 

[68] 

( continued on next page ) 
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Table 1 ( continued ) 

mAb name Screening 

method 

Affinity 

(K D ) 

Neutralizing 

activity)IC 50 ( 

SARS-CoV-2 

Neutralizing 

activity)IC 50 ( 

SARS-CoV 

Binding region 

of S protein 

Competing 

epitope 

Anti-viral activity in 

animal model 

Clinical trials 

/Ref 

REGN10933 

human IgG 

Single cell 

sorting of both 

spike and RBD 

immunized 

humanized 

mice and 

convalescent 

patients 

S1: 

4.17 nM 

S1 B : 

3.37 nM 

Pseudoviruses: 

0.0428 nM 

Authentic 

viruses: 0.0374 

nM 

N/A S1 B ACE2- 

competing 

N/A [55] 

NCT04426695 and 

NCT04425629 

REGN10987 

human IgG 

Single cell 

sorting of both 

spike and RBD 

immunized 

humanized 

mice and 

convalescent 

SARS-CoV-2 

patients 

S1: 

0.0428 nM 

S1 B : 

45.2 nM 

Pseudoviruses: 

0.0406 nM 

Authentic 

viruses: 0.0421 

nM 

N/A S1 B Non-ACE2- 

competing 

N/A [55] 

NCT04426695 and 

NCT04425629 

CV30 

human IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

S1 B : 

3.63 nM 

Pseudoviruses: 

0.03 𝜇g/mL 

N/A S1 B ACE2- 

competing 

N/A [128] 

B38, H4 

human IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

S1 B : 

70.1 nM 

4.48 nM 

Authentic 

viruses: 

0.177 𝜇g/mL 

0.896 𝜇g/mL 

N/A S1 B ACE2- 

competing 

Therapeutic in 

hACE2 mice at 

25 mg/kg 

[65] 

CV07–209 

human IgG 

Single cell 

sorting of 

SARS-CoV-2 

infected 

patients 

S1 B : 

2.5 nM 

Authentic 

viruses: 

3.1 ng/mL 

N/A S1 B ACE2- 

competing 

Prophylactic and 

therapeutic in 

hamster at 

18 mg/kg 

[129] 

W25 

alpaca V H H 

E. coli surface- 

displayed V H H 

library derived 

from 

immunized 

alpaca 

S1 B : 

0.295 nM 

Authentic 

viruses: 9.82 

nM 

D614G variant 

authentic 

viruses: 

5.09 nM 

N/A S1 B ACE2- 

competing 

N/A [69] 

Sb23 

humanized 

llama VH 

Biopanning of 

synthetic 

nanobodies 

library 

S1: 

4.9 nM 

Pseudoviruses: 

0.6 𝜇g/mL 

N/A RBS ACE2- 

competing 

N/A [70] 

Nb11–59 

llama V H H 

Biopanning 

from a phage 

displayed 

libraries 

derived from 

immunized 

camels 

S1 B : 

21.6 nM 

Authentic 

viruses: 

0.55 𝜇g/mL 

N/A S1 B ACE2- 

competing 

N/A [71] 

MR3 

humanized 

V H H 

Biopanning 

from a 

ribosome and 

phage 

displayed 

synthetic 

nanobodies 

library 

S1 B : 

1 nM 

Pseudoviruses: 

0.4 𝜇g/mL 

N/A S1 B ACE2- 

competing 

N/A [72] 

n3130 

human VH 

Biopanning 

from a fully 

human VH 

phage 

displayed 

library 

S1: 

55.39 nM 

Pseudoviruses: 

0.7 𝜇g/mL 

Authentic 

viruses: 

15 𝜇g/mL 

N/A S1 B Non-ACE2- 

competing & 

CR3022- 

competing 

N/A [73] 

n3088 

human VH 

Biopanning 

from a phage- 

displayed fully 

human VH 

library 

S1: 

3.7 nM 

Pseudoviruses: 

0.51 𝜇g/mL 

Authentic 

viruses: 

15 𝜇g/mL 

N/A S1 B Non-ACE2- 

competing & 

CR3022- 

competing 

N/A [73] 

V H -Fc ab8 

human VH 

fused to Fc 

Biopanning 

from a phage- 

displayed fully 

human VH 

library 

S1 B : 

0.54 nM 

Pseudoviruses: 

0.03 𝜇g/mL 

Authentic 

viruses: 

0.04 𝜇g/mL 

N/A S1 B ACE2- 

competing 

Prophylactic in 

mice at 8 mg/kg & 

prophylactic and 

therapeutic in 

hamster at 

10 mg/kg 

[74] 

( continued on next page ) 
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Table 1 ( continued ) 

mAb name Screening 

method 

Affinity 

(K D ) 

Neutralizing 

activity)IC 50 ( 

SARS-CoV-2 

Neutralizing 

activity)IC 50 ( 

SARS-CoV 

Binding region 

of S protein 

Competing 

epitope 

Anti-viral activity in 

animal model 

Clinical trials 

/Ref 

Trivalent Nb6 

humanized 

V H H 

Biopanning 

from a yeast 

surface- 

displayed 

synthetic 

nanobody 

library 

S1: 

< 1 pM 

Pseudoviruses: 

1.2 nM 

Authentic 

viruses: 0.16 

nM 

N/A S1 B ACE2- 

competing 

N/A [75] 

Nbs 21 

llama V H H 

Panning from 

an immunized 

camel through 

proteomics 

S1 B : 

< 1 pM 

Pseudoviruses: 

0.7 ng/mL 

Authentic 

viruses: 

0.3 ng/mL 

N/A S1 B ACE2- 

competing 

N/A [76] 

VHH-72-Fc 

llama V H H 

fused to Fc 

Panning from a 

phage- 

displayed 

library of 

immunized 

llama 

N/A Pseudoviruses: 

0.2 𝜇g/mL 

Neutralize 

pseudoviruses 

S1 B ACE2- 

competing 

N/A [77] 

Ty1 

llama V H H 

Biopanning 

from a phage- 

displayed 

library of 

immunized 

llama 

S1 B : 

5–10 nM 

Pseudoviruses: 

0.77 𝜇g/mL 

N/A S1 B ACE2- 

competing 

N/A [78] 

H11-H4-Fc 

llama V H H 

fused to Fc 

Biopanning 

from a phage- 

displayed 

library of llama 

N/A Authentic 

viruses: 4 nM 

N/A S1 B ACE2- 

competing 

N/A [79] 

N/A: not available. 
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o  

l  
wo potent neutralizing antibodies, REGN10987 and REGN10933, tar-

eting non-overlapping epitopes on the SARS-CoV-2 S protein, were

erived from genetically humanized mice immunized by SARS-CoV-2

rotein and convalescent humans, respectively [55] . These two anti-

odies can greatly reduce viral load in lower and upper airways and

ecrease virus induced pathological sequelae when administered pro-

hylactically or therapeutically in rhesus macaques. Similarly, adminis-

ration in hamsters decreases lung titers and evidence of pneumonia

n the lungs [56] . This antibody cocktail is one of the most potent

herapeutic antibodies against SARS-CoV-2 with low pM activity and

s being evaluated in a phase III clinical trial. Baum et al. tested nat-

ral variants and possible emergence of escape mutants following an-

ibody treatment, indicating that a combination of antibodies binding

o distinct and non-overlapping regions of the viral target is a powerful

ay to minimize mutational escape [57] . To tackle the escaping SARS-

oV-2 variants that may emerge, various epitope-targeted antibodies

hould be developed and combined as therapeutics. Many natural mu-

ations have already been identified in the spike protein of SARS-CoV-

 ( https://bigd.big.ac.cn/ncov/variation/statistics?lang = en ). Among

hem, a variant with the D614G mutation has rapidly become the domi-

ant pandemic form probably due to its fitness advantage [58] . Indeed,

he emergence of antibody or convalescent plasma-resistant SARS-CoV-

 variants has been confirmed [ 59 , 60 ]. Therefore, antibody cocktails

re a promising strategy to decrease the potential for the emergence of

irus escape mutants. 

There are also a number of antibodies that have shown protective ef-

cacy in animal models. A group isolated 8558 antigen-binding IgG1 + 

lonotypes from 60 convalescent patients, and 14 potent neutralizing

ntibodies were identified, with the most potent one, BD-368–2, target-

ng an ACE2 binding site and exhibiting an IC 50 of 1.2 and 15 ng/mL

gainst pseudotyped and authentic SARS-CoV-2, respectively. BD-368–

 also displayed strong therapeutic and prophylactic efficacy in SARS-

oV-2-infected hACE2-transgenic mice [61] . A combination of BD-368–

 and BD-629 represents a potent cocktail of two distinct epitope-

inding antibodies and can rescue mutation-induced neutralization es-

apes of BD-368–2 [62] . Another study also reported the identification
172 
f over 1800 antibodies from a cohort of SARS-CoV-2 recovered partic-

pants using a novel high-throughput antibody discovery platform. One

uman monoclonal antibody (mAb) CC12.1 has an in vitro IC 50 neu-

ralization of 0.019 𝜇g/mL and provides protection against SARS-CoV-2

nfection in Syrian hamsters [63] . 

