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Neutralizing antibodies (nAbs) are being increasingly used as passive
antiviral reagents in prophylactic and therapeutic modalities and to
guide viral vaccine design. In vivo, nAbs can mediate antiviral functions
through several mechanisms, including neutralization, whichis defined
by invitro assays in which nAbs block viral entry to target cells, and
antibody effector functions, which are defined by in vitro assays that
evaluate nAbs against viruses and infected cells in the presence of
effector systems. Interpretingin vivo results in terms of these
invitro assays is challenging butimportantin choosing optimal passive
antibody and vaccine strategies. Here, I review findings from many
different viruses and conclude that, although some generalizations are
possible, deciphering the relative contributions of different antiviral
mechanisms to the in vivo efficacy of antibodies currently requires
consideration of individual antibody-virus interactions.
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Introduction

The COVID-19 pandemic has introduced the concept of neutralizing
antibodies (nAbs) to the lay public and raised the profile of such anti-
bodies in the scientific community generally. As is the case for many
viruses, thereis afairly good correlation between levels of serumnAbs,
asidentified by in vitro assays, and protection against infection and
disease for SARS-CoV-2, the virus that causes COVID-19. However, there
are many misconceptions about nAbs and how they function. The term
‘neutralizing’ might be taken to indicate that these antibodies function
in vivo predominantly by neutralization (as defined below), but this
is not necessarily the case. Furthermore, there is great heterogeneity
in the mechanism(s) of action of individual nAbs, even those that are
apparently closely related. Much information hasaccumulated recently
on nAbs to a wide range of viruses, which can be used to gain a better
understanding of their activities.

There are several definitions of neutralization, two of which are
widely accepted. Oneis “theloss of infectivity which ensues when anti-
body molecule(s) bind to a virus particle, and usually occurs without
theinvolvement of any other agency”’. The phrase “without the involve-
ment of any other agency” (although, rarely, complementisincluded)
indicatesthat neutralizationis typically measuredinvitro by incubating
antibodies, virus particles and target cells together and demonstrat-
ing reduced infection. A second definition of neutralization is “the
reductioninviralinfectivity by the binding of antibodies to the surface
of viral particles (virions), thereby blocking a step in the viral replica-
tion cycle that precedes virally encoded transcription or synthesis”.
For enveloped viruses, this block occurs before virus entry into a host
cell but for non-enveloped viruses, it can occur after entry>*. In both
cases, neutralization according to these definitions can be measured
ininvitro assays. However, the term ‘neutralization’ can also be used
to describe antiviral activities of antibodies such as protectioninvivo,
which may or may notinvolve neutralization in terms of blocking viral
entry. This has created considerable confusion in the literature when
antiviral (‘neutralizing’) activity in vivois mediated by antibodies that
do not block viral entry in typical neutralization assays in vitro — in
other words, non-neutralizing antibodies (nnAbs). For the most part,
the field has chosen to avoid confusion by defining neutralization so
that it can be assessed by typical in vitro assays, involving antibody,
virus and target cells alone.

The ability of nAbs to block viral entry by enveloped viruses in
vitro requires that the antibodies bind to functional entry molecules
on the surface of infectious virions, typically envelope (Env) protein
spikes. Binding to these functional structures also endows nAbs with
many other potential antiviral activities that could be manifested
in vivo but are not present in neutralization assays in vitro. Thus, for
example, virions coated with nAbs could be taken up in vivo by phago-
cytic cells via receptors for the antibody Fc (crystallizable fragment)
domain (FcRs) or trapped on FcR-bearing cells and prevented from
accessingtarget cells. Alternatively, functional viral structures that are
recognized by nAbs can be expressed oninfected cells, rendering them
potential targets for antibody-dependent cellular cytotoxicity (ADCC).
Again, recognition of functional structures will enhance the ability of
antibodies to inhibit cell-cell spread of a viral infection.

Of crucialimportance to the topics discussed in this Review, I sug-
gest thatinsomerespects, therefore, the best way to think of anAb may
beasanantibody that binds to functional structures on the surface of
virions and infected cells.

Invitro, under theright assay conditions, this canlead to neutrali-
zation. Invivo, there are several possible outcomes, including but not

limited to neutralization. As I discuss here, neutralization may even
make anon-decisive contribution to the in vivo efficacy of antibodies
thatare described as neutralizingin vitro.

This Review focuses on nAbs but it should be emphasized that
somennAbs also have Fc-dependent antiviral activities against virions
and against infected cells that are manifested in vitro when effector
cells are included, and in vivo in the prophylaxis or therapy of viral
infections. The activities of nnAbs against molecules expressed on the
surface of infected cells but not on virions, such as the NS1 protein of
dengue virus, are readily understood. The activities of nnAbs against
free virions could, in principle, involve two types of target. The first is
functional entry molecules onthe surface of virions, inwhich case the
binding of nnAbs must, by definition, not interfere with viral entry.
Thesecond is non-functional molecules on the virion surface, for which
binding of nnAbs also does not affect viral entry. Indeed, disassembly
or conformational rearrangement of a proportion of functional mol-
ecules oninfectious virions, by exposing epitopes that are not available
on functional molecules, presents opportunities for nnAbs to trigger
effector systems such as complement activation and phagocytosis.
Similar mechanisms can operate to enable nnAbs to act against virus-
infected cells. Generally, however, nAbs are much more effective than
nnAbs in vivo, which explains the greater research focus on nAbs.

With these introductory considerations in mind, I review findings
from many different viruses — with a particular focus on HIV and SARS-
CoV-2 — and consider our current understanding of the mechanisms of
antibody-mediated neutralization in vitro, the antiviral mechanisms
of nAbs that become relevant if effector cells are included in typical
invitro assays and the mechanisms of nAb activity against viruses in vivo.

