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Abstract

The COVID-19 pandemic caused by SARS-CoV-2 infection has impacted the world economy and health-
care infrastructure. Key reagents with high specificity to SARS-CoV-2 proteins are currently lacking, which
limits our ability to understand the pathophysiology of SARS-CoV-2 infections. To address this need, we
initiated a series of studies to generate and develop highly specific antibodies against proteins from
SARS-CoV-2 using an antibody engineering platform. These efforts resulted in 18 monoclonal antibodies
against nine SARS-CoV-2 proteins. Here we report the characterization of several antibodies, including
those that recognize Nsp1, Nsp8, Nsp12, and Orf3b viral proteins. Our validation studies included evalu-
ation for use of antibodies in ELISA, western blots, and immunofluorescence assays (IFA). We expect that
availability of these antibodies will enhance our ability to further characterize host-viral interactions, includ-
ing specific roles played by viral proteins during infection, to acquire a better understanding of the patho-
physiology of SARS-CoV-2 infections.

� 2022 Published by Elsevier Ltd.
Introduction

The SARS-CoV-2 pandemic that began in 2019
highlights the urgent need for the rapid
development of reagents to better understand viral
pathogenesis, host responses, and to develop
diagnostics. SARS-CoV-2 is a positive-sense,
single-stranded RNA virus with a genome of
approximately 30 kb. Two-thirds of the 50 end of
the viral genome encodes for Non-structural
by Elsevier Ltd.
proteins (Nsp) as a polyprotein, which self-cleaves
by viral proteases and contributes to virus
replication.1 For example, Nsp1 has a role in trans-
lational shutdown and evasion of host immune
response,2 and Nsp12 is the RNA-dependent
RNA polymerase, which is essential for virus repli-
cation.3 The last one-third of the genome encodes
for the structural envelope (E), membrane (M),
and nucleocapsid (N) proteins, in addition to the
non-essential accessory proteins. Among them, N
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and S proteins have been the major focus for the
development of effective therapeutics based on
monoclonal antibodies (mAbs) that would neutralize
viral infection.4 While a range of immune sera-
derived polyclonal antibodies (pAbs) are available
against SARS-CoV-2, there are fewmAbs available
against non-spike SARS-CoV-2 proteins
(Table S1). Polyclonal antibodies (pAbs) are
heterogeneous mixtures of antibodies (Abs) that
can recognize and bind to many different epitopes
of a single antigen, but batch-to-batch inconsis-
tency can complicate reproducibility, and the unde-
fined nature of their many epitopes limits their use in
detailed molecular characterization. In contrast,
mAbs typically recognize only a single epitope and
are an indispensable resource in the fields of
immunology, biotechnology, biochemistry, and
applied biology due to their homogeneity, speci-
ficity, and renewability.5 The lack of mAbs for
SARS-CoV-2 viral proteins constitute a major bot-
tleneck in evaluating cellular responses to vaccines
and therapeutics.6–9 Therefore, efforts towards the
generation of mAb reagents targeting as many of
the SARS-CoV-2 viral proteins are necessary.
Here, we report the generation, characterization,

and optimization of Abs targeting nine different
SARS-CoV-2 proteins, including structural, non-
structural, and accessory proteins. For this, we
expressed and purified 21 recombinant SARS-
CoV-2 proteins, carried out Ab selections by
phage display, and validated binding of the IgGs
to their cognate target in vitro. Due to their critical
function in multiple steps of viral pathogenesis and
infection cycle, 18 mAbs against Nsp1, Nsp8,
Nsp12 and Orf3b were further characterized for
activity in western blot (WB) and
immunofluorescence (IF) assays with SARS-CoV-
2-infected cells. Overall, our data provides a
strong foundation for using these synthetic Abs to
study different SARS-CoV-2 viral proteins and for
the development of novel diagnostic assays for
COVID-19.

Methods

Protein expression and purification

SARS-CoV-2 proteins were expressed as
glutathione S-transferase (GST) or maltose
binding protein (MBP) fusion proteins in BL21
(DE3) Escherichia coli cells (Novagen). Protein
expression was induced at an OD600nm of 0.6 with
0.5 mM isopropyl-b-thiogalactopyranoside for 12–
15 h at 18 �C. Cells were harvested, resuspended
in lysis buffer containing 25 mM Tris (pH 7.5),
150 mM NaCl, 20 mM imidazole, and 5 mM 2-
mercaptoethanol, lysed using an EmulsiFlex-C5
homogenizer (Avestin) and clarified by
centrifugation at 30,000g at 4 �C for 40 min. MBP-
fused proteins were purified using an MBPTrap
HP column (GE Healthcare) and ion exchange
chromatography. GST-fused proteins were
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purified using glutathione sepharose 4 Fast Flow
media (GE Healthcare) according to the
manufacturer’s protocols and eluted in buffer
containing 50 mM Tris pH 7.8, 300 mM NaCl,
5 mM DTT.
Selection and characterization of Fabs