Moreover, numerous SARS-CoV-2 antibodies have been identified by

eutralization assays in vitro . Ju et al. isolated 206 RBD-specific antibod-

es from eight individuals infected with SARS-CoV-2, and three mono-

lonal antibodies displayed neutralization against authentic SARS-CoV-

. The most potent antibody, P2C-1F11, neutralized authentic SARS-

oV-2 with an IC 50 value of 0.03 𝜇g/mL by blocking the interaction

f RBD and ACE2 [64] . The antibody is not cross-reactive with SARS-

oV. RBD-specific mAbs H4 and B38 were isolated from a convalescent

atient and found to inhibit viral infection by blocking the RBD from

inding to ACE2. Since H4 and B38 bind to different epitopes, the two

ntibodies can bind simultaneously and exhibit additive viral inhibition

ffects [65] 

In some coronaviruses, the N-terminal domain (NTD) may recognize

pecific sugar moieties upon initial attachment and might play an im-

ortant role in the pre-fusion to post-fusion transition of the S protein.

he NTD of the MERS-CoV S protein can serve as a critical epitope for

eutralizing antibodies [66] . So far, several SARS-CoV-2 neutralizing

ntibodies against NTD also have been isolated from convalescent pa-

ients [ 53 , 67 ]. For example, a fully human neutralizing mAb, 4A8, rec-

gnizes a vulnerable epitope of the NTD on the S protein of SARS-CoV-2

nd acts through a mechanism that is independent of receptor binding

nhibition but may restrain the conformational changes of the S pro-

ein. These NTD-targeting antibodies may be useful for combining with

BD-targeting antibodies in therapeutic cocktails. 

.3. Neutralizing antibodies isolated from phage-displayed library 

Phage-display technology has also been applied in the biopanning

f SARS-CoV-2 antibodies. H014, screened from a scFv phage-display

ibrary that was prepared from the mice immunized with recombinant

https://bigd.big.ac.cn/ncov/variation/statistics?lang=en
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a  
ARS-CoV RBD, prevents attachment of SARS-CoV-2 to ACE2, and pro-

ects against SARS-CoV-2 in the ACE2 humanized mouse model [68] . 

An attractive alternative for mAbs is single-domain antibodies from

amelid immunoglobulins, termed VHH, or nanobody (Nb), which are

he smallest naturally occurring antibody with a molecular weight of

2–15 kilodaltons (kDa). The small size and favorable biophysical char-

cteristics make nanobodies particularly suitable for the treatment of

he respiratory diseases COVID-19 by inhaled delivery. Fully human

bs W25 [69] , Sb23 [70] , Nb11–59 [71] , and MR3 [72] were found

o potently bind to the SARS-CoV-2 RBD and neutralize SARS-CoV-2 in-

ection by blocking the RBD-ACE2 interaction. Fully human Nbs n3088

nd n3130, which were found to be synergistic with n3113, neutralize

ARS-CoV-2 by targeting a cryptic epitope located in the spike trimeric

nterface, demonstrating the advantage of the small-size of Nbs [73] .

y directly interfering with ACE2 binding, the fully human bivalent ab8

74] , trivalent Nb6 [75] , Nb20 and Nb21 [76] exhibited higher avidity

o the S protein, and correlated with a stronger neutralization of SARS-

oV-2 than the respective monomeric Nbs. VHH-72 [77] , Ty1[78], H11-

4 and H11-H4 [79] , isolated from dromedary llamas or alpaca, rec-

gnize epitopes on the RBD and have been demonstrated to neutralize

seudotyped and/or authentic SARS-CoV-2. In light of the discovery that

b can be humanized to reduce the risk of immunogenicity [80] , multi-

erize or cooperate with other mAbs by a variety of means to enhance

alf-life and avidity [81] , and expressed in high quantities in bacteria

r yeast, Nb is an excellent candidate for COVID-19 treatment from a

iopharmaceutical manufacturing perspective. 

With such a great number of SARS-CoV-2 antibodies developed,

ome characteristics of SARS-CoV-2 neutralizing antibodies have also

een discovered. Some studies found that neutralizing mAbs target-

ng SARS-CoV-2 S protein are minimally mutated [82] and show lit-

le somatic mutation over time [83] . For instance, it was found that

he immunoglobulin heavy-chain variable region 3–53 gene was the

ost frequently used among 294 RBD-targeted antibodies, which have

ew somatic mutations [84] . Besides, through analysis of humoral re-

ponses in SARS-CoV-2 infected patients, most antibodies in plasma tar-

et non-neutralizing epitopes that are outside the RBD [83] . However,

he most potent neutralizing antibodies are SARS-CoV-2 RBD-specific

hat account for 90% of plasma neutralizing activity [85] , indicating

ARS-CoV-2 RBD is immunodominant. Collectively, the epitope of the

CE2-binding site on RBD, named receptor binding motif (RBM), domi-

ates SARS-CoV-2 polyclonal neutralizing antibody responses [85] and

nduces strongly neutralizing antibodies [86] . These findings should fa-

ilitate the design of antigens that elicit specific neutralizing antibody

esponses. 

. Viral inhibitors targeting ACE2 

As the critical receptor of SARS-CoV-2, additional exogenous ACE2

o block the interaction of virus and host cells is regarded as a poten-

ial therapeutic strategy for preventing the replication of SARS-CoV-2

 Fig. 4 ). Human recombinant soluble ACE2 (hrsACE2, amino acids 1–

40) showed dose-dependent inhibition of viral growth in Vero-E6 cells,

s well as significant blocking of SARS-CoV-2 infection in engineered

uman blood vessel organoids and kidney organoids, with no toxicity

o the organoids. Additionally, it was well tolerated in 27 healthy sub-

ects of a phase II clinical study [87] . However, hrsACE2 has a half-life of

nly 10 hours, which limits its clinical application. Therefore, additional

pproaches were taken to engineer ACE2 protein with a longer-lasting

ffect in vivo . Lei et al. [88] constructed a fusion protein ACE2-Ig con-

isting of the extracellular domain of human ACE2 and the Fc region

f human IgG1, and reported that ACE2-Ig could inhibit the entry of

seudovirus SARS-CoV-2 into 293T cells and A549 cells with an IC 50 

f 0.1 𝜇g/mL and exhibit desired pharmacological properties. Addition-

lly, it potently inhibited the cell fusion mediated by the S protein of

ARS-CoV-2 with IC 50 values of 0.65 𝜇g/mL. Although pharmacokinetic

tudies have not been conducted, ACE2-Ig is very likely to provide long-
173 
asting effects in vivo , based on a previous study showing that ACE2-Ig

usion protein retained full peptidase activity and had a plasma half-life

f over a week [89] . Since exogenous ACE2 has already been developed

or treatment of SARS-CoV, it can be rapidly deployed for the treatment

f COVID-19. 

The structural-based computational design of small peptides pro-

ides an efficient way to quickly identify potential therapeutics for

merging diseases. A peptide inhibitor was designed to include 𝛼1-, 𝛼2-

elices and the residues 349–357 of ACE2, which are the 15 critical

esidues involved in the ACE2-RBD interaction [90] . Cao et al. [91] de-

igned peptides incorporating the 𝛼-helix of ACE2, which makes more

nteractions with the RBD. A variant, AHB1, by affinity maturation of

he ACE2-scaffolded using PCR mutagenesis, potently bound RBD with

n affinity of 1 nM and blocked the interaction of RBD with ACE2 on

argeted cells. The smaller size and the stabilization traits of peptide in-

ibitors derived from ACE2 permit its potential application of intranasal

dministration or nebulization in clinics. These two examples illustrate

he power of computational protein design for rapidly generating poten-

ial therapeutic candidates against SARS-CoV-2. 

The autologous nature of ACE2-based drugs eliminates the risk of

mmunogenicity, and their small-molecular weight makes them optimal

or inhalation administration for direct delivery to the lung. Neverthe-

ess, it is worth noting that the effect on the ACE2/angiotensin axis with

egards to blood pressure and kidney function has yet to be determined.

. Peptide inhibitors 

The trimeric hairpin structure formed by HR1 and HR2 regions in

he S2 subunit of SARS-CoV-2 plays a key role during the viral mem-

rane fusion process, which makes it an attractive target for drug de-

ign. A pan-coronavirus fusion inhibition peptide, EK1 [92] , exhibits

ffective inhibitory activity against SARS-CoV-2 virus and pseudovirus

ith IC 50 values of 0.19 μM and 2.38 μM, respectively [93] . However,

rystallographic analysis revealed more potent stability of trimeric hair-

in structure in SARS-CoV-2 than that of SARS-CoV, which might re-

uce the antiviral efficacy of EK1 [94] . By conjugating the cholesterol

olecule to the EK1, Xia et al. [94] found that the lipopeptide, denoted

s EK1C4, potently inhibited SARS-CoV-2 S-mediated membrane fusion

nd pseudovirus infection, about 240- and 150-times more than EK1, re-

pectively. A novel HR2-derived peptide, designated 2019-nCoV-HR2P

aa1168–1203), could significantly inhibit SARS-CoV-2 pseudovirus in-

ection with an IC 50 value of 0.98 μM [93] . Given that the peptide-

argeting sequences in HR1 and HR2 domains are highly conserved,

ARS-CoV-2 fusion inhibition peptides possess a broad-spectrum anti-

oronavirus activity and prevent drug-resistant mutations. In addition,

hey can be used by inhalation formulation, which would be beneficial

or treating COVID-19 and other coronaviruses. 