Mechanisms of neutralization in vitro
Neutralization activity is determined for antibodies in sera or for mono-
clonal antibodies (mAbs) using in vitro assays, which aim to predict
the effect of the antibody in vivo in terms of protection or therapy.
Understanding the mechanisms of neutralization may assist in these
predictions andis of clear scientific interest in terms of advancing our
general knowledge of theinteractions between antibodies and viruses.
Ideally, to be predictive of aninvivo effect, in vitro neutralization
assays should mimic thein vivo conditions under which nAbs encoun-
ter virus as closely as possible. However, neutralization assays often
use conditions that are far removed from those in vivo. For example,
pseudoviruses that express surface proteins of the virus of interest
on the background of another virus such as vesicular stomatitis virus
or murine leukaemia virus are frequently used. Target cell lines, con-
taining genes for indicator molecules such as luciferase to report on
infection and enable high-throughput screeningin single-cycle assays,
are often used rather than the primary cells that would be infected
invivo. Possibleartefacts arising from the artificiality of such assays can
be explored by comparing results from pseudovirus (clonal) infection
of celllines with those from authentic replicating (quasispecies) virus
infection of primary cells. Differencesin the efficacy of nAbs between
these assays are often seen in terms of their neutralization titres —
measured as the concentration of nAb giving 50%, 80% or 90% inhibi-
tion of virus replication (IC,, IC4, 0r IC,,, respectively). Differences can
alsobereflected in other parameters such as the maximum neutraliza-
tionachieved at high nAb concentrations; for example, a pseudovirus
might be neutralized to 100% by a given nAb but an authentic virus
to notably less than 100% owing to, in this example, a greater surface
heterogeneity. Another factor to considerin aninvitro neutralization
assay is the length of time for which the antibody is preincubated with
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the virus; ICs,, ICg, or IC,, values will often depend on this parameter,
which could vary considerably for different viruses, target cells and
infection environments in vivo. Therefore, in seeking to understand
nAb activity in vivo, it is important to consider the limitations of the
neutralization assay used. Nevertheless, despite these cautionary
notes, itis the case that many neutralization assays using pseudoviruses
and target cell lines have proven effective at broadly predicting the
behaviour of antiviral antibodies in vivo, including those against HIV
and SARS-CoV-2*. However, deviations from a directly proportional
relationship between in vitro activity and in vivo activity are seen for
some antibodies, for example for antibodies to HIV°? and influenza
virus” and for acombination of SARS-CoV-2 nAbs™.
Antibody-mediated neutralizationin vitrois increasingly under-
stood to operate by various mechanisms (Fig. 1). Any antibody that
binds with sufficient affinity to anative structure on virions will have the
potential to interfere with viral entry. Several mechanisms have been
associated with preventing virion attachment to target cell receptors.
Theseinclude binding to the viral receptor-bindingsite orinits vicinity
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Fig.1|Mechanisms of neutralization of an enveloped virus by neutralizing
antibodiesin vitro. Antibody-mediated neutralization of enveloped viruses
invitro can operate by several mechanisms. a, Preventing the attachment of
virions to host cell receptors by the disassembly or conformational modification
of viral spike proteins. b, Aggregation of virions, impeding attachment to host
cellreceptors. ¢, Directly blocking binding of viral spike protein to host cell
receptors through steric obstruction. d, Blocking the fusion of viral and host
cellmembranes by steric obstruction. e, Blocking conformational changes in
spike protein required for virus entry into host cells. f, For viruses that enter
endosomes, blocking entry into the cytoplasm by blocking endosomal cleavage
and/or endosomal receptor binding. g, Blocking viral egress from the cell;

and preventing attachment by steric obstruction, disassembling or
changingthe conformation of viral surface entry proteins, and aggre-
gatingvirions. nAbs canalsointerfere with entry post-attachment and
have effects post-entry, includingin the host cell cytoplasm and during
viral egress from host cells. Finally, nAbs can also enhance infection
invitro as discussed in Box 1.

Conformational change

Many Env spikes are metastable — on the virion surface they areina
pre-fusion conformation, and interaction with host cell receptors trig-
gersextensive structural changes that allow for the viral entry process.
Several cases have been described in which nAbs bind to and trigger
conformational changes in recombinant Env proteins that render
them non-functional and potentially irreversibly prevent viral entry”
(Fig.1a). Examples of the use of such amechanisminclude antibodies
to HIV'*®, SARS-CoV" and SARS-CoV-2?*%, For HIV, the mAb PGT121
binds to the V3-glycan site on the Env spike, which is distant from the
site that binds the host cell receptor CD4, but this can allosterically
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although thisis not strictly amechanism of neutralization, it would be observed
in multiple-round, but not single-round, neutralization assays and can occur
through the aggregation of progeny virions at the surface of infected cells.
Thefigureillustrates neutralization of an enveloped virus. For non-enveloped
viruses, there is additionally intracytoplasmic neutralization involving the
ubiquitin ligase TRIM21, which targets antibody-bound virus to the proteasome
for degradation. Finally, the mechanisms that prevent viruses gaining entry to
host cells can also prevent viruses spreading from one cell to another directly
by inhibiting attachment of the infected cell to the uninfected cell and/or by
inhibiting fusion of the membranes of the two infected cells.
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Box 1

Antibody-dependent enhancement of infection

Under some conditions, antibodies can enhance infection in classical
neutralization assays through a phenomenon known as antibody-
dependent enhancement (ADE)'*°"%%, ADE is typically observed with
neutralizing antibodies (nAbs) at sub-neutralizing concentrations
and has most commonly been described for flaviviruses that can
gain entry to crystallizable fragment (Fc) receptor (FcR)-bearing cells
through interaction of virus-bound nAb with FcRs''. However, ADE
has also been described for some antibody Fab regions and therefore
can occur independently of FcRs'**'**, The occupancy model of
neutralization explains ADE as an effect that occurs at low occupancy
of virion sites in the presence of permissive cells (for example, those
bearing FcRs). As nAb concentrations increase, coating of the virus
with nAb increases, eventually resulting in sufficient occupancy for
neutralization. Interestingly, complement component Clq (which
binds to the Fc portion of antibodies) has been shown to restrict

ADE for flaviviruses in vitro and in vivo'®®, which might reflect more
effective coating of virions because of the large size of the Clq
molecule, more effective neutralization and a shift in ADE to lower
nAb concentrations'”’. ADE is often viewed in the context of enhanced
infection of permissive cells but nAb-complexed virus may also enter
cells that are normally non-permissive, which may be followed by
viral replication and the release of infectious progeny (productive
infection) or may be a dead-end (non-productive infection or, more
simply, viral ‘uptake’). Productive infection is much more likely to have
in vivo consequences than non-productive infection. Non-productive

inhibit binding of soluble CD4 and therefore may provide a neutrali-
zation mechanism?’., PGT121inhibits binding of soluble CD4 not only
torecombinant Env trimers but also to cell surface Env. Nevertheless,
this does not unambiguously prove thatinduction of conformational
change is required for neutralization by this antibody. Indeed, it has
beenshown that nAbs to the V3-glycansite of Env bind to residues that
associate with the host cell co-receptor CCR5 and neutralization may
thus result from inhibition of CCR5 binding rather than inhibition of
CD4 binding®. Although there is a tendency to refer definitively to
‘mechanisms of neutralization’ in the literature from structural stud-
ies on recombinant proteins, it is worth emphasizing that these may
be hypotheses that would require detailed and difficult studies to be
truly definitive. Furthermore, even structural studies on whole virus
particles can be misleading. Thus, nAbs have been shown to induce
conformational changes in picornaviruses but, for rhinovirus, the
ability toinduce such changes was not correlated with neutralization
activity and it was concluded that the changes are epiphenomenathat
are associated with some, but not all, nAbs™.

