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ABSTRACT

The SARS-CoV-2 pandemic has caused unprecedentdshlghealth and economic crises. Several vaccine
approaches and repurposed drugs are currently wevddumation for safety and efficacy. However, nafiehem
have been approved for COVID-19 yet. Meanwhile esgvnMAbs targeting SARS-CoV-2 spike glycoproteie

in different stages of development and clinicaltitgs Preclinical studies have shown that cocktaflspotent
nMADbs targeting the receptor binding site of SAR®YE2, as well as broad-nMAbs targeting conservegiores
within the virus spike, might be effective for thieatment and prophylaxis of COVID-19. Currentlgyeral clinical
trials have started to test safety, tolerabilitf{sRand efficacy of these nMAbs. One paramount ition for the use

of nMAbs in clinical settings is the production t#rge amounts of MAbs and the high costs relatedt.to
Cooperation among public and private institutionspied with speed of development, rapid safetyeaten and

efficacy, and early planning for scale-up and maaotufre will be critical for the control of COVID-J®andemic.
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ABSTRACT

The SARS-CoV-2 pandemic has caused unprecederabdldlealth and economic crises. Several vaccipeoaphes and repurposed
drugs are currently under evaluation for safety efficacy. However, none of them have been apprdeedCOVID-19 yet.
Meanwhile, several nMAbs targeting SARS-CoV-2 spiikgcoprotein are in different stages of developtmemd clinical testing.
Preclinical studies have shown that cocktails deppbnMAbs targeting the receptor binding site 8RS-CoV-2, as well as broad-
nMAbs targeting conserved regions within the viggske, might be effective for the treatment andppstaxis of COVID-19.
Currently, several clinical trials have starteddst safety, tolerability, PKs and efficacy of thagMAbs. One paramount limitation
for the use of nMADbs in clinical settings is theguction of large amounts of MAbs and the high €astated to it. Cooperation
among public and private institutions coupled vefieed of development, rapid safety evaluation dfichey, and early planning for

scale-up and manufacture will be critical for tlomtrol of COVID-19 pandemic.

1. Introduction

In the last two decades, three different coronaésu(CoVs) caused zoonotic outbreaks in humansrsacute respiratory syndrome
CoV (SARS-CoV, from now referred as SARSL1) [1], Mliel East respiratory syndrome CoV (MERS) [2] anden®cently, severe
acute respiratory syndrome CoV-2 (SARS-CoV-2, froow referred as SARS2) [3-6]. Compared to enderaiodn CoVs these
three novel CoVs cause more severe acute respirdisease and are associated with high fatalitysré®.6%, 34.4% and 0.6-3%,
respectively) [7,8]. Although SARS2 has lower fayatates compared to SARS1 and MERS, it spreadhnfiaster [9—-11]. For that
reason, the absolute number of deaths up to AR is higher for SARS2 (776,157) compared to SAR®4) and MERS (858)
[12]. Among patients infected with SARS2, the pexgion of disease is highly variable. Roughly, sighercent of people that
become infected with SARS2 develop mild or no syorm; whereas the remaining 20% develop moderaevere disease (termed

COVID-19) [7,13-15]. COVID-19 severity has beenarsated with patient age, sex and comorbiditiesndelder males with
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hypertension, diabetes and obesity among thosehigtier risk to develop respiratory failure and. 8&RS2 pathogenicity, results
from an acute excessive virus replication follovilgdan uncontrolled inflammation and an exacerbatedunity, explaining why in
some patients, disease severity increases whdrloadhdecreases [16,17].

SARS2 is a large enveloped RNA virus, containingiregle-stranded, positive-sense RNA genome thabdms for a series of
structural and non-structural proteins, as wek gsoup of accessory genes. The envelope spiker¢®in of CoVs is a trimeric type-
1 integral membrane protein and class-1 fusiongmowhich possess 3 copies of an N-terminal sul(®1) that mediates receptor
attachment and 3 copies of a C-terminal subuni} {8& mediates virus-cell membrane fusion. Thes&iunit contains 4 domains
(A-D), being A (N-terminal) and B (receptor bindidgmain or RBD) the most relevant from an immunalagpoint of view. The
RBD of the spike glycoprotein (S) is poorly consshamong CoVs and, as a result, host receptor wsaigs among different CoVs.
Although SARS?2 is closer to bat-SL-CoVZC45 and $atCoVZXC21 at the whole-genome level, the RBD #RS$2 is closer to
that of SARS1 [18]. Interestingly, the RBD of SAR&Gd SARS2 are 74% identical and both viruses ag@gensin-converting
enzyme 2 (ACE2) present in the surface of targ#t @s receptor for docking and entry [3,18-21].R$A and SARS2 RBD is
subdivided in an N-terminal subdomain (RBD-NTD) ahé receptor binding site (RBS). The homology &CRNTD and RBS
between these two viruses is 83% and 50%, respéctifPost-attachment events are dependent on aelpubteases, such as
transmembrane protease serine 2 (TMPRSS2) whiclvelie spike protein and initiate a variety offoomational changes that are
important for membrane fusion and entry.