. Interferon (IFN) family 

The IFN response constitutes the major first line of defense against

iral infections. Type I IFNs are secreted by plasmacytoid dendritic cells

nd contain five subtypes in humans, IFN- 𝛼, IFN- 𝛽, IFN- 𝜀 , IFN- 𝜅, and

FN- 𝜔 . Type I IFNs bind to the ubiquitously expressed type I IFN recep-

or (IFNAR) and activate powerful antiviral defense. Type III IFNs (IFN-

) bind to the type III IFN receptor (IFNLR), preferentially expressed

n epithelial cells and certain myeloid cells. After viral infection, many

iral proteins are dedicated to modulating the host IFN response and

esult in highly impaired IFN production in patients [95] , which could

ontribute to disease progression and severity. These mechanisms have

een extensively investigated for SARS-CoV, MERS-CoV and SARS-CoV-

 [96] . As critical antiviral agents, without approved antiviral therapeu-

ics or vaccines to this ongoing global threat, IFN therapy could serve

s a treatment option for COVID-19. 

IFN- 𝛼 and IFN- 𝛽 have been demonstrated to have inhibitory activity

gainst SARS-CoV-2 in vitro and in vivo , and are more sensitive than
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any other human pathogenic viruses, including SARS-CoV [97] . In

hese studies, pre-treatment with IFN- 𝛼 or IFN- 𝛽 drastically reduced vi-

al titers. These findings suggest that type I IFNs may be effective as a

rophylactic agent or an early treatment option for SARS-CoV-2. In a

etrospective study, early administration of IFN 𝛼2b reduced in-hospital

ortality in COVID-19 patients [98] . In fact, nebulized IFN- 𝛼 has been

ecommended as an antiviral agent in the national guidelines for the

reatment of COVID-19 patients (published by Chinese Center for Dis-

ase Prevention and Control (CDC)), and in combination with Ribavirin

r lopinavir/ritonavir to treat severe COVID-19 patients. 

Studies have shown that IFN- 𝛽, particularly the 𝛽1 subtype (IFN- 𝛽1a

r IFN- 𝛽1b), is a more potent inhibitor than IFN- 𝛼 in coronavirus infec-

ions and thus INF- 𝛽1 is also a potential COVID-19 treatment. INF- 𝛽1

xerts anti-viral activity by maintaining the endothelial barrier function

f the lungs via up-regulation of cluster of differentiation 73 (CD73)

n lung endothelial cells and secretion of anti-inflammatory adenosine

99] . IFN- 𝛽1 and IFN- 𝛾1 treatment has been shown to inhibit SARS-CoV-

 infection in primary human airway epithelial cells [100] . A random-

zed clinical trial carried out in severe COVID-19 patients concluded

hat early subcutaneous administration of IFN- 𝛽1a, in addition to hy-

roxychloroquine plus lopinavir-ritonavir or atazanavir-ritonavir, sig-

ificantly increased discharge rate on day 14 and decreased 28-day mor-

ality compared to the control group without IFN- 𝛽1a administration

101] . Additionally, treatment with inhaled IFN- 𝛽1a reduced the odds

f developing dyspnea and severe disease by 79% in patients, compared

o the placebo group [102] . An open-label, randomized, phase II trial

f 127 participants showed that early triple antiviral therapy (IFN- 𝛽1b,

opinavir-Ritonavir, and Ribavirin) was safe and superior to lopinavir-

itonavir alone in alleviating symptoms and shortening the duration

f viral shedding and hospital stay in patients with mild to moderate

OVID-19 [103] . 

Unlike type I IFNs which are already widely used in clinics, type III

FNs are not yet approved for any indication. Nevertheless, the unique

ualities of type III IFN including being response-focused, long-lasting,

nd non-inflammatory, render IFN- 𝜆 an attractive intervention strategy

n COVID-19. In previous studies, IFN- 𝜆 administration has been shown

o offer therapeutic and protective effects similar to IFN- 𝛼 but more pro-

ective than IFN- 𝛽 in mice challenged with influenza A virus [ 104 , 105 ].

n particular, IFN- 𝜆 treated mice have no appreciable immunopathology,

hile IFN- 𝛼4 exacerbated the disease by promoting pro-inflammatory

ytokine secretion and immune cell infiltration. A recent study showed

hat SARS-CoV-2 is sensitive to IFN- 𝜆. In a newly developed mouse

odel of SARS-CoV-2 infection, both prophylactic and therapeutic ad-

inistration of pegylated IFN- 𝜆1a diminished SARS-CoV-2 replication

106] . Therefore, clinical use of IFN- 𝜆 in COVID-19 holds promise,

nd clinical trials are under way (NCT04343976, NCT04331899). Some

tudies indicated that the detrimental activities of IFN- 𝜆 only occur upon

hronic exposure and in the presence of tissue damage [107] . Therefore,

ype III IFNs may help to achieve a sustained antiviral state that limits

iral spread in the lower airway as well as the lung. 

Taken together, IFNs are promising as repurposed drugs for COVID-

9 treatment. Early administration prior to viral peak or as a prophylac-

ic treatment may offer maximal protection without appreciable pathol-

gy. Combination administration with other antiviral drugs could result

n more potent therapeutic effects. 

. Anti-inflammation pharmaceuticals 

SARS-CoV-2 infection is capable of triggering aggressive inflamma-

ory responses with the release of a large amount of pro-inflammatory

ytokines in an event known as “cytokine storm ”, which leads to ARDS

ggravation and widespread tissue damage resulting in multi-organ fail-

re and death. Therapeutic strategies targeting cytokines, accompanied

y other anti-inflammation methods, during the management of COVID-

9 patients could improve survival rates and reduce mortality ( Table 2 ).
174 
.1. IL-6 inhibitors 

IL-6 is one of the major cytokines that amplifies the immune re-

ponse and mediates lung damage and respiratory failure during cy-

okine storm. In COVID-19 patients, the IL-6 level was observed to be

lmost two-fold higher in severe patients compared with mildly symp-

omatic patients [108] . Inhibition of IL-6 was speculated to be effective

n treating severe COVID-19 patients. As a humanized monoclonal an-

ibody against IL-6 receptor (IL-6R), Tocilizumab (Actemra, Roche) has

een approved for the treatment of severe COVID-19 patients with ele-

ated levels of IL-6. In a retrospective study, 20 severe or critical patients

eceived five days of Tocilizumab treatment, and it was found that the

linical symptoms are effectively improved, as demonstrated by signifi-

antly lower C-reactive protein levels and percentage of peripheral lym-

hocytes [109] . However, the study did not include a control group. In

nother study enrolling 450 severe COVID-19 patients in a double-blind,

lacebo controlled, randomized clinical trial, the tocilizumab group did

ot decrease 4-week mortality or make improvement in clinical symp-

oms over a 4-week period (NCT04320615). Sarilumab is another anti-

L-6R antibody approved by the FDA for the treatment of rheumatoid

rthritis. However, in a phase III randomized clinical trial among hospi-

alized patients with COVID-19, no therapeutic benefit was observed in

he Sarilumab treatment group compared with the control group both on

 seven-point ordinal scale and mortality (NCT04315298). Even though

L-6 inhibitors have shown a corrective effect on cytokine over-release

n some severe patients, the large-scale, randomized clinical trials failed

o show promising results. More studies are needed to investigate the

se of IL-6 inhibition as a therapy for COVID-19 patients. 

.2. IL-1 𝛽 inhibitors 

IL-1 𝛽 is another pro-inflammatory interleukin produced following

mmune recognition of SARS-CoV-2. A cohort study enrolling 96 pa-

ients found that 10-day subcutaneous administration of Anakinra, an

L-1 receptor antagonist, reduced the mortality and need for invasive

echanical ventilation significantly in patients with COVID-19-related

ilateral pneumonia, typical lung infiltrates, or signs of respiratory fail-

re [110] . Another retrospective cohort study also reported that high-

ose intravenous Anakinra benefited COVID-19 patients by decreasing

ortality, serum C-reactive protein, and improving clinical status [111] .

nakinra has shown a survival benefit without increased adverse events

n sepsis patients with hyperinflammation in a phase III randomized con-

rolled trial [112] , which may be helpful in controlling hyperinflamma-

ion status in COVID-19 patients. 

.3. GM-CSF antagonists 

GM-CSF can induce macrophages and neutrophils to secret pro-

nflammatory cytokines such as IL-1, IL-6 and IL-23, as well as stim-

late multiple downstream signal pathways that have effects on acti-

ation and differentiation of myeloid cells after binding to its receptor

113] . Given the critical role of GM-CSF in inflammation, an antibody

gainst GM-CSF receptor- 𝛼 (GM-CSFR 𝛼) to block downstream signaling

as considered an option for treating hyperinflammation in COVID-19

atients. Mavrilimumab is an antibody targeting GM-CSFR 𝛼 that has

ndergone phase I and phase II efficacy and safety clinical trials in pa-

ients with rheumatoid arthritis [114] . In a COVID-19 cohort study, the

avrilimumab treated group showed earlier improvement from pneu-

onia and systemic hyperinflammation, as well as lower mortality than

he controlled patients receiving only standard care [115] . Compared

ith other potential anti-cytokine agents like IL-6 inhibitors, inhibition

f GM-CSFR 𝛼 exhibits effects on the upstream inflammatory cascades,

hich could yield robust results, though placebo-controlled randomized

rials are needed to confirm these initial findings. 
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Table 2 

Potential anti-inflammation biotherapeutics for COVID-19. 

