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Antibody landscapes of SARS-CoV-2 can reveal novel

vaccine and diagnostic targets
Asmaa Hachim', Niloufar Kavian

SARS-CoV-2 virions are composed of structural proteins, but
during virus infection, an additional 30 proteins could be
expressed according to putative open reading frames (ORFs) of
the viral genome. Some of these additional proteins modulate
cellular processes through direct interactions, their truncations
can affect disease pathogenesis and they can also serve as
antigenic targets for more specific serology. In addition to
structural proteins, the ORF1a/b polyprotein and accessory
proteins can stimulate antibody responses during infection.
Antibodies that target non-structural proteins can impact viral
infection, through Fc mediated effector functions, through
interactions during virus entry, fusion, replication and egress
within infected cells. Characterization of the serological
responses to additional proteins, provides a snapshot of the
‘antibody landscape’, which includes the antibody magnitude,
antigenic specificity and informs the biological relevance of
SARS-CoV-2 proteins.
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SARS-CoV-2 proteins for diverse functions

The COVID-19 pandemic has upturned the world and
caused incalculable losses. Since the emergence of SARS-
CoV-2 in December of 2019, scientists have scrambled to
characterize the novel virus, in terms of its replication,
disease pathogenesis and immune responses to develop
targeted therapies, diagnostics and vaccines. Characteri-
zation of the antibody response to SARS-CoV-2 helps to
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reveal which antigens are expressed during infection and
the dynamic relationship between antibody response
magnitude and viral protein expression can be used to
develop sensitive serological testing and insights of virus
replication. Therefore, the specificity and magnitude of
the antibody landscape generated during SARS-CoV-2
infection is the focus of this review.

SARS-CoV-2 has at least four structural proteins: Spike
(S), Envelope (E), Membrane (M) and Nucleocapsid (N).
In addition, SARS-CoV-2 genome encodes for around
30 putative non-structural and accessory proteins [1]
(Table 1). The open reading frame (ORF) 1a/b encodes
for a large polyprotein that is proteolytically cleaved into
at least 16 non-structural proteins (NSP1-16). The NSPs
are mainly involved in the replication machinery of the
virus (NSP3, NSP4, NSP5, NSP6, NSP7, NSP8, NSP9,
NSP10, NSP12, NSP13, NSP14, NSP15, NSP16) but
take also part in the evasion of the host immune response
(NSP1, NSP15 notably) [2]. At the 3’ end of the SARS-
CoV-2 genome are additional ORFs S, 3a, 3¢, E, M, 6, 7a,
7b, 8, N and 9b which are translated and functional; ORFs
2b and 3d-2 which are translated but not functional and
ORFs 3b, 3d, 9c and 10 which appear not to be translated
to biologically meaningful levels (‘T'able 1, Figure 1) [3°].
As the pandemic has progressed and alternate reading
frame products have been defined, nomenclature of the
ORF3 has been updated [3°], for clarity the ORF3b we
previously referred to [4] is actually now referred to as
ORF3d (which is not expressed) and also contains the
isoform ORF3d-2, that is expressed, which we believe
elicits an antibody response detected by the full ORF3d
antigen [1] (Figure 1). Therefore, study of the antibody
landscape can be linked to studies of protein function,
interactomes and evolutionary rates to determine func-
tional expression.

Recently, a large scale interactome study of the proteins
of SARS-CoV-2 infected human lung cell line revealed
the systems level host proteins that directly interact with
viral proteins [5°°] and diverse roles of the accessory
proteins and NSPs were found for immunomodulation,
cellular trafficking and metabolism among many more
cellular processes, whilst the S and N proteins had more
limited functions within infected cells.