SARS2 spike glycoprotein is the main target of rediting antibodies (NAbs) and several neutralizimgpnoclonal antibodies
(nMADbs) targeting different epitopes within theusrspike have been recently described. Moreoveerakpreclinical studies have
demonstrated that SARS2 nMAbs can suppress viplgaton and disease severity in different animaldels. In the absence of an
effective treatment for COVID-19, passive immuniaatwith nMAbs has recently gained interest aseaapeutic approach to reduce
SARS2 impact in public health worldwide. In thidiee, | discuss advantages and challenges rekatatie use of nMAbs for
treatment and prevention of COVID-19. Referencestlics article were identified through searchesPabMed with search terms
“SARS-CoV-2", “COVID-19", “neutralizing antibodies™monoclonal antibodies”, “therapy”, “prophylaxisfom December 2019 to
August 2020. Additionally, the terms “SARS-CoV-2",COVID-19" and “monoclonal antibodies”, were seaedh at

ClinicalTrials.gov. The final references were stdeoon the basis of relevance to the particulapead this Review.

2. Main Text

2.1. Antibody response in COVID-19 patients
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In COVID-19 patients, viral load peak occurs coniantly or shortly after symptoms onset. After pegk viral load decreases
slowly and is detectable for up to 4 weeks [22,28}wever, infective virus has been isolated from tipper respiratory tract only
within the first week after symptom onset [22]. & virus replicates, the adaptive immunity is siimed to generate cellular
responses and antibodies (Abs), including NAbsermajority of SARS2 infected symptomatic indivitbug24]. IgM, 1gG and IgA
antibodies directed to SARS2 external S and intdxhproteins develop within the first week aftemgytoms onset and peak two
weeks after symptoms onset [22,23]. In 50% of iitligls, seroconversion occurs one week after symptonset and 100% of
individuals seroconvert by the end of the secondknafter symptom development [22,25-28]. Severaliss reported an inverse
correlation between viral loads and SARS2 spedifis;: however, by the time that Abs develop, vicdds have already started to
decrease indicating that innate and/or cellulaptida immunity contribute to the initial virus camment [22,23,25]. Additionally,
the Ab response can be weak or absent in asymptooramild infections, suggesting at least a pada@ntrol of the virus by innate
or T-cell mediated immunity [29,30]. Paradoxicalbgveral studies have found a positive correlaietween specific-Ab titers and
disease severity, suggesting that a robust Ab resspalone is insufficient to avoid severe diseaskpmint out that the timing of Ab
development might be crucial for efficient virusnoml [25,27,28,31,32]. The one-week gap betweenkperal load and
seroconversion suggests that the Ab response ttaitfficiently control virus load during the firstvo weeks of infection and
consequently, the excessive virus replication withis period could ignite the inflammatory processociated with severe disease.
In addition, a larger antigenic exposure associafi#l virus replication might provoke the developthef higher titers of antibodies
in severe disease outcomes. Alternatively, it leentproposed that antibody dependent enhancemBi)(A mechanism triggered
by specific Abs, could potentially increase disesseerity. ADE has been described for other viriseesh as dengue virus (DENV)
and respiratory syncytial virus (RSV) [33—-35]. Adtilgh, ADE has also been described for SARS1 im\atrd in animal models,
there is no evidence that this might happen in SAR&ction in humans [36].

Oppositely, observations from several studies wubee a key antiviral effect of Abs, suggestingytingight be a key immune
correlate for protection against SARS2 infectiaghséroconversion occurs in most COVID-19 patig@%23,25] (ii) viral loads in
SARS?2 infected patients decrease after anti-S Ighl lgG antibodies development [22,23,25] (iii) B cells specific for
SARS2 S antigens have been isolated and charatefiiam COVID-19 patients [30,37,38] (iv) NAbs irohd in macaques after
vaccination protect animals from development okdse after challenge with SARS2 [39] (v) macaquedlenged with SARS2
develop a robust NAb response that protects them freinfection after a second challenge [40,41] passive transfer of anti-
SARS2 monoclonal NAb protects animals from disexdter challenge with SARS2 [38,42,43]. Furthermarepeta-analysis from 32
studies of SARS1 and severe influenza virus indecperformed by Mair-Jenkins and colleagues shoaveinificant reduction in

mortality following convalescent plasma (CP) therfp4]. Additionally, two separate studies showkedttCP therapy administered to
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15 severe/ critically ill COVID-19 patients was lfalved by improvement in the patient clinical statugerestingly, plasma treated
patients had large reduction in viral loads andtmese virus negative 3 days after infusion [45,46]

CoVs S protein and its RBD are highly immunogemid anost infected patients develop both anti-S antdRBD antibodies. Earlier
during the pandemic, Hoffmann and colleagues shdahaidpolyclonal Abs present in plasma from SAR&#éted individual could
cross-react with SARS2 [21]. In a similar fashitire plasma from COVID-19 convalescent patientssresct with SARS1, and to a
lesser extent with MERS and common cold CoVs [ARthough the reactivity of COVID-19 plasmas agaiestiemic CoVs has been
associated with previous encounter to such typerakes, its reactivity against MERS and SARS1 paven to be due to cross-
reactivity against conserved epitopes within S girof47]. COVID-19 patients develop anti-S1 andi-&BD antibodies; however,
antibodies that effectively disrupt the binding &f protein and ACE2 receptor account for a smalktioa of them

[30,37,38,42,43,48,49].