Fab-phage clones specific for the SARS-CoV-2
proteins (Table S2) were isolated from phage-
displayed antibody libraries10 by four consecutive
rounds of binding selections with the SARS-CoV-2
proteins immobilized in microwell plates, as
described.10 Individual colonies were isolated from
E. coli infected with phage outputs from rounds 3
and 4, and about 48 Fab-phage clones were ampli-
fied per antigen. Antibody variable domains of the
clones that bound to antigen in Fab-phage ELISA
were sequenced by PCR amplification, and unique
clones were selected.
To estimate affinities of individual antigen binding

clones, a two-point competitive phage ELISA was
performed as described.11 Phage supernatants
were diluted in PBT buffer and incubated with either
250 nM or 50 nM antigen in solution for 1-hour. The
mixtures were transferred to antigen-coated plates
and incubated for 15 min. The plates were washed,
incubated 30 min with horseradish peroxidase/anti-
M13 antibody conjugate (1:5000 dilution in PBT buf-
fer), developed with TMB substrate (KPL Labs,
Gaithersburg, MD), and quenched with 0.5 M
H2SO4 before measuring absorbance at 450 nm.
The fraction of Fab-phage not bound to solution-
phase antigen was determined as the ratio of phage
captured in the presence and absence of solution-
phase antigen (Figure 1(B)). Fab-phage clones pre-
senting the lowest signal ratio were converted to an
IgG format for further characterization (Figure 2(A)).
Expression and purification of IgG proteins

Phage clone variable domain DNA was amplified
by PCR and subcloned into pSCSTa-hIg1 and
pSCST1-hk vectors. Vectors for the heavy and
light chains were transfected into HEK293F cells
(Invitrogen, Grand Island, NY) using FectoPro
according to the manufacturer’s instructions
(Polyplus Transfection, NY). Cell cultures were
incubated at 37 �C for 4–5 days post-transfection.
The cell cultures were centrifuged, and the
supernatants were applied to a protein-A affinity
column (�2 mL packed beads per 600 mL culture)
(Pierce, ThermoScientific, Rockford, IL). IgG
proteins were eluted with 100 mM glycine, pH 2.0
and neutralized with 2 M Tris, pH 7.5. The eluent
underwent buffer exchange on PBS, pH 7.4, and
concentrated by centrifugation in a 50 kDa
concentrator (Millipore ACS505024).
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IgG binding ELISAs

For binding ELISA experiments, 384-well
microplates were coated overnight at 4 �C with
2 lg/mL protein or GST/MHT control proteins in
PBS pH 7.4. After coating, wells were blocked
with 0.2% BSA in PBS for one hour and washed 4
times with 0.05% Tween in PBS (PT buffer).
Serial dilutions of IgG diluted into PBT were
transferred to antigen-coated plates and incubated
at room temperature for 30 min, washed with
PBST four times and incubated for 30 min with
anti-k-HRP antibody conjugate (1:7500 dilution in
PBT), which were washed, developed, and read,
as described above. To estimate EC50 values,
data were fit to standard four-parameter logistic
equations using GraphPad Prism (GraphPad
Software, La Jolla, CA).
Binding kinetics

To determine binding kinetic parameters of IgGs
for SARS-CoV2 proteins, BLI experiments were
performed on an Octet HTX instrument (Sartorius)
at 1000 rpm and 25 �C. All proteins were diluted in
PBS containing 1% BSA and 0.05% Tween 20. 2–
20 lg/mL of SARS-CoV2 antigens or unrelated
protein with similar size were first covalently
captured on AR2G biosensors (Sartorius, 18-
5092) by amine-reactive coupling chemistry, and
unbound reactive N-hydroxysulfosuccinimide
(NHS) esters on the biosensors were quenched
for 600 s by 1 M ethanolamine (pH 8.5). After
equilibrating with assay buffer, the antigen-coated
sensors were dipped for 600 s into wells
containing serial 3-fold dilutions of IgGs and
subsequently were transferred back into assay
buffer for 600 s of dissociation. Binding response
data were reference subtracted and were globally
fitted with 1:1 binding model using ForteBio’s Data
Analysis software 9.0.
Western blot analyses

Purified protein (0.3 lg) was run on SDS-PAGE
gels including a Precision Plus Protein Dual Color
Standard (Bio-Rad) for size determination and
transferred onto 0.22 lm PVDF membranes (Bio-
Rad) in buffer containing 20% methanol, 25 mM
Tris HCl, 193 mM glycine) at 4 �C for 2 h.
Membranes were blocked in PBS containing 5%
skim milk for 60 min. Primary antibody incubation
(1:1000) was performed in blocking solution at
25 �C for 2 h and washed thoroughly prior to
incubation with secondary antibody (1:5000, rabbit
anti-mouse IgG HRP conjugated; Cruz
Biotechnologies) for 1 h at 25 �C. Membranes
were developed and imaged using a ChemiDoc
MP gel imaging system (GE).
3

