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Abstract.

Passive anti-viral immunotherapy, including monoclonal antibodies (mAb), was identified early as a promising

therapeutic avenue for COVID-19 with a rapid development pathway. This has been driven by the lack of existing effective direct

acting antivirals for coronaviruses, the marginal clinical impact of remdesivir and the relative lack of efficacy of antivirals against

other respiratory pathogens, combined with the failure of repurposed drugs. This review explores the potential utility of

mADb targeting SARS-CoV-2, to prevent or treat COVID-19 infection. The use of mAb against host factors (e.g. tocilizumab

targeting IL-6 receptor and canakinumab targeting IL1-B) to mitigate the inflammatory response seen in progressive disease will

not be considered. This review will primarily consider mAb that have direct neutralising activity via their targeting of the SARS-

CoV-2 Spike (S) protein focussing on: the targets of mAb; how they mediate viral neutralisation; their propensity to generate

escape mutants; their clinical use so far, and their likely place in the therapeutic play book.
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The role of mAb in treatment and prevention
of infectious diseases

While monoclonal antibodies (mAb) have a rapidly expanding role
in the treatment of cancers and autoimmune conditions, their role in
treating or preventing infections has been more constrained, pri-
marily focused on viral infections.

The earliest example of clinical deployment of anti-viral mAbs is
the humanised mAb, palivizumab, against Respiratory syncytial
virus (RSV) infection in children'. Currently, second generation
RSV mAD, engineered to have longer half-lives are being explored
as seasonal prophylaxis for RSV in paediatric populations. However,
the cost benefit of this approach, even in susceptible populations, has
been questioned®. More recently, mAb used as either monotherapy
or in cocktails have demonstrated efficacy in treatment of Ebola®,
prevention of CMV recrudescence post kidney transplantation®, and
prevention of recurrent C. difficle infection”. A range of mAb against
Envelope proteins of HIV is being assessed in clinical trials as

adjuvant therapy and prophylaxis®’.

SARS-CoV-2 Spike protein

The Spike (S) protein of SARS-CoV-2 is responsible for determin-
ing the tropism of the virus, mediating both receptor binding and
fusion of viral and target cell membranes (Figure 1). Spike trimeric
class 1 fusion protein contains three identical protomers®. Each
protomer has 2 subunits: S1 and S2. S1 contains the receptor binding

domain (RBD) that binds to the host ligand, angiotensin-converting

enzyme 2 (ACE-2), and an N terminal domain (NTD)>'%. S2 is
membrane proximal, containing the viral fusion machinery. Fusion
is activated after the binding of RBD to ACE-2 and is dependent on a
host encoded serine protease (TMPRSS2)'!. Neuropilin may be a
cofactor for infection acting after S1/S2 cleavage'”.

The RBD can be further divided into two structural regions: a
relatively conserved core region and a more variable receptor
binding motif (RBM)’. The RBM binds ACE-2 with high affinity.
Interestingly, the SARS-CoV Spike protein also binds to ACE-2,
while MERS Spike binds dipeptidyl peptidase 4'*'?, implying
potential cross reactivity of neutralising domains among these
coronaviruses.

The Spike protein exists in different conformations (Figure 1).
The RBM can exist in an ‘up’ or open state, capable of binding
ACE2 or in a ‘down’ or closed state which cannot bind the ligand'’.
Protomers with a single trimer may be in different up or down states
simultaneously'® (Figure 1). Binding to ACE2 induces specific
conformational changes allowing proteolytic cleavage at the S1/S2

boundary and activating the fusion machinery'’.