2.2.Development of neutralizing monoclonal antibodiesdr COVID-19

2.2.1. Anti-SAR2 neutralizing monoclonal antibody discovery.

Several monoclonal antibodies (MAbs) targeting RBS of SARS1 have been described (i.e., CR3014,av8% S230). Although
these MAbs effectively neutralize SARS1 most ofth#o not cross neutralize SARS2, due to differemedke primary amino acid
sequence of RBS among these viruses. However, tiesvations supported the discovery and charzatien of SARS2 MAbs
from COVID-19 patients. Over the past two decadéerent programs from several institutions (iMIAID Center for HIV/AIDS
Vaccine Immunology, Vaccine Research Center, Pamdé&revention Program (P3) program, etc.) have edrko define the
platforms and enable technology for HIV vaccineelepment and rapid response to viral pandemicanRimse, as well as other
international initiatives, have come teams and rieldgies that are now responding to the COVID-1Blemic to isolate SARS2
nMAbs [50]. As a result, several highly potent nMAtargeting SARS2 RBD and S protein have beentemblasing different
approaches (i.e., immortalized EBV memory B cellb, isolation from mouse hybridomas, phage displagaties produced from
llama immunized with prefusion-stabilized CoV spkalirect cloning of Ig-encoding genes from isalat® cells sorted with
fluorescent baits such as RBD and S-protein, midtoe and supernatant screening of sorted memagilB and single B cell NGS
from sorted memory B cells, etc.) [30,37,38,42,434D,51-61]. A description of these Abs can be doumTable 1. As observed
for SARS1, highly potent nMAbs isolated from COVI®¥-convalescent patients targeted the RBS and denhplé@ectly with ACE2

receptor binding. As expected, most of these nMdildsnot cross react with SARS1. In this regardadd colleagues reported that
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despite partial homology between SARS1 and SARSP®RBhese domains might be immunologically différéndicating cross

reactivity could occur within S protein but outsidl€E2-binding site [37].

2.2.2. Avoiding the emergence of virus resistance.

Importantly, as observed earlier for SARS1, escapéations were rapidly selected when single SARSFbhMwere tested in vitro
[62]. Furthermore, a natural mutation of SARS2 haw been detected at residue 495 (Y/N), which fopaus of the ACE2 binding
epitope. As RNA viruses are known to accumulateatts over time, a big concern for any antivirgatment is the risk for
selection of treatment-induced escape viral-vasidntthis regard, the discovery of novel nMAbgy&ing different sites on SARS2 S
protein will be extremely important to counteralse tmutational capacity of the virus and avoid theeeence of resistant viral
variants due to the administration of single diugrapy.

One strategy to prevent viral escape would be sieeofi antibodies targeting highly conserved epgapeS protein. Toward this goal,
Yuan and colleagues described a cryptic epitopatéotwithin the RBD but outside the RBS, which anserved between SARS1
and SARS2 and is targeted by MAb CR3022 [63]. kgtngly, MAb CR3022, which has been isolated fraf3ARS1 infected
patient [52] cross-neutralizes SARS2 by a mechatighdoes not imply competition with ACE2 [53].flerent groups have isolated
antibodies targeting the RBD-NTD with high neutzadg activity against SARS2. MAb S309, was isolafexin immortalized B cell
from a SARS1 infected patient [55]. This nMADb renags a glycan-containing epitope that is consewidin different SARS-
related CoVs (sarbecovirus). In the second placd\and colleagues isolated 47D11 MAb from SARSusadwybridoma [54]. As
it is the case with CR3022, none of these MAbs aampvith receptor attachment. More recently, Lv aneagues described a
novel humanized-nMAb, HO14, that prevents attachnoérSARS?2 to its host cell receptors [64]. In tligportunity, the authors
constructed an antibody library generated from RMABacted from peripheral lymphocytes of mice inmizad with recombinant
SARS1 RBD and then, they screened the phage antilwdry using a SARS2-RBD. As described for S3@@ 47D11, H014 binds
to an epitope within the RBD, but different to RB&hich allows these antibodies to cross-neutrdtiath SARS1 and SARS2.
However, in the case of HO14, the interaction betw#ne antibody and S protein interferes with remepinding. In a separate study,
Wec and colleagues screened memory B cells fro’ARS3-survivor and found 8 SARS2 cross-reactive MAdrgeting a single
continuous patch in the surface of the RBD [56]isThighly conserved area which spans from ACE2-bigdite to the epitope
recognized by MAb CR3022 explains cross-reactifitynd in these set of antibodies. In addition, Viframd colleagues isolated
SARS-VHH-72, a single chain antibody from a llanmamiunized with prefusion-stabilized SARS1 spike tbhaiss reacted with
SARS2 [57]. SARS VHH-72 prevents the binding of ACt&rough a partially overlapping epitope of MAb &R2. When two
copies of this VHH were coupled as a bi-valent lg&fusion (named VHH72-Fc) the construct was alde o neutralize SARS2.