Immunofluorescence staining

VeroE6 cells obtained from ATCC (Manassas,
VA, USA) were grown in DMEM supplemented
with 10% FBS. SARS-CoV-2 isolate USA-
WA1/2020 was obtained from BEI Resources
(Manassas, VA, USA) and passaged several
times on VeroE6 cells to obtain a working virus
stock. Cells were seeded into 8-well m-Slides (Ibidi
80826), allowed to settle overnight, and then
infected with SARS-CoV-2 at an MOI of �0.2 for
24 h. Following infection, cells were fixed in 10%
formalin overnight. Cells were washed in PBS,
permeabilized in 0.1% Triton X-100 for 15 min and
blocked in 5% v/v normal goat serum (GeminiBio
100–109) in PBS for 1 h. Cells were then labelled
with one of the following primary antibodies
overnight at 4 �C in NGS: anti-Orf3b 15887
(1:2000); anti-Nsp12 15884 (1:3000); anti-Nsp8
15525 and 15524 (1:1000); anti-Nsp1 15498
(1:1500); or 15497 anti-Nsp1 (1:1000). Secondary
labelling was performed with a goat anti-human
antibody conjugated to Alexa Fluor488 (Invitrogen
A11013) at 1:1000 for 2 h at RT, washed in PBS,
and stained with Hoechst 33342 (Invitrogen
H3570). Cells were subsequently immunolabelled
as above with a primary rabbit antibody against
SARS-CoV-2 N protein (Sino Biological 40143-
R004) at 1:20000 and a goat anti-rabbit secondary
antibody conjugated to Alexa Fluor546 (Invitrogen
A11035) at 1:1000. Cells were imaged using a
Nikon Ti-2 Eclipse fluorescence wide field
microscope fitted with a scientific CMOS camera
(Prime-BSI, Photometrics) and LED light source.

Results

Using a phage-displayed human antigen-binding
fragment (Fab) library, library F (Persson et al.,
2013), we performed four rounds of selection for
binding to 18 SARS-CoV-2 proteins (Figure 1,
Table S2). For each antigen, 48 Fab-phage clones
from selection outputs were screened by ELISA to
compare binding to the cognate immobilized
SARS-CoV-2 protein along with several negative
control proteins (maltose binding protein (MBP),
glutathione S-transferase (GST), and native
bovine serum albumin (BSA), Figure 1(B)). Unique
Fab clones that bound specifically to
corresponding SARS-CoV-2 proteins were
identified by DNA sequencing of the
complementarity-determining regions (CDRs) from
the variable chains.
To prioritize our efforts on clones that boundmore

tightly to the target, we carried out a two-point
competitive ELISA,11 in which positive Fab-phage
clones were pre-incubated with their cognate sol-
uble antigen. Uncomplexed Fab-phage were then
captured by immobilized antigen and the phage-
binding signal compared to the phage-binding sig-
nal in the absence of soluble antigen (Figure 1
(B)). Smaller ratios are indicative of higher affinity
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due to increased Fab-phage binding to solution-
phase antigen, and consequently, less captured
by the immobilized antigen. For each SARS-CoV-
2 protein, clones that exhibited the lowest binding
ratios in the two-point competitive assay (indicating
tight binding to soluble protein) were selected for
further characterization (Figure 1(B)). In addition,
to obtain clones targeting distinct SARS-CoV-2 epi-
topes on the same protein, selections were carried
out against five domains of Nsp3, including domains
3a, 3b, 3c, 3d and 3e (Table S2). This resulted in the
isolation of Fab-phage clones that bound specifi-
cally to epitopes located in domains 3a and 3c
(Table S2). For Nsp1 and N proteins, selections
were carried out against the full-length (FL) pro-
teins, and isolated Fab-phage clones were then
evaluated against the FL, N-terminal (NTD) and
C-terminal (CTD) domains by ELISA enabling iden-
tification of Fab-phage clones binding the NTD and
CTD epitopes of both proteins (Figure 1(C and D),
respectively). Together, the competitive assay and
the epitope mapping results obtained with Fab-
phages were used to prioritize a total of 18 clones
that bound to 9 SARS-CoV-2 proteins for sub-
cloning, purification and functional characterization
of the full-length IgG1 format (Figure 2(A)).
To estimate affinities, ELISAs were performed to

assess the binding of serial dilutions of IgGs to
immobilized SARS-CoV-2 protein, and revealed
that most of the IgGs bound with EC50 values in
the single-digit nanomolar range Figure 2((A), S1),
except for 16485, 16658, and 16684 IgGs, which
bound at 19, 130 and 19 nM to N, Nsp7, and
Nsp15, respectively. To characterize affinities
more quantitatively, binding was also assessed by
biolayer interferometry (BLI). For this, purified IgG
antibodies were captured on an anti-human Fc
capture biosensor (AHC) and the binding kinetics
were evaluated with soluble SARS-CoV-2 protein.
The majority of the IgGs exhibited sub-nanomolar
KD values, in close accord with the EC50 values
measured by ELISA Figure 2((A), S1).
Unexpectedly, we could not obtain binding signals
3