SARS-CoV-2 neutralising antibodies target
the Spike protein

The Spike is highly immunogenic. In natural infection neutralising
antibodies are detectable in vitro in >90% of individuals within
several weeks of mild infection, though titres vary enormously from
person to person'®. Memory B cells producing these antibodies are

relatively easily isolated from the peripheral blood of convalescent
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Figure 1.
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A simplified structure of the trimeric Spike (S) protein which consists of 3 identical protomers. Each protomer is made up of S1 and

S2 sub-units. The orientation of the trimer is shown relative to the viral membrane with the ACE-2 binding site in the RBM. S1 consists of RBD
and NTD, with RBD encompassing the RBM, which is shown in either its up or down position. The three RBMs in a trimer may not be in the

same orientation.

patients'’. These antibodies and the B cells that encode them have
provided the source of the majority of mAb with potent neutralising
activity. Other sources include immunisation of transgenic mice,
llamas and alpacas, phage display, production of nanobodies and the
re-engineering of cross reactive mAb produced against SARS-CoV
(for review see Finkelstein ez al.'®)

The propensity of humans to efficiently produce neutralising
antibodies to SARS-CoV-2 has been recapitulated in vaccine trials
with each of the lead constructs, whether based on RNA, protein or
recombinant viruses, inducing relatively efficient production of
neutralising antibodies in the majority of those immunised'® .

The neutralising domains or epitopes so far identified all impact
on the interaction of Spike with ACE-2. Most are associated with the
RBD or immediately adjacent regions of the Spike (S) protein. Using
the crystal structures of neutralising mAb bound to Spike, initially 3
neutralising domains associated with the RBD and one outside the
RBD were described”’. With further study of the increasing numbers
of monoclonals this classification has been further refined to include six
separate functional targets within Spike'® (Figure 2). Understanding
these structures will be likely to provide guidance with regards to
mechanisms of immune escape or evasion and inform the rational
design of cocktails of mAb.

The six neutralising domains and the mechanisms of mAb
induced viral neutralisation are summarised below. There are two
main subclasses of epitopes, those within the RBM and those outside
the RBM.

(a) mAD targeting the RBM: all interfere with ACE-2 binding either

directly or indirectly.

(1) RBM class I: This epitope overlaps the area of RBM that
directly binds ACE-2 when it is in the up state (Figure 2). Almost all

of the mAb targeting this epitope (with the notable exception of
REGN10933?%) use one of two almost identical VH chains. These
antibodies are close to the germline and have short CDRH3
regions'®. This lack of somatic hypermutation and affinity matura-
tion likely explains why neutralising activity appears relatively easy
to induce following both natural infection and immunisation.

(2) RBM class II: This epitope overlaps with the first epitope, but
is available for mAb binding in both the up and down state. MAb
targeting this epitope have been derived from convalescent patients,
synthetic libraries and vaccinated llamas or alpacas (reviewed in
Finkelstein ef al.'®).

(3) RBM Class III also overlaps with the Class II epitope but
involves RBDs of the adjacent protomers in the trimer. MAD targeting
this epitope disrupt ACE2 interaction by binding near the trimer apex
cross linking the RBM of adjacent protomers, locking them in the
closed state (reviewed in Finkelstein ez al.'®). Convalescent patients are
the source of most of these antibodies.

These mAb represent the majority so far described and most are

strain specific'®.
(b) outside the RBM, within the more conserved core region of S1.

(4) RBD core I epitope is exposed when RBM is in the down
position and the spike is in its closed conformation.

(5) RBD core 2 is buried on the opposite face of the core domain
and is available for binding only when at least 2 of 3 RBM are in the
up conformation.

MAD to both these sites block ACE2 binding by locking Spike
into conformations that are unreceptive to ACE-22""2_ This group of
antibodies includes REGN 109877, one of the antibodies currently
in late-stage clinical trials. These regions are similar in SARS-CoV

and SARS-CoV-2 representing cross reactive targets”’.
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Figure2. A highly simplified model of the binding sites of mAbs in five of the six epitopes associated with the RBM relative to the ACE-2 binding
sites: Dark blue: immunoglobulin heavy chain; light blue: immunoglobulin light chain.

(6) NTD epitope is less well described, but a similar region has
been described in MERS?**%?°. MAbD interfere with transition of

prefusion to post fusion state after ACE-2 binding®®.