Mechanism/Clinical status 

IL-6 inhibitors Blockade of IL-6 receptor and its downstream pro-inflammatory pathways 

Tocilizumab Phase III clinical trial didn’t show expected clinical benefit (NCT04320615) 

Sarilumab Phase III clinical trial didn’t show expected clinical benefit (NCT04315298) 

IL-1 𝛽 inhibitors Blockade of IL-1 𝛽 receptor and its downstream pro-inflammatory pathways 

Anakinra A case-control study of 19 COVID-19 patients with moderate to severe ARDS, 

and hyperinflammation indicated efficacy [110] 

GM-CSF inhibitors Blockade of GM-CSF receptor- 𝛼 on an upstream of inflammatory cascades 

Mavrilimumab A case-control study of 13 COVID-19 patients with pneumonia, hypoxia, 

and systemic hyperinflammation indicated efficacy[115] 

Complement 

inhibitors 

Blockade of C3 or C5 and its cascades of membrane attack complex formation 

AMY101 A case reported successful treatment of a COVID-19 patient with ARDS [ 130 ] 

Zilucoplan Under phase II clinical trial (EudraCT 2020–001736–95) 

Eculizumab Successful treatment of four COVID-19 patients with ARDS or severe pneumonia [118] 

Ravulizumab Under phase III clinical trial (NCT04369469) 

CD6 inhibitors Blockade of CD6 to attenuate T cell infiltration and cytokine expression 

Itolizumab Approved by CDSCO for ‘restricted emergency use’ for the treatment of CRS in moderate to severe ARDS patients with COVID-19. 

Table: Potential anti-inflammation biotherapeutics for COVID-19. 

Last search run on 29 October using https://clinicaltrials.gov and https://pubmed.ncbi.nlm.nih.gov . 

ARDS = acute respiratory distress syndrome. 

CDSCO = Indian Central Drug Standard Control Organisation. 

CRS = cytokine release syndrome. 
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h  
.4. Complement-targeted therapeutics 

Severe COVID-19 patients have been reported to possess significant

omplement activation in their lung and sera, and the complement cas-

ade has also been speculated as a promoter of cytokine storm, lung

nflammation, and thrombotic microangiopathy (TMA) in COVID-19

116] . Several complement-targeted therapeutic candidates have been

eveloped and undergone various stages of clinical trials. A complement

3 inhibitor, AMY-101, was reported to successfully restore the normal

ung function in a COVID-19 patient with severe ARDS after 14 days

f treatment [117] . Anti-complement C5 therapy with Eculizumab also

ownregulated inflammatory markers and promoted recovery of four

CU COVID-19 patients [118] . Several complement therapeutics target-

ng C3 or C5, such as APL-9, AMY-101, Zilucoplan, Eculizumab, and

avulizumab are in phase II or III clinical trials [119] to evaluate their

mmune modulatory efficacy for COVID-19. 

.5. CD6 inhibitors 

CD6 is a co-stimulatory molecule required for optimal T-cell stimu-

ation by antigen-presenting cells, which is crucial in T-cell proliferation

o form Th1 and Th17 cells. A humanized IgG1 monoclonal antibody,

tolizumab (Alzumab, Biocon Ltd.), specifically binds to domain 1 of

D6 and downregulates the transcription of pro-inflammatory cytokine

enes, thus leading to decreased levels of IFN- 𝛾, IL-6, and TNF- 𝛼, result-

ng in attenuation of cytokine storm and T cell infiltration. Itolizumab

as initially developed for various cancers and was later approved in

ndia in 2013 for treatment of moderate to severe chronic plaque psori-

sis [120] . Considering its unique mechanism of action in ameliorating

RS, which is the leading cause of death in COVID-19, itolizumab has

een repurposed for COVID-19. In a trial conducted in Cuba, 94.7% of

he patients were discharged after two weeks. Similarly, a prospective,

andomized, placebo-controlled phase II trial was conducted in 30 se-

ere COVID-19 patients in India and showed therapeutic benefits, as

videnced by significant improvement in blood oxygen levels, reduced

evels of proinflammatory cytokines, and reduced mortality rate (CTRI

umber: CTRI/2020/05/024959). Due to these positive results, the In-

ian Central Drug Standard Control Organisation (CDSCO) approved

tolizumab for “restricted emergency use ” for the treatment of CRS in

oderate to severe ARDS patients with COVID-19. 
175 
Taken together, hyperinflammatory status with incapacitated de-

ense against viral invasion was found in many COVID-19 patients

nd can be eased by anti-inflammation therapeutics. However, anti-

nflammation drugs should be used only for a limited period of time,

nd patients should be carefully monitored to avoid severe infections

121] . The existing large-scale, randomized clinical trials may not sup-

ort the beneficial outcome of some agents, but anti-inflammation ther-

py is probably needed for patients with life-threatening COVID-19 dis-

ase. 

. Nucleic acid-based therapy 

A promising approach for a more specific anti-viral therapy could

e based on endogenous RNA interference (RNAi) mechanisms whose

hysiological goal is to regulate protein synthesis events. RNAi has been

dopted for anti-viral therapy using synthetic double-stranded small in-

erfering RNAs (siRNAs) with 19–27 nucleotides, or in situ production

f short hairpin RNAs (shRNAs) by silencing the post-transcriptional

xpression of homologous target genes to degrade the viral RNA and

revent viral replication. RNAi has been widely investigated for treat-

ng previously encountered coronaviruses, including SARS-CoV [122] .

herefore, a similar line of investigation would be a promising treatment

gainst SARS-CoV-2. Vir Biotechnology and Alnylam Pharmaceuticals

ave reported a joint endeavor to explore a library of siRNAs targeting

ll available SARS-CoV-2 and SARS-CoV genomes, including targets in

ighly conserved regions of the coronavirus RNAs. A candidate com-

ound, VIR-2703 (also referred to as ALN 

–COV), was shown to have an

C 50 of less than 100 pM and an IC 95 of less than 1 nM in the SARS-CoV-

 authentic virus model, and thus will be advanced as an inhalational

ormulation for the potential treatment and/or prevention of COVID-

9. The siRNAs developed by OilX Pharmaceuticals (Suwan, South Ko-

ea) also target highly conserved regions of coronavirus RNA that play

mportant roles in viral replication such as 3CL-protease, RdRp, and S-

rotein. To date, no therapeutic RNAi studies have been reported on

ARS-CoV-2 silencing. Therefore, the validation and safety of siRNAs

emain to be explored. 

. Conclusion and perspective 

Strong transmission capacity coupled with no effective therapeutics

as resulted in the continuing threat of COVID-19. Currently, several

https://clinicaltrials.gov
https://pubmed.ncbi.nlm.nih.gov
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accine candidates have entered phase III trials and might be available

ithin months [123] . Despite this, viral evolution might hamper the

rotective effects of vaccines, and some elderly or immunocompromised

ndividuals may not develop strong immune responses after vaccination

124] . Therefore, the situation demands an urgent need to explore all

otential therapeutic strategies that can be made available to prevent

he disease progression and improve patient outcomes. 

Currently, a total of 212 drug sets and 1796 unique drugs,

ncluding biotherapeutics related to COVID-19 research, have

een collected in the COVID-19 Gene and Drug Set Library

 https://amp.pharm.mssm.edu/covid19/ ) [125] . The 849 inter-

ctions, 25 targets, and 247 clinical trials of 639 drugs are also

hown in the CORDITE (CORona Drug InTEractions database,

ttps://cordite.mathematik.uni-marburg.de ) [126] . These databases

ccelerate drug design and allow the research community to work

ogether towards a cure for COVID-19. However, formulating appro-

riate biotherapeutics for COVID-19 treatment in the clinic is still a

onsiderable challenge for multiple reasons. The large-scale production

f biotherapeutics is usually complicated and expensive, which may

imit their application in developing countries. Biopharmaceutical

epurposing processes also have many challenges, such as prioritizing

rug candidates, overcoming limited intellectual property, and com-

eting with off-label use. To overcome these issues, it is rational to

onsider rapid initiation of therapy in high-risk populations, ideally in

he context of a prospective, randomized, placebo-controlled clinical

rial. 

Overall, development of biotherapeutics to treat COVID-19 has been

ourishing. Improving international collaboration and expanding clini-

al trials with large numbers of patients should be the way forward to

rovide significant and definitive results. As the clinical manifestation of

OVID-19 is a combination of multiple factors, the use of combination

herapy with biotherapeutics or other drugs is strongly recommended. 

eclaration of Competing Interest 

The authors declare that they have no conflict of interest. 

cknowledgments 

This work was supported by the National Key R&D Program of China

 2019YFA0904400 ), National Natural Science Foundation of China

 81822027 , 81630090 , 81902108 ), and National Megaprojects of China

or Major Infectious Diseases ( 2018ZX10101003–005–010 ). 

eferences 

[1] N. Zhu , D. Zhang , W. Wang , et al. , A novel coronavirus from patients with pneu-

monia in China, 2019, Nat. Rev. Immunol. 328 (2020) 727–733 . 