Perhaps the best evidence of neutralization being dependent upon
nAbs disassembling or altering the conformation of viral surface proteins
isprovided by antibodies thathave beenshowntoirreversibly reduce viral
infectivity before incubation with target cells. For example, studies have
shownthat theinfectivity of several viruses, including dengue virus, West
Nile virus (WNV) and HIV, decays with time and that nAbs can accelerate
therate of this decay'*"*. For HIV, antibodies to the V3-glycansite of Env
(mAb PGTI128) and to the gp120-gp4l interface site (mAb 3BC315) have

ADE has been described for SARS-CoV and MERS-CoV in various
cell lines in vitro™®* ' and involved alternative receptor usage in
non-permissive FcyRIl-bearing cell lines?®**°® and primary cells'”.
ADE, both productive and non-productive, has also been described
for SARS-CoV-22°2% involving FcR-mediated viral entry. In mice
and in monkeys, antibodies to SAR-CoV-2 that mediated ADE in vitro
protected effectively against virus in vivo?®*, which suggests that
the in vitro phenomena are of limited importance. Studies showed
that uptake of antibody-complexed SARS-CoV-2 occurred non-
productively into human monocytes and macrophages via FcRs
but that this could lead to inflammation that might contribute to
COVID-19 pathogenesis®®>?",

Although ADE can be readily demonstrated for several viruses
in vitro, evidence in vivo is much more limited"'". For dengue virus,
clinical data suggest that the interaction of antibody-coated
virus with FcRs on susceptible cells can enhance disease under
certain conditions, in particular for sub-neutralizing concentrations
of nAbs. Of note, disease severity resulting from secondary dengue
virus infection seems to be related to antibody fucosylation and the
strength of the interaction with FcRs; afucosylation, which increases
binding to FcRs, leads to more severe disease®”. For respiratory
viruses such as respiratory syncytial virus and SARS-CoVs, there
is also the possibility of vaccine-associated enhanced respiratory
disease, in which immune complexes with viral proteins are
deposited in the capillaries of the lungs, leading to tissue damage®®.

been shown to accelerate the rate of decay of infectious virus'®”. The
observed dependence of neutralization efficacy on length of time for
which nAb and virus are pre-incubated before adding to target cells in
neutralizationassaysisafurtherindication thatthenAb causesirreversible
conformational change thatleads toinactivation of the virus. By contrast,
the broadly neutralizing antibody (bnAb) 2G12 (Box 2) was shown to
reversibly neutralize HIV post-attachment, probably by interfering with
virus-CCRS5interaction®.

In general, the instability of Env spikes is reflected in the strong
antibody responses often observed to post-fusion conformations
of Env in many viral infections. The disassembly of multisubunit
viral surface proteins with time inevitably results in the exposure of
large protein surfaces, previously crypticin the native structure, that
are likely tobeimmunogenic. In terms of vaccine design, maintaining
the pre-fusion conformation of Env is an oft-encountered problem
inthe design of recombinant Env proteins as potentialimmunogens” .
Furthermore, the ability of antibodies generated by priming immuni-
zation to trigger the disassembly of recombinant Env protein could
generate non-native forms of Env in subsequent immunization steps
thatare then likely to elicit nnAbs rather than nAbs™.

Aggregation to prevent virus attachment

The aggregation of virions by antibody binding may contribute to neu-
tralization by reducing attachment of viruses to target cells’ (Fig. 1b).
However, aggregated virions may still attach to some extent to target
cellsdependinguponthe nAb and assay conditions, and aggregation
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may affect a step downstream from viral attachment such as fusion
orviralegress frominfected cells (see below). The extent of aggrega-
tionis determined by the molar ratio of viral particles to nAbs. Virion
aggregation has been proposed as one potential contributor to the
incomplete neutralization of virus, by preventing full access of nAbs
to virion particles in the aggregate, leaving a non-neutralizable frac-
tion (also known as the persistent fraction)’. Aggregation of virions
has recently been proposed to contribute to the neutralization of
Chikungunya virus®.

Steric obstruction to prevent virus attachment

The size of an antibody (IgG) molecule relative to the size of a typical
viralsurface proteinis often underestimated (Fig. 2); therelatively large
antibody size means that binding directly to the binding site for ahost
cell receptor on avirion surface proteinis not necessarily required to
perturb the interaction of amembrane-bound receptor on the target
cell with the virion-associated protein'**° (Fig.1c). A clear demonstra-
tion of the perturbatory effect associated with the relatively large size
ofthe antibody molecule binding to a viral surface is shown by antibod-
ies to the haemagglutinin (HA) protein of influenza virus that inter-
fere with the catalytic activity of viral neuraminidase (NA)*°. Another
example is provided by antibodies to host molecules that have been
incorporated into the membranes of HIV particles but are not required
forviralentry. The phenomenonis noted particularly in the presence of
complement and presumably arises, at least in part, from the obstruc-
tionof HIV Env trimers by antibodies bound to neighbouring host mol-
ecules”*, Neutralization of HIV and simian immunodeficiency virus
with short peptide tags introduced into the Env molecules at varying
positions has also been described for the corresponding anti-tag anti-
bodies®***, which is consistent with neutralization through general
steric obstruction rather than specific targeting of functional sites.

Post-attachment neutralization

Post-attachment neutralization is a major mechanism of neutrali-
zation for many viruses and antibodies. The fusion of viral and host
cellmembranes is acomplex multistep process that can be sterically
inhibited by the large bulk of the antibody molecule binding to, or
in the vicinity of, the fusion machinery of the virus*" (Fig. 1d). For
example, the transition of a spike protein from the pre-fusion to post-
fusion conformation might be blocked by nAb (Fig. 1e). If the fusion
processinvolves the interaction of multiple virion surface molecules
with multiple host cell receptors, one might liken antibody-mediated
inhibition of fusion to an object being inserted into azipper®*¢. Some
viruses, such as WNV, can still gain entry to host cell endosomes with
antibodiesboundbut are theninhibited by the antibodies from fusing
with endosomal membranes and are therefore unable to gain access
to the host cell cytoplasm* and are destroyed in lysosomes (Fig. 1f).
Other more specialized mechanisms have been suggested to oper-
ate for some viruses. In the case of Chikungunya virus, cryo-electron
microscopy studies have shown that an antibody Fab (antigen-binding
fragment) canbridge between two domains of the E2 glycoprotein of
the viral E1I-E2 complex, thereby preventing exposure of the fusion
loop on the E1 protein and blocking fusion*®, Another cryo-electron
microscopy study of Chikungunya virus proposed that two nAbs bound
betweentwo protomers of E2 on one Env spike, thereby blocking viral
fusionand also viral egress*. It should also be noted that many viruses
have separate attachment and fusion proteins and that the efficacy
of nAbs to the fusion proteins is consistent with post-attachment
neutralization.