Immune escape from mAb

SARS-CoV-2 is an RNA virus and like other coronaviruses has the
capacity to escape the immune response through a variety of
mechanisms including mutational escape. This may be through

changes to the:

« amino acid sequence contributing to an epitope;
« conformational landscape of an epitope; or
« capacity for glycosylation at sites that impact on the accessibility of

an epitope'®.

Several mutations in S change the capacity of the virus to be
neutralised by polyclonal sera or mAb'®. Direct pressure by mAb on
an epitope has driven escape variants in other coronaviruses.
Immune escape has been described with the clinical use of
convalescent plasma in COVID-19. However, in the latter case
escape viruses appear to be less fit and reverted to wild type
in vivo in the absence of antibody pressure®’. However, immune
escape is a risk, especially with strain specific mAb. MAD targeting
conserved, cross-reactive viral epitopes may be relatively resistant to
escape, while cocktails of mAb that increase the genetic barrier or
act synergistically (e.g. asirivimab or REGN10933 (RBM-specific
Class 1) and imdevimab or REGN10987 (RBD core specific)) may
have advantages as the basis of therapeutic or prophylactic

interventions.

MAD in clinical trials

Neutralising antibodies have been rapidly identified for development
via clinical trial programs using compressed approaches incorporating
rapid development through novel design of combined phase 1 to phase
2b/3 trials. Given the burden of severe disease and the lack of directly
acting antivirals, the target population has included those with pro-
gressive disease, with end-points that have included mortality, time in
ICU and time to discharge. Almost in parallel, trials have also targeted
those with mild disease, identified early, including those treated as
outpatients, with end-points that include measures of disease
progression®' 3.

Thus far, a single dose of 7.0 g of the mAb Ly-CoC555/bamlani-
vimab, which binds with high affinity to RBM or placebo has been
tested in hospitalised patients with less than 12 days of symptoms, an
average age of 61 years and a typical range of comorbidities. The
primary end-point was based on a 7-point ordinal scale of disease
severity at day 5 post infusion. The trial was stopped early due to lack of
efficacy. Further, there was no impact on any secondary end-point,
including time to sustained recovery or to time to hospital discharge®'.

Two other trials in non-hospitalised patients early in the disease
process, one testing a single dose of either LY-CoV555 (0.7 g,2.8 gor
7.0 g) or placebo and the other testing single doses of a cocktail of 2
antibodies: casirivimab and imdevimab (2.4 g or 8 g) or placebo have
reported interim results on completion of their phase 1/2 components.
The two trial populations were similar with a median age of mid-40s.
MAD or placebo was administered within 4-7 days of onset of symp-
toms. Both trials demonstrated modest reductions in viral loads of

0.25-0.5 log;o copies/mL, relative to the placebo arms at days 3—11
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post infusion. This is on the background of viral loads of
3-5 log;o copies/mL. These early phase trials were not powered to
detect differences in clinical end-points; however, both demonstrated
potentially encouraging effects, reducing hospitalisations by approxi-
mately 50%. However, these effects were based on less than 10 cases in
each trial (6% v 1.6% for Ly-CoV 55, and 6% v 3% for the cocktail) and
seem out of proportion to the viral load reductions. Both trials continue
into their phase 3 components, which will provide more definitive
insights into their potential to prevent disease progression®>>>.
Importantly these trials have not revealed significant safety
issues. In particular, there has been no clear safety signals
indicating antibody induced enhancement of infection, which has
been seen in the treatment of animal models of coronavirus infection

with mAb™>*.

Where to from here?

Multiple SARS-CoV-2 mAb have been identified, many with high
affinity. Synergistic combinations are being identified. In general,
passive immunotherapies for infections have been more effective as
prophylaxis or immediate post exposure prophylaxis. Early indica-
tions are that mAb may be most effective if used early and may have
a place in protecting those most vulnerable, who may have com-
promised responses to active vaccination: the frail elderly, or those
who are immunocompromised or immunosuppressed. The data from
clinical trials in variety of populations will define the therapeutic

niche for mAb over the next several months.
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