[2] M.Z. Tay , C.M. Poh , L. Rénia , et al. , The trinity of COVID-19: immunity, inflamma-

tion and intervention, Nat. Rev. Immunol. 20 (2020) 363–374 . 

[3] C.-.C. Lai , T.-.P. Shih , W.-.C. Ko , et al. , Severe acute respiratory syndrome coron-

avirus 2 (SARS-CoV-2) and corona virus disease-2019 (COVID-19): the epidemic

and the challenges, Int. J. Antimicrob. Agents 55 (2020) 105924 . 

[4] F. Wu , S. Zhao , B. Yu , et al. , A new coronavirus associated with human respiratory

disease in China, Nature 579 (2020) 265–269 . 

[5] D. Kim , J.-.Y. Lee , J.-.S. Yang , et al. , The architecture of SARS-CoV-2 transcriptome,

Cell 181 (2020) 914–921 . 

[6] A.C. Walls , Y.-.J. Park , M.A. Tortorici , et al. , Structure, function, and antigenicity

of the SARS-CoV-2 spike glycoprotein, Cell 183 (2020) 1735 . 

[7] B.J. Bosch , R. Van der Zee , C.A.M. de Haan , et al. , The coronavirus spike protein

is a class I virus fusion protein: structural and functional characterization of the

fusion core complex, J. Virol. 77 (2003) 8801–8811 . 

[8] D. Wrapp , N. Wang , K.S. Corbett , et al. , Cryo-EM structure of the 2019-nCoV spike

in the prefusion conformation, Science 367 (2020) 1260–1263 . 

[9] A.G. Wrobel , D.J. Benton , P. Xu , et al. , SARS-CoV-2 and bat RaTG13 spike glyco-

protein structures inform on virus evolution and furin-cleavage effects, Nat. Struct.

Mol. Biol. 27 (2020) 763–767 . 

[10] J.K. Millet , G.R. Whittaker , Host cell entry of Middle East respiratory syndrome

coronavirus after two-step, furin-mediated activation of the spike protein, Proc.

Natl Acad. Sci. USA 111 (2014) 15214–15219 . 

[11] M.A. Tortorici , D. Veesler , Structural insights into coronavirus entry, Adv. Virus

Res. 105 (2019) 93–116 . 
176 
[12] D.J. Benton , A.G. Wrobel , P. Xu , et al. , Receptor binding and priming of the spike

protein of SARS-CoV-2 for membrane fusion, Nature 588 (2020) 327–330 . 

[13] M. Hoffmann , H. Kleine-Weber , S. Schroeder , et al. , SARS-CoV-2 cell entry depends

on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor, Cell

181 (2020) 271–280 . 

[14] P.S. Masters , The molecular biology of coronaviruses, Adv. Virus Res. 66 (2006)

193–292 . 

[15] M. Romano , A. Ruggiero , F. Squeglia , et al. , A structural view of SARS-CoV-2

RNA replication machinery: RNA synthesis, proofreading and final capping, Cells

9 (2020) 1267 . 

[16] B. Korber , W.M. Fischer , S. Gnanakaran , et al. , Tracking changes in SARS-CoV-2

spike: evidence that D614G increases infectivity of the COVID-19 virus, Cell 182

(2020) 812–827 . 

[17] Q. Li , J. Wu , J. Nie , et al. , The impact of mutations in SARS-CoV-2 spike on viral

infectivity and antigenicity, Cell 182 (2020) 1284–1294 . 

[18] V.J. Munster , F. Feldmann , B.N. Williamson , et al. , Respiratory disease in rhesus

macaques inoculated with SARS-CoV-2, Nature 585 (2020) 268–272 . 

[19] W-j Guan , Z-y Ni , Y. Hu , et al. , Clinical characteristics of coronavirus disease 2019

in China, N. Engl. J. Med. 382 (2020) 1708–1720 . 

[20] N. Chen , M. Zhou , X. Dong , et al. , Epidemiological and clinical characteristics of 99

cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study,

Lancet 395 (2020) 507–513 . 

[21] C. Huang , Y. Wang , X. Li , et al. , Clinical features of patients infected with 2019

novel coronavirus in Wuhan, China, Lancet 395 (2020) 497–506 . 

[22] N.C. Peeri , N. Shrestha , M.S. Rahman , et al. , The SARS, MERS and novel coron-

avirus (COVID-19) epidemics, the newest and biggest global health threats: what

lessons have we learned? Int. J. Epidemiol. 49 (2020) 717–726 . 

[23] M. Merad , J.C. Martin , Pathological inflammation in patients with COVID-19: a

key role for monocytes and macrophages, Nat. Rev. Immunol. 20 (2020) 355–362 .

[24] D.J.N. Lewis , Mounting evidence suggests coronavirus is airborne —but health ad-

vice has not caught up, Nature 583 (2020) 510–513 . 

[25] Viner RM SnapeMD , COVID-19 in children and young people, Science 370 (2020)

286–288 . 

[26] R. Li , S. Pei , B. Chen , et al. , Substantial undocumented infection facilitates the rapid

dissemination of novel coronavirus (SARS-CoV-2), Science 368 (2020) 489–493 . 

[27] E.L. Anderson , P. Turnham , J.R. Griffin , et al. , Consideration of the Aerosol Trans-

mission for COVID-19 and Public Health, Risk Anal. 40 (2020) 902–907 . 

[28] X. He , E.H. Lau , P. Wu , et al. , Temporal dynamics in viral shedding and transmis-

sibility of COVID-19, Nature 26 (2020) 672–675 . 

[29] K.A. Prather , C.C. Wang , R.T.J.S. Schooley , Reducing transmission of SARS-CoV-2,

Science 369 (2020) 1422–1424 . 

[30] Z. Wu , J.M. McGoogan , Characteristics of and important lessons from the coron-

avirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72 314

cases from the Chinese Center for Disease Control and Prevention, J. Am. Med.

Assoc. 323 (2020) 1239–1242 . 

[31] P.M. George , A.U. Wells , R.G. Jenkins , Pulmonary fibrosis and COVID-19: the po-

tential role for antifibrotic therapy, Lancet Respir. Med. 8 (2020) 807–815 . 

[32] M. Menk , J.A. Graw , C. von Haefen , et al. , Angiotensin II type 2 receptor agonist

Compound 21 attenuates pulmonary inflammation in a model of acute lung injury,

J. Inflamm. Res. 11 (2018) 169–178 . 

[33] S. Matsuyama, M. Kawase, N. Nao, et al., The inhaled corticosteroid ciclesonide

blocks coronavirus RNA replication by targeting viral NSP15, bioRxiv (2020),

doi: 10.1101/2020.03.11.987016 . 

[34] P. Horby, W.S. Lim, J.R. Emberson, et al., Dexamethasone in hospitalized patients

with Covid-19 - preliminary report, N. Engl. J. Med. NLM (2020), doi: 10.1056/NE-

JMoa2021436 . 

[35] S. Esposito , M. Gnocchi , M. Gagliardi , et al. , Therapeutic strategies against

COVID-19, Acta Biomed. 91 (2020) e2020038 . 

[36] M. Wang , R. Cao , L. Zhang , et al. , Remdesivir and chloroquine effectively inhibit

the recently emerged novel coronavirus (2019-nCoV) in vitro , Cell Res. 30 (2020)

269–271 . 

[37] E.S. Rosenberg , E.M. Dufort , T. Udo , et al. , Association of treatment with hydroxy-

chloroquine or azithromycin with in-hospital mortality in patients with COVID-19

in New York state, J. Am. Med. Assoc. 323 (2020) 2493–2502 . 

[39] W. Tang , Z. Cao , M. Han , et al. , Hydroxychloroquine in patients with mainly mild

to moderate coronavirus disease 2019: open label, randomised controlled trial, Br.

Med. J. 369 (2020) m1849 . 

[38] K.W. Chan , V.T. Wong , S.C.W. Tang , COVID-19: an update on the epidemiological,

clinical, preventive and therapeutic evidence and guidelines of integrative Chine-

se–Western medicine for the management of 2019 novel coronavirus disease, Am.

J. Chin. Med. 48 (2020) 737–762 . 

[40] Y. Arabi , H. Balkhy , A.H. Hajeer , et al. , Feasibility, safety, clinical, and laboratory

effects of convalescent plasma therapy for patients with Middle East respiratory

syndrome coronavirus infection: a study protocol, Springerplus 4 (2015) 709 . 

[41] WHOUse of Convalescent Whole Blood Or Plasma Collected from Patients Recov-

ered from Ebola virus Disease For transfusion, As an Empirical Treatment During

Outbreaks, Interim guidance for national health authorities and blood transfusion

services, 2014 0.1186/s40064-015-1490-9 . 