Considering that this novel site of vulnerabilibchted towards the RBD-NTD of S protein is not esqubin the pre-fusion state and
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that some residues are indispensable for grangikg stability, mutations at this point would beddrequent and if they occur, they
might have a strong negative impact in viral fisndSor that reason, Abs targeting this particuiter &f neutralization might be more
resistant to virus escape. Another site of vulniéitaltargeted by cross-reactive nMAbs consistghia N-terminal region of S1 protein
[47,51,56]. Chi and colleagues described MAb 4AReting this particular region on SARS2 S protebd][ Finally, Liu and
colleagues isolated potent and diverse nMAbs targeteveral epitopes on SARS2 spike [65]. Apannftbose antibodies directed to
the RBD and NTD, the author described two nMAbgeting novel quaternary epitopes located on tapARS?2 spike.

Expanding the number of potent nMAbs with differspiecificities against S protein will allow the rimulation of more effective
nMADb cocktails; such combination of nMAbs accougtifor different specificities may provide a powdrfuay to minimize
mutational escape by SARS2 [62]. Moreover, theorati development of nMAb cocktails targeting diffiet sites of vulnerability
within the S protein could confer a synergistic tnglizing effect. Anti-SARS2 nMAbs described Table 1 have been characterized
in detail by in vitro binding affinity, epitope mpmg by competition assays, target specificity byoeEM and most importantly, for
in vitro and in vivo neutralization, using diffeteplatforms. Remarkably, these antibodies have gmaw be effective preventing
infection of target cells, and most importantly fitiag virus replication and pathogenicity in di#at animal models (i.e. hu-ACE2
transgenic mice, Syrian golden hamster and non-hupnemates (NHPs) [38,42,43,49,64,66]. Overall,sthatudies indicate that

several nMAbs have the potential to be used efthgwhylactically or therapeutically to avoid andéointrol SARS2 infection.

2.2.3. Effector mechanismtriggered by nMAbs.

IgG contains two antigen combining sites (Fabs) and-c region that interacts with various Fc resep{FcRs) on immune cells.
MADbs differ from antiviral drugs in that in additido potent viral particle neutralization and hipecificity they can engage the host
immune cells (i.e., NK, neutrophils and macrophadgbsough their FCRs and trigger several immuneaéffr mechanisms (i.e.,
antibody-dependent cellular cytotoxicity, antibadigpendent cellular phagocytosis, and antibody-dégencellular viral inhibition);
furthermore, MAbs can induce complement-dependgiataxicity through their Fc domain [67]. Altogethéhese effector functions
triggered by MADbs contribute towards controllingali replication. In addition, MAbs can bind virahtagens to form immune
complexes (ICs) that enhance antigen presentatidrbaost endogenous immune responses in a mechknisnn as “vaccine-like
effect” [68]. Different studies have shown that ides potent neutralization, anti-SARS2 Abs effeavtrigger FCR present in
effector cells, providing additional protective rhaaisms in vitro and in vivo [39,40,55,60]. Thessults suggest that Fc engineering
could potentially enhance these antiviral effecsitahas been demonstrated for other viral dise§&@s Even though Fc-FcR
interactions can enhance immunity in a favorablg, ey can also lead to disease enhancement.ikeaf ADE will need to be
further evaluated for SARS2. Meanwhile, in the extiof human studies it would be possible to uggraered MAbs with reduced

FcR binding to minimize potential ADE effects. g regardpoth complement and FcR binding could be aboliskiéd a double
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mutation at the Fc region of the antibody (L234A3b2) [70]. By introducing this LALA double mutatiowithin the Fc region of

anti-SARS2 CB6 MAb, Shi and colleagues showed icagaes that the antiviral efficacy of CB6-LALA wast affected [43].