Inhibition of viral egress

Viral egress is another point in the virus life cycle at which nAbs can
intercede (Fig. 1g). As this occurs after infection of a cell, it does not
qualify as ‘neutralization” according to the accepted definitions but
itis nevertheless often considered together with the mechanisms for
inhibition of viral entry. Inhibition of viral egress would be observedin
aneutralization assay involving multiple rounds of viral replication but
notin anassay involving a single round. Viral egress has been studied
ininfluenzavirusinfectionin particular. Inhibition of viral egress was
shown tobe mediated not only by nAbs to HA, but also by nnAbs to M2
and NA proteins on the surface of influenza virus-infected cells*. More
recently,anHA head-binding antibody was shown to operate primarily
by blocking viral egress™*2. The effects of this antibody were similar to
those of aNAinhibitor by densely aggregating progeny virions on the
surface ofinfected cells. Another antibody binding to aunique epitope
ontheHA head did notblock receptor binding but inhibited viral egress
by a similar aggregating mechanism*. Antibodies to influenza virus
NA have been shown to inhibit viral egress and to offer protectionin
mice’**. Of note, although antibodies to NA do not generally inhibit
viralreplicationinsingle-cycle neutralization assays, they cando soin
the case of modified viruses that use NA for entry into host cells*. Inhibi-
tion of viral egress has also been described for nAbs to Eastern equine
encephalitis virus”, Sindbis virus”, Chikungunya virus®*>*’ and HIV*,

Viral surface protein breathing

The above discussion tends to assume that viral surface molecules
are static but increasingly it is understood that such molecules can

Box 2

Broadly neutralizing antibodies

A category of neutralizing antibodies that has received much
attention in recent years is broadly neutralizing antibodies (bnAbs)
to highly antigenically variable viruses such as HIV, hepatitis C
virus and influenza virus”®*"". bnAbs recognize the more conserved
regions of the surfaces of highly variable viruses and are prized as
guides for the design of vaccines to such viruses'>?>", For HIV,
the discovery of bnAbs provided evidence that an antibody-based
vaccine to prevent AIDS might be possible and defined the sites

to be targeted by rational design principles®*?". For influenza
virus, the discovery of bnAbs to both the stem and the head region
of haemagglutinin have underpinned one set of approaches to
develop ‘universal’ flu vaccines?®?"?'®?° Recently, the emergence
of variants of SARS-CoV-2 and the need for antibodies and vaccines
to prevent future coronavirus pandemics have prompted searches
for bnAbs to coronaviruses, particularly to sarbecoviruses and,
more generally, to beta-coronaviruses°?*, Increasingly, it is
understood that antibodies can be found that recognize almost
every part of the surface of complex proteins. For example, a large
proportion of the underlying protein surface of the HIV Env spike
can be recognized by bnAbs despite the dense coating of the
spike with glycans. In comparison to the HIV Env spike, the spike
protein of SARS-CoV-2 is less comprehensively covered by glycans.
It remains to be determined to what extent antibodies recognize
regions of the native spike protein but do not neutralize virus.
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Fig.2|Model to scale of antibody-mediated neutralization of HIV. The large
size of ahuman IgG neutralizing antibody (Protein Data Bank (PDB) ID: 1IHZH)
relative to the molecules that areinvolved in the entry of HIV into host cells — the
viral envelope (Env) spike protein (PDB ID: 3)5M), and CD4 (PDB ID:1WIO) and
CCRS5 (PDBID:10PT) receptors on host cells — suggests that antibody can readily
interfere with viral attachment to and/or fusion with the host cell through steric
obstruction.

‘breathe’ — in other words, undergo conformational relaxation over
time that exposes novel epitopes or increases the exposure of existing
epitopes. The ability of antibodies to bind to these exposed epitopes
canthenlead to neutralization. Neutralization by antibodies binding
tointernal or cryptic epitopes was first described for poliovirus® and
later for flaviviruses®®, including WNV, dengue virus and hepatitis C
virus®®*, and norovirus®*. Potential consequences of ‘breathing’ of
viral epitopes are a marked dependence of neutralization activity on
the temperature and length of time for which virus and antibody are
incubated together®.

Inhibition of cell-cell spread

nAbs are generally considered in the context of inhibiting infection of
target cells by free virus particles in vitro but they can also inhibit the
cell-cell spread of a virus. This can be shown in specifically designed
assays, for which higher concentrations of nAbs are typically required
than forinhibition of free virus®®7*, although this is not always the case’.
The requirement for increased nAb concentration to inhibit cell-cell
spread may be associated with avidity effects of extended cell surfaces
interacting with one another (in contrast to a viral surface with poten-
tially less available surface for interaction), although other factors
such astherestricted access of nAbs to interacting cell surfaces could
also contribute’”. The ability of nAbs to interfere with cell-cell spread

could beimportantin many established viral infections, for example the
spread of HIV between activated CD4" T cellsin tissues. It could also be
important for protection against the initial stages of an infection that
involves cell-cell spread, such as for herpes simplex virus infection.

Intracytoplasmic neutralization

Antibody-mediated interception of virus after entry into the target
cell is a more recently described mechanism of viral inactivation
thatinvolves the degradation of non-enveloped viruses, including
adenoviruses, picornaviruses and rotavirus, facilitated by the ubiquitin
ligase TRIM217° 78, TRIM21 interacts with asite at the CH2-CH3 domain
interface of the Fcregion of IgG bound to virus, which results in ubiqui-
tylation of the antibody-bound virus complex and recruitment to the
proteasome for degradation. Another type of neutralization, often
described asintracellular —even though antibody and virus gain access
from the extracellular space without traversing a membrane — can
occur if antibody-containing endosomes fuse with virus-containing
endosomes. For example, polymeric IgA can intercept Sendai virus
or rotavirus during the process of transcytosis’ ™,

Neutralization stoichiometry
Closely related to the mechanisms of antibody-mediated neutralization
of virusesinvitroare the stoichiometry and kinetics of neutralization.

Antibody occupancy and neutralization

Early studies proposed that virions are neutralized by single anti-
body molecules based on single-hit kinetics. However, later studies
noted flaws in this analysis and multiple-hit models, in which a single
virion is bound by many antibody molecules, are now more generally
accepted”®*¥, Infact, abody of evidence favours occupancy theories
inwhich neutralization is related to the degree of occupancy of virus
surface molecules by antibody. One version of the occupancy theory
suggests that neutralization occurs onceavirionis coated withagiven
density of antibody molecules. Support for this theory comes froman
observed approximately linear relationship for several viruses, includ-
ing poliovirus, influenza virus and WNV, between the surface area of
avirus and the number of antibody molecules bound at neutraliza-
tion®”®%, The theory points to the large size of the antibody molecule
relative to the typical size of viral surface entry molecules and argues
that steric interference is likely to be important in inhibiting viral
entry. Itis derived from several observations, including the inability
of antibodies to minor populations of surface proteins — for example,
antibodies to NA oninfluenzaviruses or to analtered conformation of
the rabies G protein — to neutralize the corresponding viruses owing to
insufficient coating of virions. Inthe case of rabies G protein, conversion
of the minority form to a majority formleads to gain of neutralization
activity by the relevant antibody®*®°. In contrast to the simplest coating
theories, nAbs to the flaviviruses WNV and dengue virus can be placed
ingroups of ‘high’ or ‘low’ occupancy for effective neutralization®. The
group of nAbs requiring higher levels of occupancy for neutralization
has been associated with cryptic epitopes and Env breathing.