The most prominent immunomodulation effect studied
to date has been type-I interferon antagonism which is
mediated by NSP1, NSP6, NSP13, NSP14 and NSP15 of
ORF1a/b polyprotein [6,7°], as well as ORF3d [8], ORF6
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Table 1
SARS-CoV-2 viral proteins their function in viral lifecycle, host response for immune evasion, antibody response and mutations in variants
of concern
Protein function Antibody Mutations in VoC®
response
Viral protein . Host immune Alpha Beta Gamma Delta
Viral S - B1.1.7  B1.351 P1 B.1.617.2
ORF1a/b Nsp1 N/A IFN antagonist, Y
promotes host
mRNA
degradation
Nsp2 Modulation of host N/A N/A
cell survival
Nsp3  N-terminal Blocks host N/A P1469S, P822L,
Cleavage of viral  innate immune A1711V, A488S
polyprotein response (IFN
antagonist,
inhibition of NF-
kB signalling)
Nsp4 Assembly of DMVs N/A N/A V167L, T492l,
(with nsp3) A446V
Nsp5 C-terminal N/A \&
Cleavage of viral
polyprotein
Nsp6 Autophagosome N/A T77A, V149A,
induction from T181I
host ER, IFN
antagonist
Nsp7 Forms complex  N/A N/A T851, H295Y, K837N, synT733C,
with nsp8 may act e T1456X, N1457X, synC2749T,
as primase A 708I5) K90R, S106del, S1188L,
Nsp8 Forms complex  N/A N/A 12230T ’ G107del, F108del, K1795Q,
with nsp7 may act SGF ’ D323del, P378X, 11288-
€8 [l 3675- A379X, D484X, 11296del,
Nsp9  RNA binding N/A N/A 3677l G485X, G486X, synC12778T,
protein C487X, T806X, synC13860T,
Nsp10 Stimulates N/A N/A Q196X E5665D
exoribonuclease
and
methyltransferase
activity of nsp14
and 16
Nsp11 N/A N/A N/A
Nsp12 Replication and N/A N/A P323L, G671S
transcription of
viral genome
Nsp13 Helicase essential IFN antagonist N/A P77L
for unwinding of
nucleic strands for
translation
Nsp14 Proofreading IFN antagonist N/A A394V
exoribonuclease
for RNA replication
Nsp15 Uridylate-specific IFN antagonist N/A
endoribonuclease
at 3’ and 5’ end
Nsp16 Cap methylation of Immune evasion N/A
mRNA
Spike Eﬁﬁggﬁj‘_"t'on ?c\]’ dgﬁ' L18F, T2ON,  T19R, V7OF, T95I,
Cell attachment by dependent VA ClRIat, [ e :fgﬁ,sDwsY, S11:72<1Dél E;fgggl
. ) . enhancement of N501Y, L242del, A243del, ’ ! ’
interaction with . o K417T, A222V, W258L,
infectivity by Y A570D, L244del, K417N,
host hACE2 o E484K, K417N, L452R,
antibodies P681H, E484K, N501Y,
receptor binding NTD T716l, D614G, A701V N501Y, T478K, D614G,
S982A. HB55Y, P681R, D950N,
D1118H T1027I R158del
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Table 1 (Continued)
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Protein function Antibody Mutations in VoC*®
response
ORF2b? N/A N/A N/A
ORF3a Homotetrameric Fibrinogen Y Q57H, W131C, S26L
ion channel upregulation in S171L
formation that may lung epithelial
modulate virus cells, induces
release apoptosis, IFN
antagonist, block
autophagy
ORF3b? N/A IFN antagonist N/A Deleted
ORF3c N/A IFN antagonist N/A
ORF3d? N/A IFN antagonist Y
Envelope Viral Induction of N P71L
morphogenesis apoptosis and IL-
and assembly 1B
overproduction
Membrane Component of N/A Y T175M, 182T
viral envelope and
morphogenesis
ORF6 Disruption of cell IFN antagonist N
nuclear import
complex formation
and retention of
import factors at
ER/golgi
ORF7a Tetherin activation IFN antagonist Y V82A, T120I
to circumvent
virus budding
blockade
ORF7b Structural N/A Y T4011
component of
virion
ORF8 N/A IFN antagonist, Y Q27stop, 1121L E92K
MHCI R52l,
downregulation Y73C
Nucleocapsid Packaging of IFN antagonist Y D3L, A90S, T205I P80OR D377Y, R203M,
VRNA into helical S235F G215C, R203K