2.3.From the bench to the bedside

SARS2 has already caused a great impact globaily,itais expected that subsequent waves of infectidl hit regions that are
currently recovering from devastating initial COVI® outbreaks. In the absence of a vaccine, a jmigphortion of human global
population might become infected in the next ye&nerts in this field have estimated that testilagge scale production and
distribution of an effective vaccine might takerfrd to 2 years [71]. Considering that there i®ffective treatment the number of
deaths will also increase exponentially during tleet years. Under the current situation, novel enéive approaches are in great
need. Passive immunization with NAbs has recerdipe interest as the most convenient approachilfitt this gap and reduce
SARS2 impact in public health worldwide [72—74].€Tieduction of SARS2 viral load by NAbs, as obseérnveCP pilot trials suggest
that SARS2 infection in humans can be modulatedgupassive immunization in clinical settings. Congglato CP, nMAbs can be
thoroughly characterized in vitro. In addition, thlgility to control dosing and cocktails compositionproves the efficacy of nMAbs
over CP. Furthermore, the use of MAbs with highbtgmt neutralizing activity can reduce the risksA®E, compared to the
polyclonal mixture of Abs present in the plasmacé&# studies with patients infected with Ebola hgjit the higher efficacy of
nMAbs over CP treatment [75]. The finding thatwansmab (MAb114) is safe and effective reducing thertality rate of Ebola virus
disease from 67% to 34%, underscore the potergg@bifiMAb therapy during a deadly infectious digeastbreak [75-77]. For HIV-
1, another lethal pandemic virus, it took more tBaryears to discover effective nMAbs capable aftradizing most circulating HIV-
1 isolates [78-82]. Following a detailed molecwdharacterization and efficacy pre-clinical triads|ly few of these antibodies have
reached clinical settings [83—88]. Proof of concpptse 2 clinical trials showed a partial efficadysingle nMAb treatment in
controlling viremia due to the selection of resi¢teiral mutants; currently, combination of HIV-MAbs with different specificities
are being tested in order to avoid the emergenséras resistance. Compared to HIV-1, SARS2 accofmt a lower mutation rate.
In addition, it has not been reported that CoVgpoe persistent infection and no within-host viegervoir has been described for
SARS?2 or other CoVs, as for HIV-1. Altogether, thebservations and the fact that in vitro neutiradjactivity of SARS2 nMAbs is
higher than nMADbs against Ebola and HIV-1, sugdiest passive immunization with SARS2 nMAbs couldused to protect from

COVID-19.

2.3.1. Pre-exposure administration of SARS2 nMAbs.
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In addition to the post-exposure treatment, nMAbs @lso be used prophylactically. The first FDA+awed MAbs against
infectious diseases, Palivizumab, is indicated dimvention of respiratory syncytia virus (RSV) ictien in preterm infants and
children at high-risk for development of severepiegory disease [89]. For HIV-1, two large scaleage 2b clinical trials —~AMP
trials, enrolling 4200 participants— have beenatéd to test the efficacy of prototype MAb VRCO0ilgreventing HIV-1 acquisition
in high risk populations (NCT02716675 and NCT025882[90]. Several points will have to be consideie8ARS2 MAbs are
intended to be used prophylactically in populatiahfigh-risk of acquiring infection or developiegvere COVID-19 disease. It has
been shown in animal models for HIV-1 infectionttfadministered pre-exposure, MAb treatment ckatkinfection and interfere
with the development of the adaptive immunity [93}-9f this is also true for SARS2, then successWAb doses should be
administered in order to avoid the acquisitionrdgéction, until an effective and safe method capaiflinducing long-term immunity
becomes available (i.e. vaccine). As a consequehpepetitive parenteral administration of an exomes drug, anti-drug immunity
can frequently decrease treatment efficacy. Althotlge use of human or fully humanized MAbs redugehstype of anti-MAb
response, the constant exposure of a single MAht@ae might induce the development of anti-drug imity. However, such type
of undesirable effect was not observed followingetéive (up to 11 doses) subcutaneous and int@weadministration of VRCO1 in
human volunteers as reported by Mayer and colleaff4g. If detected in upcoming trials, such unveahéffect could be avoided by
the sequential administration of nMAbs with diffetspecificities.

Importantly, antibody half-life and biodistributiozould significantly impact the efficacy of the thpy. While half-lives of most
antiretroviral drugs range between a few hours ttays, the half-lives of nMAbs are measured in wgeahd these periods can be
further extended by modification of the antibody damains that enhance the affinity to the neorfatateceptor (FcRn) [95]. The
FcRn interacts with the Fc region of IgG and isoired in recycling of 1IgG within cells. This intext#on is also involved in actively
transporting 1gGs to sites of pathogen encounté}. [Bor example, the M428L and N434S (“LS”) mutaggprolong antibody half-
life without compromising antigen-binding or otHes-mediated functions [97]. In the case of VRCOE, EcRn enhancing mutation
VRCO01-LS [95] lead to 2—3 fold higher in vivo hdiffe in macaques compared to VRCOL. In additiooréased and prolonged levels
of VRCO1-LS were detected in vaginal and rectal osat tissue compared to the unmodified VRCO1 [96,Bécently, Griffin and
colleagues showed that a single intramuscular db9¢irsevimab protected infants for an entire RR4son [98]. Nirsevimab is
engineered with a triple-amino-acid (M252Y/S254T36E, “YTE”") substitution within its Fc region. ThETE mutation also
enhances the binding of the I1gG to the FcRn pralanthe serum half-life of this antibody.