Neutralizing antibody affinity versus avidity

Several other features are linked to the stoichiometry of neutraliza-
tion, including antibody binding avidity, incomplete neutralization
and neutralization synergy. As regards avidity, for some combina-
tions of antibody and viral target, there are small differences in the
neutralization potency of Fab compared with whole IgG, but in other
cases whole IgG is much more potent than the corresponding Fab in
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neutralization assaysinvitro’ *. These differences are likely to reflect
monovalent binding of Fab compared with divalent binding of whole
IgG, depending upon the spacing of targeted epitopes on the virion
surface’ . The Env spikes on HIV are sparsely distributed, which is
consistent with neutralization by monovalent antibody binding in many
cases, although it has also been proposed that divalent binding may
occur in the context of clustered spikes associated with viral entry*.
For SARS-CoV-2, divalent IgG binding has been shown to lead to more
potent neutralization and more effective shedding of the S1 subunit,
whichwill render Env spikes non-infectious, than does monovalent Fab
binding?. Different antibody isotypes have different flexibilities that
might affect how the two Fab arms of an antibody interact with virion
surface proteins, bothinterms of intrinsic affinity and avidity through
bivalent binding. Furthermore, the length and character of the hinge
regionbetween Fab and Fc domains of anantibody can vary consider-
ably, and forIgM and divalent or secretory IgA the molecular weight of
the antibody is notably different from that of IgG. All of these factors
might be expected to influence neutralization activity and, indeed,
where they have been studied, this seems to be the case. For example,
inthe case of HIV, IgG3 has been shown to be generally more effective
at neutralization than IgG1 of the same specificity, possibly related to
the greater flexibility of IgG3 associated with a longer hinge region,
which allows for more restricted epitopes to be accessed, although
there are some exceptions” "%, The authors of one of these papers sug-
gested thatisotype switching could allow for HIV-infected individuals
torespondto the escape of HIV from neutralizationina phenomenon
they termed ‘switchredemption’®. Similarly, an IgA2 bnAb to HIV was
shown tobe more potent thanthe corresponding IgG1, possibly related
to CH1domain flexibility'. For SARS-CoV-2, anIgM antibody is much
more potent than the corresponding IgG and confers intranasal pro-
tection against variant virus challenge inamouse model, whereas the
IgG antibody does not'*%,

Incomplete and synergistic neutralization

Incomplete (less than 100%) neutralization by mAbs at saturating con-
centrations is sometimes observed and may arise, for example, from
glycan or conformational heterogeneity of Env spikes'®*"'%, The effect
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Fig. 3| Antiviral activities of neutralizing antibodies mediated by
Fc-dependent effector functions. a, In the presence of complement,
neutralizing antibody (nAb)-coated virions are susceptible to enhanced
neutralization (by steric hindrance) and to complement-mediated lysis. b, Inthe
presence of crystallizable fragment receptor (FcR)-bearing effector cells, nAb-

canvarybetweenvirus strains, viruses grownin different cell types and
different target cells. The consequences of incomplete neutralization
could in principle be very serious, as a fraction of virions may still be
infectiousin the in vivo environment.

Neutralization synergy and, more often, additive neutralization
have been observed when combinations of mAbs are studied”. Aninter-
esting recent example is provided by SARS-CoV-2, for which synergy
between nAbs s clearly shownin vitro butis lost in vivo at the limited
range of concentrations of antibody that have been assessed'*®. The
discovery of nAbs that have synergistic neutralizing effects is a goal of

attempts to generate cocktails of nAbs for prophylaxis or therapy'*®.

Antibody effector assays

By common definition, neutralization assays include only virus, anti-
body andtarget cell but, invivo, several other factors could contribute
totheantiviralactivity of nAbs by recognizing clusters of nAbs bound to
antigen onvirions or infected cells (Fig. 3). These include complement
and cells bearing FcRs, which can directly mediate antibody effector
activities orindirectly, viaantigen presentation, enhance cellularimmu-
nity. The creation of assays that accurately reflect in vivo conditions
for antibody effector activity is perhaps even more difficult than for
neutralization activity.

Complement

Most straightforward is the inclusion of complement in neutraliz-
ation assays. In principle, one would expect that the binding of Clq
(a protein of molecular mass ~400-450 kDa) to nAb bound to virions
would enhance neutralization by increasing steric hindrance of viral
attachment to or fusion with host cell membrane (Fig. 3a). Indeed,
many examples have been described in which the inclusion of comple-
mentincreases nAb potency invitro'” ", and for WNV this was shown
to be mechanistically associated with reducing the stoichiometry of
antibody-mediated neutralization'””. By contrast, for HIV, the addition
of complement to in vitro assays has been associated with increased
antibody-dependent enhancement (ADE)™ (Box 1) and enhanced HIV
transmission'?. In addition to steric hindrance, complement deposi-
tion can also mediate the lysis of virions and of infected cells (Fig. 3a).
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coated virions can be sequestered and prevented from binding to host cells or can
be taken up by effector cells such as macrophages by antibody-dependent cellular
phagocytosis (ADCP). ¢, Virus-infected cells coated with nAbs are susceptible to
killing by effector cells such as natural killer (NK) cells through FcR-dependent,
antibody-dependent cellular cytotoxicity (ADCC).
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Indeed, aslong ago as 1980, it was shown that complement could lyse
murine leukaemia virus in vitro in conjunction with antibodies to the
p15(E), but not the gp70, envelope protein'”. The lytic activity was
associated with the embedding of p15(E) in the virus membrane whereas
gp70 projects further from the membrane. Generally though, interestin
complement as a potential mechanismto enhance the antiviral activity
of nAbs hasbeen limited, in part because of early in vivo observations
that nAbs against several viruses had similar levels of protection in
complement-deficient mice and wild-type mice®. Furthermore, com-
plement was suggested not to contribute to protection mediated by
anAb against simian-human immunodeficiency virus (SHIV) in non-
human primates™, although other nAbs than the one used in that study

may be more effective complement activators™.