ribonucleocapsid,
fundamental role

in virion assembly
by interacting with

M protein
ORF9b N/A N/A YP
ORF9c? N/A N/A N/A
ORF102 N/A N/A N

2 Not translated into functional/biologically relevant proteins.

® Yes antibody response based on protein microarray Jiang et al. Nat Comms 2020.
¢ Mutations were found using EpiCoV-GISAID CoVsurver as of August 10th 2021.

[9], ORF7a [10], ORFS8 [9] and N [11] (Table 1). More-
over, ORF7a transmembrane protein [12] has been shown
to inhibit Tetherin activation circumventing blockade of
viral budding [13] and ORF3a has been shown to induce
apoptosis 2 vifro through activation of the caspase-8
pathway [14] and to block the mechanism of autophagy
[15]. The accessory proteins therefore mediate immune
evasion through a multitude of pathways and appear to be
essential in COVID-19 pathogenesis.

This is further supported by the positive selection of
ORF1a/b, ORF3a and ORF8 genes which drives the
evolution of SARS-CoV-2 [16]. Accessory proteins are

also subject to mutations, to a lesser extent than S and N
(Table 1), but have led to the emergence of variants
which are highly transmissible and can modulate disease
severity. Notably, ORF8 Q27stop mutation in Alpha VoC
(B1.1.7 lineage) is associated with the surge in cases in the
United Kingdom, and ORF8 mutations are found in other
VoC at different positions (Beta: [121L, Gamma: E92K)
that may modulate function (Table 1). ORF8 is a glyco-
protein which can downregulate MHC-I [17] which may
impact CD8+ T cell responses, and could play an impor-
tant role in viral fitness and pathogenesis as its deletion
led to reduced COVID-19 severity [18]. However, its
involvement, location and function within the virus life
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Figure 1
SARS-CoV-2 infected cell
Expressed Not expressed
Antibody response
Nsp1
Nsp5
S
ORF3a E ORF2b
ORF3d/ORF3d-2* ORF6 ORF3b
M ORF3d
ORF7a ORF9c
ORF7b
ORF8
N
\ ORF% / / \ /
Current Opinion in Virology

SARS-CoV-2 viral proteins with confirmed expression and
immunogenic antibody response. *As ORF3d and ORF3d-2 are in
frame (see Jungeris et al. Nat Comms 2021), it is likely that the ORF3d
antibody responses identified are against ORF3d-2.

cycle remain to be determined. Another accessory protein
which has been prone to deletions is ORF3b (and ORF3c,
3d, 3d-2), prominently due to a Q57H mutation in ORF3a
(in VoC Beta, B1.351 lineage, Table 1) which leads to its
truncation and loss of antagonism function of ORF3b
[19]. Important roles are emerging for the ORF1la/b
polyprotein and accessory proteins in SARS-CoV-2,
highlighting their essential role in viral pathogenesis
and replication, hence the need for further investigation
into their location and function within the virus and its life
cycle.

Most vaccines in use against COVID-19 target the S
protein to elicit neutralizing antibodies to block infection
[20], as the S protein contains the receptor binding
domain (RBD) which is critical for viral entry [21]. Whilst
the N protein is the most abundant protein within
infected cells and the virion, and is a target of routine
serological tests like S. The sensitivity and specificity of S
and N-based serological testing is not as effective in
children [22°] and wanes with time considerably post
infection, with only 36% of S antibody levels and 7%
N antibody levels remaining at 1 year post infection [23].
Inactivated vaccines that contain structural proteins, such
as CoronaVac which is widely distributed to some coun-
tries by China, and S-based vaccines (as an mRNA,
recombinant protein, or as an adenovirus encoding for
the S gene) form the majority of vaccines in use but have
limited or no content of SARS-CoV-2 accessory and non-
structural  proteins, therefore alternate serological