Another limitation to the use of nMADbs in clinicagttings is due to the fact that intravenous remgloyed in most nMADb clinical
trials can be impractical. Subcutaneous (SC) imgacthowever, allows for self-administration, shogisimilar nMAb half-lives and

biodistribution [83,94]. Thus, SC administrationto§hly potent nMAbs targeting SARS2 S protein aedounting for an extended
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half-life, may facilitate dosing every few weeksgeveral months for prevention. Moreover, FCRn-midi transport may increase

the MAD levels in respiratory mucosa, where it mhigbnfer higher protection against SARS2 infection.

2.3.2. Adverse events associated with MAb administration.

MAbs are currently established as targeted thesafiie malignancies, transplant rejection, autoimenamd infectious diseases.
Among the advantages of MAbs over conventional slraig their high specificities, their long halfdissand their good risk—benefit
ratio; moreover, regulatory approval rates for MAdre about 20% compared with 5% for new chemicéties [99]. However,
intravenous administration of MADbs carries the agkmmune reactions such as acute anaphylaxigissickness and the generation
of anti-drug antibodies. In addition, there are Buons adverse effects of MAbs that are relateti¢o specific targets, including the
development of infections and cancer, autoimmuseatie, and organ-specific adverse events suchdistozicity [100]. However,
most of these adverse effects are related to theumomodulatory effect of MAbs targeting differemdegenous immune mediators
(i.e., immune system checkpoints, cytokine andldgreceptors, etc.) and are expected to be afmelAbs targeting exogenous
viral epitopes. As mentioned earlier, recent tecéinadvances have allowed the transition from mowvisechimeric and humanized,
to fully human MAbs, with a reduction in potentiasimmunogenic mouse components. In addition, mdéecangineering has
enabled the fine-tuning of MAb function to enhatigeir effects and to minimize immunogenicity andeseffects. Remarkably, no
serious adverse events were reported in severaephaand 2 clinical trials administering up to Xikes of anti-HIV-1 nMAbs

[87,88,94,101].

2.3.3. Thechallenge of increasing scale production of MAbs.

An important restriction of the use of MADbs in étial settings is related to the manufacture ofdamgounts of MAbs, as well as the
high costs associated with it. Currently, MAb prctilon platforms are based on the cloning of Ig-eling genes from isolated
specific-B cells. This technique involves PCR affiqdtion of Ig-encoding genes from B cells, clonthgm into an expression vector
and re-expression in different mammalian cellscBairoductions can be scaled from 20-200 litergigimphase 1-3 trials) to 12,500
liters (commercial manufacturer), at an averagdyi¢ 1 g/L. For example, when Boehringer Ingelh€imgelheim, DE) handled the
production of Palivizumab (previously done by Mediome) they scaled up from 400 to 12.500 liter mactallowing a total
production of 70 Kg/ year (about 560,000 standarisuSU) 120 mg each). Other example is Pembnoigdy, an anti-PD-1 MAb
used for the treatment of several types of canee2919 Merk and Co. (MSD, NJ, US) produced ab@@ Bg of Pembrolizumab. In
the case of VRCOL1, used for the AMP trials, the ¢ifae Research Center (VRC-NIAID, MD, US) manufaetla total of 60 Kg of
MAb for administration in different treatment graul0 mg/Kg or 30 mg/Kg; a total of 10 consecutd@ses). Although the

production of this amount of VRCO1 took more thare gear, the fact that the VRC is an institutiopatelent from de National
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Institute of Healths (NIH, MD, US), points out theich large production scale can be achieved elitherivate or public sector.
Most importantly, if effective, anti-SARS2 MAbs mhaced at those levels could save 100s thousanels. I®f note, the amount of
antibody necessary for treating a specific virédtious disease will depend on the regimen of adiration and the dose needed to
achieve the desired antiviral activity. Such dosk e influenced by the potency and the half-ld€ each particular MAb. The
discovery of extremely potent nMAbs against SAR8Qupled to a bioengineered upgrade (i.e., greagetralization potency,
breadth, extended half-life and proper biodistiitmit will significantly reduce the number of dosasd dosage needed, and most

importantly, its cost.