[42] J. Mair-Jenkins , M. Saavedra-Campos , J.K. Baillie , et al. , The effectiveness of con-

valescent plasma and hyperimmune immunoglobulin for the treatment of severe

acute respiratory infections of viral etiology: a systematic review and exploratory

meta-analysis, J. Infect. Dis. 211 (2015) 80–90 . 

[43] S.T.H. Liu , H.M. Lin , I. Baine , et al. , Convalescent plasma treatment of se-

vere COVID-19: a propensity score-matched control study, Nat. Med. 26 (2020)

1708–1713 . 

https://amp.pharm.mssm.edu/covid19/
https://cordite.mathematik.uni-marburg.de
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0001
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0001
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0001
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0001
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0001
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0002
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0002
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0002
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0002
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0002
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0003
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0003
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0003
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0003
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0003
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0004
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0004
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0004
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0004
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0004
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0005
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0005
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0005
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0005
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0005
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0006
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0006
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0006
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0006
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0006
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0007
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0007
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0007
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0007
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0007
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0008
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0008
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0008
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0008
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0008
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0009
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0009
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0009
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0009
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0009
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0010
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0010
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0010
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0011
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0011
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0011
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0012
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0012
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0012
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0012
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0012
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0013
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0013
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0013
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0013
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0013
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0014
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0014
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0015
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0015
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0015
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0015
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0015
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0016
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0016
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0016
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0016
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0016
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0017
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0017
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0017
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0017
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0017
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0018
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0018
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0018
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0018
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0018
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0019
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0019
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0019
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0019
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0019
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0020
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0020
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0020
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0020
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0020
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0021
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0021
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0021
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0021
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0021
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0022
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0022
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0022
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0022
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0022
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0023
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0023
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0023
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0024
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0024
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0025
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0025
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0026
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0026
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0026
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0026
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0026
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0027
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0027
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0027
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0027
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0027
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0028
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0028
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0028
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0028
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0028
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0029
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0029
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0029
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0029
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0030
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0030
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0030
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0031
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0031
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0031
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0031
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0032
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0032
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0032
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0032
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0032
https://doi.org/10.1101/2020.03.11.987016
https://doi.org/10.1056/NEJMoa2021436
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0035
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0035
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0035
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0035
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0035
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0036
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0036
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0036
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0036
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0036
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0037
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0037
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0037
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0037
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0037
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0038
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0038
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0038
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0038
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0038
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0039
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0039
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0039
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0039
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0040
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0040
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0040
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0040
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0040
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0041
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0042
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0042
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0042
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0042
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0042
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0043
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0043
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0043
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0043
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0043


X. Tian, C. Li, Y. Wu et al. Fundamental Research 1 (2021) 166–178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

[  

 

 

[  

 

[  

 

[

[  

[  

 

[  

[  

[  

 

 

[44] C. Sheridan , Convalescent serum lines up as first-choice treatment for coronavirus,

Nat. Biotechnol. 38 (2020) 655–658 . 

[45] L. Li , W. Zhang , Y. Hu , et al. , Effect of convalescent plasma therapy on time to

clinical improvement in patients with severe and life-threatening COVID-19: a ran-

domized clinical trial, J. Am. Med. Assoc. 324 (2020) 460–470 . 

[46] D. Corti , A. Lanzavecchia , Broadly neutralizing antiviral antibodies, Annu. Rev.

Immunol. 31 (2013) 705–742 . 

[47] L.M. Walker , D.R. Burton , Passive immunotherapy of viral infec-

tions:’super-antibodies’ enter the fray, Nat. Rev. Immunol. 18 (2018) 297–308 . 

[48] D. Pinto , Y.J. Park , M. Beltramello , et al. , Cross-neutralization of SARS-CoV-2 by a

human monoclonal SARS-CoV antibody, Nature 583 (2020) 290–295 . 

[49] J. Ter Meulen , E.N. van den Brink , L.L. Poon , et al. , Human monoclonal antibody

combination against SARS coronavirus: synergy and coverage of escape mutants,

PLoS Med. 3 (2006) e237 . 

[50] X. Tian , C. Li , A. Huang , et al. , Potent binding of 2019 novel coronavirus spike pro-

tein by a SARS coronavirus-specific human monoclonal antibody, Emerg. Microbes

Infect. 9 (2020) 382–385 . 

[51] J. Huo , Y. Zhao , J. Ren , et al. , Neutralization of SARS-CoV-2 by destruction of the

prefusion Spike, Cell Host Microbe 28 (2020) 497 . 

[52] C. Wang , W. Li , D. Drabek , et al. , A human monoclonal antibody blocking SARS–

CoV-2 infection, Nat. Commun. 11 (2020) 1–6 . 

[53] A.Z. Wec , D. Wrapp , A.S. Herbert , et al. , Broad neutralization of SARS-related

viruses by human monoclonal antibodies, Science 369 (2020) 731–736 . 

[54] R. Shi , C. Shan , X. Duan , et al. , A human neutralizing antibody targets the recep-

tor-binding site of SARS-CoV-2, Nature 584 (2020) 120–124 . 

[55] J. Hansen , A. Baum , K.E. Pascal , et al. , Studies in humanized mice and convalescent

humans yield a SARS-CoV-2 antibody cocktail, Science 369 (2020) 1010–1014 . 

[56] A. Baum , D. Ajithdoss , R. Copin , et al. , REGN-COV2 antibodies prevent and

treat SARS-CoV-2 infection in rhesus macaques and hamsters, Science 370 (2020)

1110–1115 . 

[57] A. Baum , B.O. Fulton , E. Wloga , et al. , Antibody cocktail to SARS-CoV-2 spike

protein prevents rapid mutational escape seen with individual antibodies, Science

369 (2020) 1014–1018 . 

[58] B. Korber , W.M. Fischer , S. Gnanakaran , et al. , Tracking changes in SARS-CoV-2

spike: evidence that D614G increases infectivity of the COVID-19 virus, Cell 182

(2020) 812–827 . 

[59] Y. Weisblum , F. Schmidt , F. Zhang , et al. , Escape from neutralizing antibodies by

SARS-CoV-2 spike protein variants, Elife 9 (2020) e6131 . 

[60] Q. Li , J. Wu , J. Nie , et al. , The impact of mutations in SARS-CoV-2 spike on viral

infectivity and antigenicity, Cell 182 (2020) 1284–1294 . 

[61] Y. Cao , B. Su , X. Guo , et al. , Potent neutralizing antibodies against SARS-CoV-2

identified by high-throughput single-cell sequencing of convalescent patients’ B

cells, Cell 182 (2020) 73–84 . 

[62] S. Du , Y. Cao , Q. Zhu , et al. , Structurally resolved SARS-CoV-2 antibody shows

high efficacy in severely infected hamsters and provides a potent cocktail pairing

strategy, Cell 183 (2020) 1013–1023 . 

[63] T.F. Rogers , F. Zhao , D. Huang , et al. , Isolation of potent SARS-CoV-2 neutralizing

antibodies and protection from disease in a small animal model, Science 369 (2020)

956–963 . 

[64] B. Ju , Q. Zhang , J. Ge , et al. , Human neutralizing antibodies elicited by SARS-CoV-2

infection, Nature 584 (2020) 115–119 . 

[65] Y. Wu , F. Wang , C. Shen , et al. , A noncompeting pair of human neutralizing an-

tibodies block COVID-19 virus binding to its receptor ACE2, Science 368 (2020)

1274–1278 . 

[66] H. Zhou , Y. Chen , S. Zhang , et al. , Structural definition of a neutralization epi-

tope on the N-terminal domain of MERS-CoV spike glycoprotein, Nat. Commun.

10 (2019) 3068 . 

[67] X. Chi , R. Yan , J. Zhang , et al. , A neutralizing human antibody binds to the N-ter-

minal domain of the Spike protein of SARS-CoV-2, Science 369 (2020) 650–655 . 

[68] Z. Lv , Y.-.Q. Deng , Q. Ye , et al. , Structural basis for neutralization of SARS-CoV-2

and SARS-CoV by a potent therapeutic antibody, Science 369 (2020) 1505–1509 . 

[69] G.V. Nieto, R. Jara, D. Watterson, et al., Potent neutralization of clinical isolates

of SARS-CoV-2 D614 and G614 variants by a monomeric, sub-nanomolar affinity

nanobody, bioRxiv (2020), doi: 10.1101/2020.06.09.137935 . 

[70] T.F. Custodio , H. Das , D.J. Sheward , et al. , Selection, biophysical and structural

analysis of synthetic nanobodies that effectively neutralize SARS-CoV-2, PubMed

4 (2020) 5588 . 

[71] J. Gai, L. Ma, G. Li, et al., A potent neutralizing nanobody against SARS-CoV-2 with

inhaled delivery potential, bioRxiv (2020), doi: 10.1101/2020.08.09.242867 . 

[72] D. Li, T. Li, H. Cai, et al., Potent synthetic nanobodies against

SARS-CoV-2 and molecular basis for neutralization, bioRxiv (2020),

doi: 10.1101/2020.06.23.165415 . 

[73] H.Q. Nguyen , S. Chattoraj , D. Castillo , et al. , 3D mapping and accelerated super-res-

olution imaging of the human genome using in situ sequencing, Nat. Methods 17

(2020) 822–832 . 