Antibody-dependent cellular phagocytosis

Incontrast to the role of complement, there is evidence from many vir-
uses for theimportance of FcR-mediated effector functions of nAbsin
antiviral activity in vivo, particularly from studies comparing nAbs
with variantsin which FcR binding is eliminated or enhanced"* ™%, The
main Fc-dependent effector functions of antibodies that have been
studied are antibody-dependent cellular phagocytosis (ADCP) and
ADCC.ADCP could, in principle, apply to both virions and infected cells
complexed with nAb. Most interest has focused on ADCP of virions"'”,
which can be assessed in various in vitro assays (Fig. 3b). One type of
assay makes use of cell lines to phagocytose antibody-complexed,
viral antigen-coated beads'. Such an assay has advantages for high-
throughput screening but may not mimic in vivo conditions well. For
example, the viral antigen is typically arecombinant protein rather
than native protein from the viral membrane, the density of antigen
molecules onthe beads (which may be crucial for activation of antibody
effector functions) may differ greatly from that on avirion, the size of
beads is likely to be different from the size of virions and the phago-
cytosing cell line may have important differences from primary cells.
Assays thatare closer toin vivo conditions involve the phagocytosis of
infectious virions by primary phagocytes'*'?. The relative worth
of different ADCP assays in predicting the in vivo efficacy of nAbs has
not been well established. Indeed, as discussed below, this is very dif-
ficulttoestablish. Interestingly, HIV hasbeen suggested to avoid ADCP
owingtotheirregularandrelatively large spacing between Env spikes
on the virion surface”.

Antibody-dependent cellular cytotoxicity

Infected cells complexed with antibody can be killed by ADCC (Fig. 3c).
In vitro assays for ADCC assess the ability of antibodies to mediate
target cellkilling through interaction between the Fc domain of antigen-
complexed nAb and FcR on an effector cell. Crosslinking of FcRs on
effector cellsleads tointracellular signalling that results in the release of
cytotoxic factors tokill target cells and cytokines to inhibit viral spread.
Effector activity is most often associated with natural killer cells but
mononuclear phagocytes and neutrophils may also be important'.
Ideally, as for the other antibody functions, anin vitro assay for ADCC
would mimicin vivo conditions as closely as possible. Historically,
assays have ranged from those using target cells with surface receptors
that capture recombinant viral proteins and effector cell linesto those
using virus-infected primary target cells andisolated effector cells from
thesame donor. Thereisalarge potential for variationin results accord-
ingtotheassay used, and support for the authenticity of agiven assay
is best generated by showing a correlation with an in vivo outcome.
Examples of the potential anomalies that can arise with ADCC assays

have been described for HIV**'*, For example, target cells infected
with primary HIV encoding functional Nef and Vpu accessory proteins,
which downregulate CD4 expression onthe surface ofinfected cells to
evade host defences, arelargely resistant to ADCC mediated by a class
of antibodies specific for the CD4-induced epitope (CD4i) of gp120.
However, in some assays that use target cells defective for Nef and/or
Vpu expression, CD4 expressed by these cellsis not downregulated and
can capture shed gp120; these cells are much more sensitive to antibod-
iesto CD4i, leading to an erroneous conclusion that these antibodies
are likely to be effective in ADCC in vivo. Overall, any conclusion that
agiven antibody or serum is effective in mediating ADCC needs to be
carefully examined in the context of the assay used.

Another assay to measure ADCC is the antibody-dependent cell-
mediated virusinhibition assay. This assay infects a cell line with virus
(typically HIV or SIV), removes free virus, adds antibody and effector
cells, incubates for 7 days and then measures virus replication. The
assay measures ADCC but also the effects of non-cytolytic antiviral
mechanisms such as 3-chemokine release from effector cells'. It also
probably includes a contribution from antibody-mediated neutraliza-
tion. Trogocytosis, whereby membrane from a virus-infected cell is
transferred to an effector cell, may also involve Fc-dependent antibody
interactions and have antiviral implications"%'?1%5,

Virus capture

In principle at least, virions bound by antibody could be captured on
FcR-bearing cells in vivo and their contact with target cells reduced
(Fig. 3b). For example, HIV entering the body through a mucosal sur-
face willencounter few target cells in the form of activated CD4" T cells
initially and during a limited time period before its infectivity will be
lost. One can hypothesize that if antibody-bound virus attaches to
an FcR-bearing cell, this would reduce the likelihood of productive
infection of a target cell irrespective of direct antiviral effects of the
antibody. In vitro capture assays can provide a measure of the ability
of immobilized antibody to capture virions'**°, Of interest for HIV,
nnAbs can also capture infectious virions in such an assay, presum-
ably by binding to non-functional structures on virions, such as gp41
‘stumps’ left after gp120 has been shed”", However, most attempts to
directly demonstrate notable protection by such antibodies by passive
transfer in vivo have failed>"*, which suggests that, for this virus at
least, any effect of sequestration is limited.

Antiviral antibody activities in vivo

Theantiviral activities of nAbs as assessed by in vitro assays may operate
invivo butitis difficult to determine the relative contributions of the
different mechanisms — direct neutralization, nAb-mediated effector
functions against free virions or infected cells, or virus sequestration.
Furthermore, the contributions of these different mechanisms may
vary depending upon viral challenge dose, exposure conditions, nAb
characteristics and alarge number of other factors. The choice of ani-
mal models toexplore thein vivo activity of nAbs and their mechanisms
of action is an important one and differences between models and
conditions canbe anticipated. Nevertheless, certain common themes
emerge (Fig. 4).

Sterilizing immunity at high nAb titres

One commonthemeis that high serumtitres of nAb (two tothree orders
of magnitude greater than in vitro nAb titres) are typically required
to provide sterilizing immunity in vivo following viral challenge — in
other words, to completely protect against establishment of infection
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through complete block of significant viral replication. From studies
of HIV in small-animal models and SHIV in non-human primates, we
refertothe ‘1:100 rule’, whereby the serum nAb concentration required
to achieve 50% protectionin vivo is 100 times the nAb concentration
required to achieve 50% neutralization in vitro’. This would corre-
spond to complete protection in vivo at nAb levels at least 500 times
higher thantheIC;,as measured invitro or 200 times higher than the
ICg,. This pattern has largely been reproduced in many, although not
all, studies in non-human primates using different SHIVs, different
nAbs and different challenge routes'>. More importantly, a similar
pattern has been described for protection against HIV in humans by
thebnAb VRCO1”"**. Similarly, anAb to respiratory syncytial virus (RSV)
was shown to offer essentially complete protection in the cotton rat
model following intranasal challenge at a serum neutralizing titre of
~1:380", and this helped to guide the antibody dose used to protect
at-risk infants by prophylactic administration**'¥”, Another study of
RSVinfectionin cottonrats showed 90% protection mediated by nAb
at a serum neutralizing titre of 1:1,300"%, High doses of SARS-CoV-2
mAbs were used in several COVID-19 prophylactic studies and in one
study were shown to provide significant protection against detectable
infection™.

However, it should be noted that the requirement for high nAb
titres for sterilizing immunity is qualitative rather than strictly quan-
titative. For example, several bnAbs, including some directed to the
base of the HIV Env spike, may be more effective in vivo than would
be anticipated from their in vitro neutralization titres'° ", A similar
deviation from a uniform relationship between neutralization and
protection has been described for nAbs to influenza virus®™ and for a
combination of SARS-CoV-2 nAbs™. Effector functions that are trig-
gered unequally by different nAbs but that are important for protection
invivo, or poor mimicry of in vivo neutralization by the in vitro assay,
may be contributory factors.