measures exclusive of S and N could detect current or
past infection in vaccinated subjects. Furthermore, a
similar issue to determine vaccine efficacy variants within
the S have been undermined by reduced sensitivity of
current serological tests. Protein domain-specific antigens
may improve the sensitivity of N testing [24], but the
same issue of waning and whole virion inactivated vac-
cines remains. Therefore, confirmatory serological testing
with additional serological makers of SARS-CoV-2 infec-
tion will be useful when vaccine use is widespread, but
waning immunity from vaccines may require further
diagnosis of subsequent infection.

SARS-CoV-2 antibody landscape

Upon the initiation of an adaptive immune response
against a pathogen, antibody targets are selected depend-
ing on their physical properties, their expression and the
host’s immune repertoire diversity. For SARS-CoV-2,
antibodies to the S protein that are neutralizing were
largely studied early in the pandemic by several teams
[25], but the spectrum of the antibody landscape was first
described by our team in April 2020 [4,26]. Since then,
others have also confirmed that COVID-19 induces
robust antibody responses to epitopes throughout the
SARS-CoV-2 proteome to define cross-reactive B cells
and accurate serology [27°], identify unique epitopes by
virscan [28], and the proteome response by microarray
[29°]. Antibody landscapes can also refer to the viral strain
diversity recognized by the humoral response, for exam-
ple influenza-specific antibodies to hemagglutinin anti-
gens over time with infection and vaccination [30-33].

"T'o characterize the SARS-CoV-2 antibody landscape we
employed an unbiased and quantitative approach by
luciferase immunoprecipitation system (LIPS) [34°] to
assess the serological response to a panel of 15 SARS-
CoV-2 antigens representing the structural (S, N, M and
E, and S subunits), non-structural (representative NSP1)
and accessory viral (ORF3a, 3b, 6, 7a, 7b, 8 and 10)
proteins in SARS-CoV-2 infected adults and children,
including asymptomatic cases and longitudinal samples
compared to pre-pandemic negative controls. Antibody
responses were detected in COVID-19 patients with
various sensitivity levels allowing the establishment of
the hierarchy of relative responses to SARS-CoV-2 pro-
teins as N >> ORF8 >> ORF3b > ORF7a proteins.
Furthermore, antibody responses were not mounted to
the ORF10, ORF6, S2 (uncleaved Spike S2 domain) and
E proteins in infected adults (Table 1, Figure 1), which
questions the level of expression and immunogenicity of
these proteins during infection, or their cross-reactivity to
existing antibody responses from past common cold CoV
infections.

Prior immunity did not impact the magnitude of ORF8
and ORF3b due to minimal cross-reactivity of these
responses with HCoVs [4]. ORF8 is not encoded by other
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endemic common cold corona viruses, and only found in
some sarbecoronaviruses (bat coronaviruses and SARS-
CoV), where it has the smallest sequence homology of all
genes [1]. Whilst only the NL63 common cold a-corona-
virus, has an ORF3 protein which shares minimal homol-
ogy with the SARS-CoV-2 derived ORF3a and ORF3b/c/
d, making cross-reactivity unlikely. We found the com-
bined use of ORF3b and ORF8 was a highly sensitive and
specific serological marker of infection, as early as 5 days
post infection and long term up to 6 months after
infection.

This is consistent with the concept of ‘dating’ time
estimates of infection based on the relative magnitude
of antibodies to different antigens, as waning for different
specificities can result in their unequal decline [35] and
has been adopted by other fields such as malaria [36],
Ebola [37], and influenza infection [38]. However, so far,
combined antigen testing and the ‘dating’ of recent
infection using S, RBD and N has wide ranges in esti-
mates [23] which may undermine its utility without
incorporation of additional more specific antigens like
ORF8 and ORF3b. Therefore, commercial protein pro-
duction should progress from the limited available acces-
sory antigens and structural S and N, to improve the
research efforts and tools widely available on the role of
alternate targets of SARS-CoV-2.