[74] W. Li , A. Schäfer , S.S. Kulkarni , et al. , High potency of a bivalent human VH domain

in SARS-CoV-2 animal models, Cell 183 (2020) 429–441 . 

[75] M. Schoof, B. Faust, R.A. Saunders, et al., An ultra-high affinity synthetic nanobody

blocks SARS-CoV-2 infection by locking Spike into an inactive conformation,

bioRxiv (2020), doi: 10.1101/2020.08.08.238469 . 

[76] Y. Xiang, S. Nambulli, Z. Xiao, et al., Versatile, multivalent nanobody cocktails effi-

ciently neutralize SARS-CoV-2, bioRxiv (2020), doi: 10.1101/2020.08.24.264333 . 

[77] D. Wrapp , D. de Vlieger , K.S. Corbett , et al. , Structural basis for potent neutral-

ization of betacoronaviruses by single-domain camelid antibodies, Cell 181 (2020)

1004–1015 . 
177 
[78] L. Hanke , L. Vidakovics Perez , D.J. Sheward , et al. , An alpaca nanobody neutralizes

SARS-CoV-2 by blocking receptor interaction, Nat. Commun. 11 (2020) 4420 . 

[79] J. Huo , A. Le Bas , R.R. Ruza , et al. , Neutralizing nanobodies bind SARS-CoV-2 spike

RBD and block interaction with ACE2, Nat. Struct. Mol. Biol. 27 (2020) 846–854 . 

[80] C. Vincke , R. Loris , D. Saerens , et al. , General strategy to humanize a camelid sin-

gle-domain antibody and identification of a universal humanized nanobody scaf-

fold, J. Biol. Chem. 284 (2009) 3273–3284 . 

[81] T. Chanier , P. Chames , Nanobody engineering: toward next generation im-

munotherapies and immunoimaging of cancer, Antibodies 8 (2019) 13 . 

[82] C. Kreer , M. Zehner , T. Weber , et al. , Longitudinal isolation of potent near-germline

SARS-CoV-2-neutralizing antibodies from COVID-19 patients, Cell 182 (2020)

843–854 . 

[83] E. Seydoux , L.J. Homad , A.J. MacCamy , et al. , Analysis of a SARS-CoV-2-infected

individual reveals development of potent neutralizing antibodies with limited so-

matic mutation, Immunity 53 (2020) 98–105 . 

[84] M. Yuan , H. Liu , N.C. Wu , et al. , Structural basis of a shared antibody response to

SARS-CoV-2, Science 369 (2020) 1119–1123 . 

[85] L. Piccoli , Y.J. Park , M.A. Tortorici , et al. , Mapping neutralizing and immunodom-

inant sites on the SARS-CoV-2 spike receptor-binding domain by structure-guided

high-resolution serology, Cell 183 (2020) 1024–1042 . 

[86] Q. Wang , Y. Zhang , L. Wu , et al. , Structural and functional basis of SARS-CoV-2

entry by using human ACE2, Cell 181 (2020) 894–904 . 

[87] V. Monteil , H. Kwon , P. Prado , et al. , Inhibition of SARS-CoV-2 infections in engi-

neered human tissues using clinical-grade soluble human ACE2, Cell 181 (2020)

905–913 . 

[88] C. Lei , K. Qian , T. Li , et al. , Neutralization of SARS-CoV-2 spike pseudotyped virus

by recombinant ACE2-Ig, Nat. Commun. 11 (2020) 1–5 . 

[89] P. Liu , J. Wysocki , T. Souma , et al. , Novel ACE2-Fc chimeric fusion provides

long-lasting hypertension control and organ protection in mouse models of sys-

temic renin angiotensin system activation, Kidney Int. 94 (2018) 114–125 . 

[90] Y. Han , Král PJAn , Computational design of ACE2-based peptide inhibitors of

SARS-CoV-2, ACS Nano 14 (2020) 5143–5147 . 

[91] L. Cao , I. Goreshnik , B. Coventry , et al. , De novo design of picomolar SARS-CoV-2

miniprotein inhibitors, Science 370 (2020) 426–431 . 

[93] S. Xia , L. Yan , W. Xu , et al. , A pan-coronavirus fusion inhibitor targeting the HR1

domain of human coronavirus spike, Sci. Adv. 5 (2019) eaav4580 . 

[92] S. Xia , Y. Zhu , M. Liu , et al. , Fusion mechanism of 2019-nCoV and fusion inhibitors

targeting HR1 domain in spike protein, Cell. Mol. Immunol. 17 (2020) 765–767 . 

[94] S. Xia , M. Liu , C. Wang , et al. , Inhibition of SARS-CoV-2 (previously 2019-nCoV)

infection by a highly potent pan-coronavirus fusion inhibitor targeting its spike

protein that harbors a high capacity to mediate membrane fusion, Cell Res. 30

(2020) 343–355 . 

[95] J. Hadjadj , N. Yatim , L. Barnabei , et al. , Impaired type I interferon activity and

inflammatory responses in severe COVID-19 patients, Science 369 (2020) 718–724 .

[96] X. Lei , X. Dong , R. Ma , et al. , Activation and evasion of type I interferon responses

by SARS-CoV-2, Nat. Commun. 11 (2020) 3810 . 

[97] E. Mantlo , N. Bukreyeva , J. Maruyama , et al. , Antiviral activities of type I interfer-

ons to SARS-CoV-2 infection, Antiviral Res. 179 (2020) 104811 . 

[98] N. Wang , Y. Zhan , L. Zhu , et al. , Retrospective multicenter cohort study shows

early interferon therapy is associated with favorable clinical responses in COVID-19

patients, Cell Host Microbe 28 (2020) 455–464 . 

[99] K.-.L. Shen , Y.-.H Yang , Diagnosis and treatment of 2019 novel coronavirus infec-

tion in children: a pressing issue, World J. Pediatr. 16 (2020) 219–221 . 

100] A. Vanderheiden , P. Ralfs , T. Chirkova , et al. , Type I and Type III interferons re-

strict SARS-CoV-2 infection of human airway epithelial cultures, J. Virol. 94 (2020)

e00985 -20 . 

101] E. Davoudi-Monfared , H. Rahmani , H. Khalili , et al. , A Randomized Clinical Trial

of the Efficacy and Safety of Interferon 𝛽-1a in Treatment of Severe COVID-19,

Antimicrob. Agents Chemother. 64 (2020) e01061 -20 . 

102] S. Malhotra , JJBLR. Stanier , UK biotech corporate finance trends post COVID-19,

Biotechnol. Law Rep. 39 (2020) 381–384 . 

103] I.F.-.N. Hung , K.-.C. Lung , E.Y.-.K. Tso , et al. , Triple combination of interferon

beta-1b, lopinavir–ritonavir, and ribavirin in the treatment of patients admitted

to hospital with COVID-19: an open-label, randomised, phase 2 trial, Lancet 395

(2020) 1695–1704 . 

104] S. Davidson , T.M. McCabe , S. Crotta , et al. , IFN 𝜆 is a potent anti-influenza thera-

peutic without the inflammatory side effects of IFN 𝛼 treatment, EMBO Mol. Med.

8 (2016) 1099–1112 . 

105] S. Kim , M.J. Kim , C.H. Kim , et al. , The superiority of IFN- 𝜆 as a therapeutic candi-

date to control acute influenza viral lung infection, Am. J. Respir. Cell Mol. Biol.

56 (2017) 202–212 . 

106] K.H. Dinnon 3rd , S.R. Leist , A. Schäfer , et al. , A mouse-adapted model of SARS–

CoV-2 to test COVID-19 countermeasures, Nature 586 (2020) 560–566 . 

107] A. Broggi , S. Ghosh , B. Sposito , et al. , Type III interferons disrupt the lung epithelial

barrier upon viral recognition, Science 369 (2020) 706–712 . 

108] C. Qin , L. Zhou , Z. Hu , et al. , Dysregulation of immune response in patients

with coronavirus 2019 (COVID-19) in Wuhan, China, Clin. Infect. Dis. 71 (2020)

762–768 . 

109] X. Xu , M. Han , T. Li , et al. , Effective treatment of severe COVID-19 patients with

tocilizumab, Proc. Natl Acad. Sci. USA 117 (2020) 10970–10975 . 

110] T. Huet , H. Beaussier , O. Voisin , et al. , Anakinra for severe forms of COVID-19: a

cohort study, Lancet Rheumatol. 2 (2020) e393–e400 . 