Severalexplanationscanbeadvancedfortheapparentover-capacity
in neutralization activity that is required for sterilizing immunity in
many animal models and some human studies. If it is assumed that
neutralization is the dominant protective mechanism, then for some
viruses, animal models or challenge routes, it may be necessary for
antibody to neutralize essentially every virus particle to achieve pro-
tection, which would require an excess of antibody. An alternative
explanation is that the over-capacity is artefactual because nAb con-
centration is measured in serum but protection is mediated at tissue
sites, for example mucosal surfaces, where the nAb concentration is
only afraction of that measured in serum****°_ Finally,protection may
require anadditional activity of nAbs distinct from neutralization. For
example, it may be that activity against infected cells, as well as (or in
some cases even instead of) activity against free virions, is needed to
provide protection. This would be consistent with observations that
nAb concentrations that are required, for example, to block cell-cell
transmission are typically higher than those required for neutralization
offree virus particles. One caveat that should also be noted is that many
animal models involve relatively severe challenge conditions — for
example, direct cerebral injection of virus — and so the extrapolation
of any conclusions to natural exposure of humans should be treated
with caution.

Protective advantage at lower nAb titres

A second common theme in the activity of nAbs in vivo is that pro-
phylactic nAbs at concentrations less than those required to produce
sterilizing immunity can nevertheless provide protective advantage.

This may not be the case for viruses such as HIV, for which any breach
of nAb-mediated defences may resultinalatentinfection, but for other
viruses anadvantage is gained even at low titres of nAbs. For example,
nAbs to lymphocytic choriomeningitis virus in a mouse model** and
toEbolavirusinaguinea pig model'*” do not provide sterilizing immu-
nity but do prevent disease. For SARS-CoV-2, several studies suggest
that breakthrough infections in nAb-treated individuals result in less
severe symptoms thanin individuals treated with placebo***'**, For
RSV, nAbs are effective at preventing hospitalization but many treated
infants are still infected and may still be symptomatic®*'*.

Prophylaxis versus therapy

Other common themes are that nAbs are more effective in a prophy-
lactic setting than as a therapeutic modality and that any therapeutic
efficacy of anAb decreases the later itis administered in an ongoing viral
infection. These themes were first indicated by early animal studies®”
and have since gained further support from human studies of RSVand
SARS-CoV-2 infection. The RSV nAbs palivizumab and motavizumab
are effective in prophylaxis but were not effective therapeutically in
established RSV infection'*®, Several SARS-CoV-2 nAbs and cocktails
of nAbs have shown efficacy early in infection but not in hospitalized
patients with COVID-19 later ininfection'**'*1¢ Therefore, the notable
efficacy of nAbs in established Ebola virus infection in monkeys and
humans, even when symptoms are present, is perhaps a surprise, albeit
an encouraging one for nAb therapies, given the severity and rapid
spread of Ebola virus infection in vivo"’*°, Also of note, nAbs to HIV
were shown to be effectivein monkeysin controllinginfectioninsome
circumstances'*®'®, aswell as subsequently in some humans, suggesting
apotential role for nAbs in therapy and even cure of HIV'¢*¢%,
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mucosal antibody titres to
prevent upper respiratory
tract infection

o Lower nAb titres may
prevent lower respiratory
tract infection

e Lower serum nAb titres
may prevent severe disease

Mosquito-borne viruses

» High serum nAb titres
to prevent infection

o Lower nAb titres may
prevent disease

o For flaviviruses, risk of
ADE at certain nAb titres

. °
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Fig.4 | Common themes associated with neutralizing antibody functions
invivo. The activities of neutralizing antibodies (nAbs) against select virus types
and routes of exposure areillustrated schematically. ADE, antibody-dependent
enhancement.
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It should also be mentioned that the latest generation of nAbs
(‘super-antibodies’), which have beenisolated from donors with very
high serum neutralization titres and/or by deeply mining antibody
responses, are extremely potent and effective'®. Conclusions drawn
fromearlier generations of nAbs may be challenged as super-antibodies
are more widely used. In some respects, we are entering the fourth
generation of nAbs: the first was serum antibodies, the second puri-
fied polyclonal antibodies, the third monoclonal antibodies, and now,
super-antibodies.

Fc-dependent effector functions

Oneofthe most well investigated aspects of nAb activitiesinvivois the
relativeimportance of Fc-dependent effector functionsin protection
andintherapy. Early animal models suggested that such functions were
important in some cases but not others; for example, nAbs lacking
the Fcregion mediated effective protection only in some cases®. The
importance of Fc-dependent antibody effector functions for protection
against yellow fever virusin mice was indicated by the greater efficacy
of anIgG2aantibody (whichis a potent activator of effector functions)
thananlgGlantibody (a poor activator of effector functions) with the
same Fab region'®. As noted earlier, many of these early model studies
thatsuggested theimportance of Fc-dependent effector functions also
found that protection was independent of complement, leading to a
greater focus on FcR-mediated interactions®. More recently, the con-
tributions of Fc-dependent effector functions to the antiviral activity
of nAbs have been explored using antibodies engineered to have point
substitutions in the Fc region that reduce, eliminate or enhance such
functions"* ™%, An overall picture is emerging in which the contribu-
tion of effector functions to nAb-mediated protection depends onthe
individual antibody-virus combination, even for antibodies directed
to the same viral protein. The contribution of nAb effector functions
tends to be greater during established infection than during prophy-
laxis. For SHIV, FcR binding has been shown to contribute to protec-
tion frominfectionin monkeys for one bnAb but not for another more
potentbnAb directed to a different site on the HIV Env protein™*1¢7-1¢,
Inestablished SHIV infection in monkeys, antibody effector functions
contribute to clearance of virus by nAbs but the effects are modest
and enhanced FcRbinding decreases rather thanincreases virus clear-
ance”"!, In mouse models of HIV infection, increased FcR binding
enhances virus control but only over certain ranges of nAb titre'’>.
Forinfluenza virus, nAbs to the HA stem region require Fc-dependent
effector functions to mediate protection whereas nAbs to the HA head
regiondonot”>"*, For Ebolavirus, protective antibodies show arange
of dependencies on FcR interactions'”. For SARS-CoV-2 infection in
small-animal models, nAbs have been described that do or do not
require Fc-dependent effector functions' ', Therapy of SARS-CoV-2
infection is more dependent on antibody effector functions than is
prophylaxis'®.