2.3.4. Clinical testing of SARS2 nMAbs.

Several private companies specialized in MAb discgvand development have engaged in partnershifassgevernment and large-
scale pharmaceutical companies in order to colktborin the development, testing, cGMP clinical mactwring and
commercialization and global distribution of se¥e8ARS2 MAbs. From a total of 89 MAbs, 14 are befested in phase 1-3 clinical
trials, for safety, tolerability and pharmacokimst{PKs) determination. In addition, some candslatre being tested for preliminary
efficacy, with the option to extend the number aftggipants if preliminary data is satisfactoryndhi Biosciences (Shangai, CN), has
started a phase 1 clinical trial (NCT04441918)J8016 (MAb CB6Table 1) in 40 healthy patients in China. CB6 targets SARS
RBS and specifically competes with ACE2 bindingsiBles accounting for a high neutralization poteimcyitro, CB6 effectively
prevented and/or controlled SARS2 infection in maman primate (NHP) model. The company also anrenian agreement with
Lilly and Co (IN, US) to start the large scale puotion of this Ab in the US. Regeneron Pharmacealgi¢NY, US) has also
announced the beginning of a series of phase I¥bioed clinical trials with REGN-COV2 a nMAb cocktaf two nMAbs (REGN-
10987 and REGN-10933able 1). Both MAbs target different epitopes on SARS-2RBnd compete with ACE2 binding. As
reported in preclinical studies the combinationtliése two potently neutralizing MAbs avoided thaagation of resistant viral
variants in vitro. The first of these studies (N@#26695) will engage 1860 hospitalized adults \@dVID-19 to study the REGN-
COV2 safety, tolerability and efficacy followingsingle intravenous dose of the cocktail. The secindy (NCT04425629), will test
REGN-COV2 in 1054 ambulatory adult patients with\@D-19. A third study (NCT04452318) will assess thfficacy of REGN-
COV2 preventing SARS?2 infection in household cotstaxt individual infected with SARS2. If preliminaresults from these trials
are favorable, Regeneron plans to produce 100s#maldoses of this cocktail by the end of 2020 a@ed expect to produce 10
Million doses during 2021. A similar approach isabeing tested by AstraZeneca (London, UK) inadmtation with Vanderbilt
University Medical Center (TN, US) (COV2-2196 an®\Z2-2130). Another common strategy to safeguardnagairal escape to
antibody therapeutics involves selection of antibedinding to conserved epitopes. In this reg¥idBiotechnology (CA, US), in

association with Wu Xi Biologics (CN), Biogen (MAJS), GSK (Brentford, UK) and Samsung (Seoul, KR¥ planning to start
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clinical trials using different SARS1/ SARS2 crassctive nMAbs. nMAbs VIR7831 and VIR7832, targehserved epitopes on S
protein of both CoVs; mutations in Fc have beemiiporated to these MAbs to extend half-life andéase FCR engagement. The
company is planning to test these MAbs individua#ind if effective they expect to produce 10 Mitlidoses in 2021. Abcellera
Biologics (Vancouver, CA) developed LY-COV555 (LYB®53) in collaboration with VRC-NIAID. They haveaently signed an
agreement with Lilly and Co to scale up the producand commercialization of this SARS2-S proteiAb which started phase 1
clinical trial engaging 40 COVID-19 hospitalizedtipats (NCT04411628). In parallel they are runninghase 2 clinical trial to test
MADb efficacy in 400 early mild-to-moderate COVID-patients (NCT04427501). The company expect tcesgplthe production to
100s thousand doses by end 2020. More recently,BBysciences LTD (Beijing, CN) launched a coupfepbase 1 clinical trials,
enrolling 12 participants each, to test the safdtywo different antibodies administered separatBIR11196 (NCT04479631) and
BRII198 (NCT04479644)Table 1). In addition, Sinocelltech LTD (Beijing, CN) iswmlling 33 patrticipants into a phase 1 clinical
trial for nMAb SCTA01/H014 (NCT04483375&ble 1). Furthermore, TYCHAN (SG) started a phase 1 céihtrial to test TY027
MADb (NCT04429529) in 25 healthy adults and Sorrehirapeutics is doing the same with STI-1499 MAIKT04454398), in 24
hospitalized COVID-19 patients. It is anticipatédtt several other anti-SARS2 nMAbs will resumeichhtrials in the short future.

Finally, Celltrion Healthcare (KR) announced theill start a phase 1 clinical trial to test nMAb B9.

2.4.CONCLUSIONS

The SARS2 pandemic has caused unprecedented diebih and economic damages, and the situatiomtisimder control yet.
National Health Services worldwide, including thdsmn the most developed countries were overwheltheglto a high amount of
severe ill patients in a reduced time-frame, ammushAnds of lives were lost due to unpreparednedscantroversial political
decisions. Although several vaccine candidatesrapdrposed drugs are currently being evaluateddtety and efficacy in record
time, none of them have been approved for COVIDu4®. Experts in the field agree that a vaccine matl be available in the short
future; once such vaccine become available, ureveascessibility has to be granted. Additionallpm® populations might not
respond well to it (i.e., the elderly or immunocampised).

Several nMADbs targeting different epitopes on SARBike protein are being tested for the prevengiod treatment of COVID-19.
The combination of potent-nMAbs targeting the RB®l d&road-nMAbs targeting conserved regions witlia spike protein of
SARS1 and SARS2 might increase treatment effidagyvoiding the emergence of resistant viral vdsiaBRreclinical studies carried
out in different animal models suggest that preesxpe use of SARS2 nMAbs might prevent or at leedtice disease severity in

people at high risk of acquiring infection (i.eegple at nursing facilities, confirmed case houf#drs, health care workers, etc.).