111] G. Cavalli , G. de Luca , C. Campochiaro , et al. , Interleukin-1 blockade with high-

-dose anakinra in patients with COVID-19, acute respiratory distress syndrome,

and hyperinflammation: a retrospective cohort study, Lancet Rheumatol. 2 (2020)

e325–e331 . 

http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0044
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0044
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0045
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0045
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0045
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0045
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0045
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0046
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0046
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0046
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0047
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0047
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0047
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0048
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0048
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0048
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0048
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0048
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0049
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0049
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0049
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0049
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0049
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0050
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0050
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0050
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0050
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0050
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0051
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0051
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0051
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0051
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0051
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0052
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0052
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0052
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0052
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0052
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0053
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0053
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0053
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0053
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0053
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0054
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0054
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0054
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0054
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0054
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0056
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0056
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0056
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0056
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0056
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0057
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0057
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0057
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0057
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0057
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0058
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0058
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0058
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0058
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0058
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0059
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0059
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0059
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0059
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0059
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0060
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0060
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0060
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0060
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0060
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0061
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0061
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0061
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0061
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0061
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0062
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0062
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0062
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0062
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0062
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0063
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0063
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0063
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0063
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0063
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0064
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0064
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0064
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0064
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0064
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0065
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0065
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0065
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0065
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0065
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0066
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0066
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0066
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0066
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0066
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0067
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0067
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0067
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0067
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0067
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0068
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0068
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0068
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0068
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0068
https://doi.org/10.1101/2020.06.09.137935
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0070
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0070
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0070
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0070
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0070
https://doi.org/10.1101/2020.08.09.242867
https://doi.org/10.1101/2020.06.23.165415
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0073
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0073
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0073
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0073
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0073
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0074
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0074
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0074
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0074
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0074
https://doi.org/10.1101/2020.08.08.238469
https://doi.org/10.1101/2020.08.24.264333
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0077
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0077
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0077
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0077
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0077
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0078
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0078
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0078
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0078
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0078
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0079
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0079
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0079
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0079
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0079
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0080
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0080
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0080
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0080
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0080
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0081
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0081
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0081
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0082
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0082
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0082
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0082
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0082
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0083
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0083
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0083
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0083
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0083
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0084
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0084
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0084
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0084
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0084
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0085
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0085
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0085
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0085
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0085
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0086
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0086
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0086
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0086
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0086
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0087
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0087
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0087
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0087
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0087
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0088
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0088
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0088
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0088
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0088
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0089
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0089
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0089
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0089
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0089
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0090
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0090
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0090
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0091
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0091
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0091
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0091
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0091
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0092
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0092
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0092
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0092
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0092
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0093
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0093
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0093
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0093
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0093
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0094
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0094
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0094
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0094
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0094
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0095
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0095
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0095
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0095
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0095
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0096
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0096
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0096
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0096
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0096
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0097
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0097
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0097
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0097
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0097
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0098
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0098
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0098
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0098
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0098
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0099
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0099
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0099
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0100
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0100
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0100
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0100
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0100
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0101
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0101
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0101
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0101
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0101
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0102
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0102
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0102
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0103
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0103
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0103
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0103
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0103
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0104
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0104
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0104
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0104
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0104
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0105
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0105
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0105
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0105
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0105
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0106
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0106
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0106
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0106
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0106
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0107
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0107
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0107
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0107
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0107
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0108
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0108
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0108
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0108
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0108
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0109
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0109
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0109
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0109
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0109
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0110
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0110
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0110
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0110
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0110
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0111
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0111
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0111
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0111
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0111


X. Tian, C. Li, Y. Wu et al. Fundamental Research 1 (2021) 166–178 

[  

 

 

[  

[  

 

 

[  

 

[  

 

[  

[  

 

[  

 

 

 

[  

 

[  

[  

[

[  

[  

[  

[  

 

[  

 

[

 

[  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

112] B. Shakoory , J.A. Carcillo , W.W. Chatham , et al. , Interleukin-1 receptor blockade

is associated with reduced mortality in sepsis patients with features of macrophage

activation syndrome: reanalysis of a prior phase III trial ∗ , Crit. Care Med. 44 (2016)

275–281 . 

113] J.A. Hamilton, GM-CSF-dependent inflammatory pathways, Front. Immunol.

(2019), doi: 10.3389/fimmu.2019.02055 . 

114] G.R. Burmester , E. Feist , M.A. Sleeman , et al. , Mavrilimumab, a human mono-

clonal antibody targeting GM-CSF receptor- 𝛼, in subjects with rheumatoid arthritis:

a randomised, double-blind, placebo-controlled, phase I, first-in-human study, Ann.

Rheum. Dis. 70 (2011) 1542–1549 . 

115] G. De Luca , G. Cavalli , C. Campochiaro , et al. , GM-CSF blockade with mavrili-

mumab in severe COVID-19 pneumonia and systemic hyperinflammation: a sin-

gle-centre, prospective cohort study, Lancet Rheumatol. 2 (2020) e465–e473 . 

116] C.M. Campbell , R.J.C. Kahwash , Will complement inhibition be the new tar-

get in treating COVID-19–related systemic thrombosis? Circulation 141 (2020)

1739–1741 . 

117] S. Mastaglio , A. Ruggeri , A.M. Risitano , et al. , The first case of COVID-19 treated

with the complement C3 inhibitor AMY-101, Clin. Immunol. 215 (2020) 108450 . 

118] F. Diurno , F. Numis , G. Porta , et al. , Eculizumab treatment in patients with

COVID-19: preliminary results from real life ASL Napoli 2 Nord experience, Eur.

Rev. Med. Pharmacol. Sci. 24 (2020) 4040–4047 . 

119] K. Smith , A. Pace , S. Ortiz , et al. , A phase 3 open-label, randomized, controlled

study to evaluate the efficacy and safety of intravenously administered ravulizumab

compared with best supportive care in patients with COVID-19 severe pneumonia,

acute lung injury, or acute respiratory distress syndrome: a structured summary of

a study protocol for a randomised controlled trial, Trials 21 (2020) 639 . 

120] R. Menon , B.G. David , Itolizumab - a humanized anti-CD6 monoclonal antibody

with a better side effects profile for the treatment of psoriasis, Clin. Cosmet. Inves-

tig. Dermatol. 8 (2015) 215–222 . 

121] S.A. Vardhana, J.D. Wolchok, The many faces of the anti-COVID immune response,

J. Exp. Med. (2020), doi: 10.1084/jem.20200678 . 

122] R. Piyush , K. Rajarshi , A. Chatterjee , et al. , Nucleic acid-based therapy for coron-

avirus disease 2019, Heliyon (2020) e05007 . 

123] F. Krammer , SARS-CoV-2 vaccines in development, Nature 586 (2020) 516–527 . 

124] J. Cohen , Antibodies may curb pandemic before vaccines, Science 369 (2020)

752–753 . 

125] M.V. Kuleshov , D.J.B. Clarke , E. Kropiwnicki , et al. , The COVID-19 gene and drug

set library, Patterns 1 (2020) 100090 . 

126] R. Martin , H.F. Löchel , M. Welzel , et al. , CORDITE: the curated CORona drug In-

TERactions database for SARS-CoV-2, iScience 23 (2020) 101297 . 

127] S. Du , Y. Cao , Q. Zhu , et al. , Structurally resolved SARS-CoV-2 antibody shows

high efficacy in severely infected hamsters and provides a potent cocktail pairing

strategy, Cell 183 (2020) 1013–1023 . 

128] E. Seydoux , L.J. Homad , A.J. MacCamy , et al. , Analysis of a SARS-CoV-2-infected

individual reveals development of potent neutralizing antibodies with limited so-

matic mutation, Immunity 53 (2020) 98–105 . 
178 
129] J. Kreye , S.M. Reincke , H.-.C. Kornau , et al. , A therapeutic non-self-reactive SARS–

CoV-2 antibody protects from lung pathology in a COVID-19 hamster model, Cell

183 (2020) 1058–1069 . 

130] S. Mastaglio , A. Ruggeri , A.M. Risitano , et al. , The first case of COVID-19 treated

with the complement C3 inhibitor AMY-101, Clin. Immunol. 215 (2020) 108450 . 

Xiaolong Tian obtained his M.A. degree in animal genetics

from the College of Animal Science and Technology, China

Agricultural University in 2018. Currently he is a Ph.D. candi-

date under the supervision of Prof. Tianlei Ying at the School

of Basic Medical Science, Fudan University. His current re-

search focuses on antibody repertoire and cancer immunother-

apy. 

Yanling Wu is an associate professor at the School of Basic

Medical Science, Fudan University. She obtained her Ph.D.

degree from the School of Basic Medical Science, Fudan Uni-

versity in 2018. Her current research interests are focused on

translational medicine research in the fields of biomedicine

and antibody engineering. 

Tianlei Ying is a full professor at the School of Basic Medical

Science, Fudan University. He received his B.S. and Ph.D. de-

gree from Fudan University. His research focuses on design,

engineering and clinical application of novel antibody con-

structs and synthetic biotherapeutics. 

http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0112
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0112
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0112
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0112
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0112
https://doi.org/10.3389/fimmu.2019.02055
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0114
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0114
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0114
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0114
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0114
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0115
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0115
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0115
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0115
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0115
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0116
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0116
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0116
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0117
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0117
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0117
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0117
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0117
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0118
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0118
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0118
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0118
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0118
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0119
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0119
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0119
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0119
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0119
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0120
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0120
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0120
https://doi.org/10.1084/jem.20200678
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0122
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0122
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0122
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0122
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0122
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0123
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0123
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0124
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0124
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0125
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0125
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0125
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0125
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0125
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0126
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0126
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0126
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0126
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0126
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0127
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0127
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0127
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0127
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0127
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0128
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0128
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0128
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0128
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0128
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0129
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0129
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0129
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0129
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0129
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0130
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0130
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0130
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0130
http://refhub.elsevier.com/S2667-3258(21)00026-1/sbref0130