The factors responsible for the differing dependence on
Fc-dependent effector functions of different nAb-virus combina-
tions are under-explored. For influenza virus, the ability of HA stem-
targeting nAbs to induce ADCC but their rather weak neutralizing
activity compared with nAbs to the HA head domain, which have weak
interaction as immune complexes with FcRs but potent neutralizing
activity, probably explains the dependence of anti-stem nAbs (but not
anti-head nAbs) on Fc-dependent effector functions for protective
efficacy'”. Increased ADCC for antibodies recognizing epitopes that
arecloser to the target cellmembrane has been described previously'”.
For HIV, the differing behaviour of nAbs to Envis not readily explained

by differencesin ADCC or FcRinteractions as assessed in vitro, nor by
differences in neutralization potency as experimental conditions were
adjusted to control for such differences'. In general, though, some
differences in effector function can be anticipated for nAbs that have
different angles of approach to their epitopes and cluster differently
onthe virion or infected cell surface.

Adependence of antibody-mediated protectiononintact Fcsites
that mediate effector functions may be taken to indicate the impor-
tance of these functions but does not mean that neutralization activity
doesnotalso contribute. Clearly, one cannot simply knock out neutral-
izing activity from nAbs to carry out the appropriate control experi-
ment. Therefore, oneinterpretation of nAb dependence on Fc effector
functions might be that neutralization is important but not decisive,
and that, in the absence of Fc-dependent effector functions, enough
virus avoids neutralization to establish infection. The converse, the
independence of nAb-mediated protectionfrom Fc-dependent effector
functions, is likely to be interpreted as support for adominant role of
neutralizationin mediating protection but the models and conditions
used should be carefully considered with respect to their relevance to
humans. One elegant study directly investigated protection against
human papilloma virus (HPV) in vivo in amouse model’®. Importantly,
inthis case, the details of the crucial nAb activities in vivo were complex
and not fully captured by in vitro neutralization assays, which typically
involve inhibition of HPV pseudovirus infection inan epithelial cell line
by nAb"’.Invivo, HPV infection requires initial association of virus with
anacellular basement membrane, and it was shown that antibodies to
L1, the major capsid protein of HPV, caninterfere with infection at two
stages. High concentrations of nAb to L1 prevent basement membrane
binding, whereas low concentrations of nAb to L1allow such association
but prevent epithelial cell (keratinocyte) surface binding. Interestingly,
viral capsids that were inhibited from binding to basement membrane
were subsequently found as antibody-virus complexesin large cellular
aggregates, suggesting a possiblerole for FcRs in their clearance. Anti-
bodies to HPV L2 protein do not interfere with basement membrane
association but inhibit epithelial cell binding.

An Fc-dependent phenomenon that has received recent atten-
tioninthe context of viral infection, originally described in oncology,
is the ‘vaccinal effect’ of antibodies in vivo'°**, It is suggested that
immune complexes of viral proteins with nAbs or nnAbs engage FcRs
on dendritic cells, leading to the presentation of viral antigens and
enhanced T cell-mediated immunity. Vaccinal effects have been sug-
gested following the passive administration of nAbs in non-human
primates and humans'®'®*, For SARS-CoV-2, a therapeutic nAb with
enhanced FcR affinity to generate a vaccinal effect has been proposed
in preprint data (not peer reviewed)'®>,

Monoclonal versus polyclonal antibodies

Most of the above discussion refers to monoclonal nAbs, for which
mechanistic effects and rules can be most readily determined. How-
ever, invivo, following infection or vaccination, the nAbs generated are
polyclonal. In fact, nAbs are almost always present as a small fraction
of the total concentration of antibodies to agivenviral surface protein
expressed inisolation. Thus, serum neutralization assays frominfection
or vaccination are run in the presence of an excess of nnAbs, which is
in contrast to monoclonal nAb assays. Where it has been studied, the
presence of excess nnAbs does not seemto perturb the activity of nAbs
invitro'*'®, This is consistent with only nAbs binding to crucial sites on
functional virion structures whereas both nAbs and nnAbs bind toiso-
lated, for example recombinant, viral surface proteins. Asanexample,
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onlynAbsbind to the CD4-binding site of HIV Env trimer, whereas both
nAbs and nnAbs bind to the same site on isolated gp120™¢'¥7,

The role of FcRs in protection against SARS-CoV-2 strains medi-
ated by passively transferred immune sera and by vaccine-induced
polyclonal antibodies was recently investigated in mice (preprint
data; not peer reviewed)'®, It was noted that protection mediated by
passive transfer ofimmune serawas lost in mice lacking expression of
activating FcRs, in particular FcyRIIl, or depleted of alveolar macro-
phages. Furthermore,immunization withan mRNA vaccineled toloss
of protectionin the respiratory tractin mice lacking FcyRIIl. Thus, FcR
function seems to have a crucial role in protection mediated by the
polyclonal antibodies provided by passive or active immunization,
although asnoted above, individual mAbs may not require FcR function
for protection.

Concluding remarks

Itis in the nature of science to seek to discern patterns and establish
rulesbut nAbs and viruses are very diverse and generalizations about the
interplay between the two are to be treated with caution. Nevertheless,
several general points can be made. The ability of anantibody to neutral-
izeinvitrois probably the best-known predictor of its antiviral efficacy
invivo. This may be because of theimportance of inhibiting viral entry
totarget cells (direct neutralization) but equally it may reflect the ability
of the antibody to bind to commonsstructures on virions and/or infected
cells and therefore trigger antiviral functions such as Fc-dependent
effector mechanisms, viral sequestration and inhibition of cell-cell
spread of virus. Interms of Fc-dependent effector mechanisms, knowl-
edgeregarding the contribution of these mechanisms to nAb-mediated
protection could be valuable, for example, in the design of antibodies
for prophylaxis. Although trendsin the relative importance of different
antibody functions can be associated with certain specificities — for
example, antibodies to the HA head compared with the HA stem of
influenza virus — each antibody-virus combination should probably
be considered individually. Results from animal models willinform the
design of antibodies for use in humans, but only with evaluation under
real-world conditions can the impact of, for example, effector functions
onantibody prophylaxis or therapy be fully evaluated. In any case, the
contribution of blocking viral entry to target cells to the overall antiviral
activity of anAb may, in many cases, remain undetermined.

Although neutralization in vitro is probably the best predictor
of in vivo efficacy, there are numerous examples of deviation from a
uniform relationship between neutralization and protection and/or
therapy. This may be due to differential contributions of effector func-
tions to antiviral activities, which might be anticipated for antibodies
binding evento the same epitope with different geometries of interac-
tion. Alternatively, it may be that the in vitro neutralization assay is not
fully representative of in vivo conditions, as has been described in the
context of HPV infection of mice'”.

The efficacy of vaccination against viruses in clinical trials is often
estimated by measuring serum neutralization. For SARS-CoV-2, it has
recently been argued that T cell responses should also be assessed'®.
Onecanalso argue that other parameters of nAbs such as effector func-
tion should be evaluated. However, the difficulty will be to generate
in vitro assays that accurately reflect or predict in vivo activities and
vaccine efficacy. With current knowledge, measuring neutralization by
invitro assays remains the most effective way to evaluate likely vaccine
efficacy in most cases.
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