The antibody landscape was markedly different in SARS-
CoV-2 infected children compared to infected adults [39].
The antibody landscape in children was lower in magni-
tude toward S and N proteins which may undermine
current serological tests in their diagnosis, whereas
infected children had eclevated responses to E and
ORF6 proteins compared to infected adults. Further-
more, there was an increased proportion of the landscape
contributed to by accessory proteins in infected children.
Overall, these results suggested a different turnover of
viral proteins or a different virus life cycle and pathogen-
esis within infected children and may account for the mild
symptomatology of their disease. There was no difference
between symptomatic (mild cases) and asymptomatic
infections for their landscapes irrespective of age. How-
ever rare severe pediatric cases like MIS-C were not
included in the study but have been shown by others
to make a reduced antibody breadth for S and N antigens
[22°].

Other reports also highlight the importance of antibody
responses to non-structural and accessory proteins in
SARS-CoV-2 patients. Jiang ez a/. constructed a SARS-
CoV-2 proteome microarray containing 18 SARS-CoV-2
proteins and applied it to the characterization of the IgG
and IgM antibodies responses in the sera from 29 conva-
lescent patients [29°]. Besides responses to N and S1
proteins, patients mounted significant antibody responses
to ORF9b and NSP5. The panel of this microarray protein

differs from our LIPS protein panel, as it included
10 NSPs (versus one in the LIPS panel) but only 3 acces-
sory ORFs (versus 7 in the LIPS panel), and therefore the
results of both studies are complementary. Yet, whilst
patients mounted a substantial response to ORF9b and
NSP5, these antibodies were only detected in 44.8% and
10.3% of the patients, showing that they are not suitable
antigenic targets for diagnostic purposes, to the contrary
of ORF8 and ORF3b that showed high diagnostic per-
formances. Across the antigenic targets of SARS-CoV-2,
others report that besides S and N, the M structural
protein also represent a major antibody target [27°]. Using
a peptide microarray mapping Heffron ez a/., show that
one epitope of the M protein achieved accurate diagnosis
and could represent an interesting serology tool comple-
mentary to current serological tests.

Immune function of antibodies to alternate
targets

Apart from their role for serology diagnostic, antibodies to
alternate targets could play a role at diverse levels of the
infection. In addition to the broad spectrum of antigenic
targets, antibody class (IgG, IgA, IgM) brings another
level of diversity of the antibody landscape as it impacts
the antibody half-life and tissue distribution (e.g. pres-
ence of antibodies at mucosal entry sites or in the sys-
temic circulation), along with effector functions for
immune modulation.

Whilst T cells are well characterized to recognise both
structural and non-structural/accessory proteins due to
MHC presentation during infection, and have a large
proportion of SARS-CoV-2 epitopes to non-structural
proteins [40,41], the magnitude and function of antibo-
dies towards non-structural non-strcuctural proteins is less
understood. Non-structural and accessory proteins are
likely exposed to the immune system for immune prim-
ing during lysis of infected cells after virus replication,
leading to rupture characteristic of the cytopathic effect,
either by necrosis, apoptosis or pyroptosis, and denuding
of the epithelium during virus infection. In influenza A
virus infection, evidence of cell surface expression of
some viral antigens, such as Nucleoprotein has been
reported [42], similarly some SARS-CoV-2 accessory pro-
teins could be incorporated in virions and presented on
the cell surface.

In SARS-CoV-2, ORFS responses over time significantly
correlated with S antibodies in longitudinal samples [4],
suggesting the possibility of surface expression, secretion
or incorporation into virus particles of ORF8. The recent
demonstration of the interaction of ORFS8 to the ILL17RA
extra-cellular receptor also supports the possible secretion
of ORF8 [43,44]. Loong term antigen retention of the N
protein in gut biopsies months after recovery from infec-
tion may be pivotal in the retention and maturation of the
memory B cell response, and in the high levels and
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persistence of N antibodies [45°°]. The longevity of other
viral antigens is not currently known as only N-specific
antigen detection has been determined.