11



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Additionally, SARS2 nMAbs could be administeredlgaturing COVID-19 infection in those patients agtn risk of developing
severe disease, for example the elderly and patieith pre-existing conditions. By modulating acwieus replication, an early
nMADb intervention in this particular population ddunduce a better outcome of the disease. Cugrestiveral clinical trials have
started to test the safety, tolerability, PKs afftt@&cy of SARS2 nMAbs using either a prophylaatictherapeutic approach. These
proof-of-concept trials will inform about the impance of NAbs as a correlate of protection aga8/&RS2 in human population.
Observations from these trials will be fundamefdalfuture clinical management of COVID-19, as wedl for vaccine development.
Besides the emergence of virus resistance, anpitamount limitation for the use of nMADbs in cliaisettings is associated with the
manufacture of large amounts of MAbs and the higgtlinked to it. Cooperation among public andgte institutions coupled with
speed of development, rapid safety and efficacyuatian, and early planning for scale-up and mactufeg will be critical for the

control of COVID-19 pandemic.
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RSV: respiratory syncytial virus
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S1: N(amino)-terminal subunit of S protein
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SARS-CoV and SARS1: severe acute respiratory synelrmronavirus
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TABLE 1. SARS-CoV-2 mAbs

Specificity

Name

Source

Isolation method

Potency (1Gs)

Preclinical trial

Clinical trial

SARS2-RBD. Competes
W/ACE2 binding and
promotes S1 dissociation

REGN-10987 %6258
(REGN-10933)*

SARS2-S/RBD immunized hu-
mice and COVID19 patient

single MBC sorting (RBD bait) followed by singlgpV: <10 ng/ml

cell antibody cloning

Rhesus macaques and
golden hamsters

NCT04426695 (I-II)
NCT04425629 (I-IlI)
NCT04452318 (I-IlI)

P2C-1F11¥ COVID19 patient pV: 30 ng/ml (P2C-1F11) NA NCT04479631 (1)
(P2C-1C10, P2B-2FG)* NCT04479644 (1)
CB6-LALA ® V: 36 ng/mL Rhesus macaques NCT04441918 (1)
(CA1)
C10:% pV: 26 ng/ml NA NA
C002%° V: 10 ng/ml NA NA
(C121)*
nAB cc12.1%® V: 19 ng/ml (cc12.1) Syrian hamsters NA
(nAB c12.23)
B38* V: 200 ng/ml hACE2-transgenic mice NA
(H4)*
311mAb-31B5* pV: 50 ng/ml NA NA
(32D4)
COVA1-18% COVID19 patient single MBC sorting (stabilized dusion SARS2- RBD mAbs pV: 7 ng/ml NA NA
(COVA2-15, COVA2-17)* S bait) followed by single cell antibody cloning
CVv30%® pV: 30 ng/ml (CV30) and NA NA
(CV1)* 15000 ng/ml (CV1)
COV2-2196° COVID19 patient single MBC sorting (SARS2-S bad)dwed by  V: 1-10 ng/ml hACE2-expressing mice  NA
(COV2-2130) single cell antibody cloning (AdV-hACE2 transduction)
BD-368-2* single-cell RNA (VDJ) sequencing of antigen  V: 15 ng/mL hACE2-transgenic mice NA
(RBD & S)-enriched B cells
SARS2-S NTD, without  4A8°! COVID19 patient single MBC plasmablasts sorting SR V: 500 ng/mli NA NA
competing ACE2 binding stabilized spike-derived ectodomain bait) followed
by single cell antibody cloning
Cross-neutralization CR3022°%% ¢ SARS1 patient SARS1-reactive mAb selected froingle-chain V: 114 ng/mL NA NA
SARS1/SARS2. RBD Fv phage display library econstructed into IgG1
attachment without formai
competing ACE2 binding 47D11-H2L2% SARSL1 S hybridoma's derived  suppernantant screening for reactivity against V: 570 ng/ml NA NA
from immunized transgenic H2L2 SARS2-S1 by ELISA and SARS2 pV
mice neutralizatiol
S309°* Inmortalized memory B cells from suppernantant screening for reactivity against V: 79 ng/ml NA NA
SARS1 patient SARS-CoV-2 S by ELISA
Cross-neutralization H014% mice immunized with SARS1 phage display panning using SARS2 RBD V: 38 ng/mL ACE2-transgenic mice NCT04483375 (1)

SARS1/SARS2. RBD

attachmen competing WlthADI55689 56

ACE2 binding and

promoting S1 dissociation

(ADI56046)*

VHH72-Fc ¥

RBD
PBMCs from SARSL1 infected
patient

llama immunized with prefusion-
stabilized CoV S

single MBC sorting (RBD bait) followed by singlev: 50-1400 ng/ml

cell antibody cloning

phage display panning using SARS1 or MERS STwo VHH coupled as a

proteins

bi-valent IgG-Fc fusion
needed for neutralization

NA

NA

NA

*: 2 or more different epitopes
pV: pseudovirus assay was used to determine neatiafizpotency
V: authentic live virus was used to determine ndimiion potency
(), (1), (1)  clinical trial phase

24



665
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