The B cell response [46°47] to other viral antigens
including, S, N and ORFS8, shows that memory B cells
are enriched following infection with greater levels of
somatic hypermutation (SHM) of all specificities tested
revealing a maturation of these cells and the initiation of
a germinal center reaction [46°]. However, this is not
evident during acute infection [48], where there is a
presence of highly polyclonal B cell populations that
have class switched in some cases, but with little or no
SHM [49,50] and S-specific memory B cells with SHM
appear progressively at later timepoints of infection [51].
Moreover in severe cases a significant proportion of S-
specific B cells were derived from HCoV cross-reactivity
[46°] or new de novo responses were made [52]. Similarly,
memory B cells to N and ORF8 showed a pronounced
maturation over time, however monoclonal antibodies to
these internal targets do not confer protection 7z vivo in
mice [46°].

As antibodies specific for accessory proteins are non-
neutralizing and do not directly block infection through
their Fab, they may mediate other functions either by
blocking the virus replication or the virus interaction with
host proteins, or by engaging their Fc with receptors on
immune cells. Immune effector functions may include
Antibody-dependent cellular cytotoxicity (ADCC), Anti-
body-dependent complement deposition (ADCD) and
Antibody-dependent cellular phagocytosis (ADCP) or
antibody-dependent enhancement (ADE). In SARS-
CoV-2 infection, systems serology studies have recently
suggested that qualitative changes to antibody Fc were
induced, though the antigenic targets studied were lim-
ited to S and N [53]. N-specific effector functions imbal-
anced with S-specific effector functions have coincided
with fatal COVID-19 [54], whereby S-specific ADCP and
ADCD responses were found in survivors, whilst N-
specific ADCD was increased in fatal cases.

Non-neutralizing antibodies may also inadvertently
mediate antibody-dependent enhancement (ADE), as
shown in severe patients in which divalent antibodies
binding to S-N'T'D allowed for a conformational change of
the spike protein resulting in enhanced infectivity [55].
This could possibly also occur for other S-specific anti-
bodies outside of the RBD or that bind with a lower
affinity, such as the variants of concern Gamma (P.1) and
Alpha (B.1.351) which have the S-N501Y mutation lead-
ing to incomplete neutralization [56]. However, although
ADE did occur leading to enhanced virus infection
[55,57], replication is not apparent in primary macro-
phages [58], however modulation of the myeloid com-
partment is associated with disease outcomes [59] and
immune activation [60].

Antibodies that target non-neutralising antigens may also
mediate their effect by directly interfering with virus
replication by targeting the Replicase machinery formed
by the NSPs [2] (such as NSP12 which is responsible for
replication and transcription of viral genome [61]), viral
entry at fusion (such as S2’ specific antibodies), virus
budding (such as ORF7a) [2]. Therefore, antibody spec-
ificity and effector functions leading to immune cell
recruitment can drive clinical outcomes. However, the
antibody effector functions of non-structural and acces-
sory proteins remain uncharacterized currently and war-
rants further studies, especially as variants of concern,
such as Beta (B1.1.7), Alpha (B1.351), Gamma (P.1) and
Delta (B1.617) have alterations within these key proteins
(Table 1).

The utility of antibodies to non-neutralising and internal
proteins is gaining traction with a growing body of work
for other virus infections as diagnosis, treatment and
vaccines. Antibody landscapes can be used to detect
spillover infection [62], whereby viruses that have limited
protein tools, such as bat orthoreoviruses, can have their
entire genomes cloned, expressed and screened for anti-
body binding in population serosurveillance. Unbiased
and quantitative approaches, like LIPS [34°], microarray
[29°], virscan [28] or cell-based ELISA [25,63] for sero-
surveillance will be useful tools in the post-COVID-19
future to highlight and identify key immunogenic targets
of novel viruses.
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