Figure 1. Synthetic antibody selection and characterizatio
antibodies were isolated by screening a phage-displayed F
clones were identified by ELISA, transformed to IgG format,
plot of the % maximal Fab-phage binding signal in the prese
250 nM, black: 50 nM) obtained by a two-point competitiv
highest signal ratios. Below the bar graph, Fab-phage clon
obtained by ELISA is compared to negative controls (GST
intensities ranging from high (blue) to low (white). At the bot
their antigens are shown. (C) Fab 15497 and 15498 were
domain (Nsp1NTD), C-terminal domain (Nsp1CTD) and full-le
measured for binding to immobilized N N-terminal domain (
(NFL). Negative controls (GST, BSA) were also included. Dom
above each panel in (A) and (B), respectively. Region of re
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for 16658 or 16684 IgGs to Nsp7 or Nsp15,
respectively, and 15887 IgG bound much more
weakly to Orf3b than shown by ELISA. We
attribute these problems to the varying
immobilization strategies which might differentially
present the epitope of the antigen, and in these
cases, alter binding.
To further characterize these mAbs, we focused

on the IgGs binding to the key viral proteins Nsp1,
Nsp8, Nsp12 and Orf3b for their direct
involvement into host translation shutdown,6,21 viral
replication3,12,22, and immune antagonism.13 We
performed western blot (WB) analysis to further
evaluate the ability of themAbs to specifically detect
each respective protein. Our results show that
these mAbs can be used to detect denatured pro-
tein by WB (Figure 2(B–E)). Both Nsp1 mAbs
(15497 and 15498) detected a band corresponding
to the correct molecular weight of Nsp1 (19.7 kDa)
in addition to a lower molecular weight band that
likely corresponds to degraded Nsp1 protein. mAbs
to Nsp8 (15525) and Nsp12 (15886) showed reac-
tivities to a single band on the blot at the corre-
sponding molecular weight of their antigen
(22.6 kDa and 150.6 kDa, respectively). Each of
these mAbs showed no reactivity to a negative con-
trol maltose binding protein (MBP), thus confirming
their specificity.
To assess the suitability of our synthetic Abs in

immunofluorescence (IF) assays, VeroE6 cells
were grown in 8-well m-slides and infected with
SARS-CoV-2 (MOI 0.2) prior to immunolabeling
with expressed IgGs as the primary Ab. A
commercially available rabbit Ab to SARS-CoV-
2 N protein was used as a control and marker for
virus infection.14,15 When acquiring images for each
mAb, we set the laser intensity and exposure such
that there was no signal in the 488 channels (chan-
nel containing primary antibody) for uninfected cells
and maintained these settings when imaging
infected cells. Thus, any signal observed in the
488 channel from infected cells is specific binding
of the Ab and not a background artifact. mAbs
n. (A) Schematic representation of the strategy in which
ab library for binding to SARS-CoV-2 proteins. Binding
and characterized in vitro and in cells. (B) At the top, a

nce of two different soluble antigen concentrations (gray:
e ELISA. Fab-phage clones are ranked from lowest to
e numbers and binding signals to their cognate antigen
or MHT and BSA) and represented as a heat map with
tom, the IDs for those antibodies converted to IgGs and
measured for binding to immobilized Nsp1 N-terminal
ngth protein (Nsp1FL). (D) Fab 15497 and 15498 were
NNTD), C-terminal domain (NCTD) and full-length protein
ain organization of Nsp1 and N are included and labeled

spective Fab binding are also indicated.



Figure 2. Phage ELISA binding of Fabs sequences and characterization. (A) CDR sequences and affinities are
shown for the indicated IgGs against their cognate antigen. Sequences are shown for positions that were diversified in
the library and are numbered according to IMGT standards,23 with dashes indicating gaps in the alignment. EC50

values were determined by ELISA, whereas dissociation constants (KD) were determined by BLI (see Figure S1).
NB = no binding. (B–E) Western blots of Nsp1 (15497 and 15498), Nsp8 (15525), Nsp12 (15884), and Orf3b (15887)
antibodies. Colored molecular weight marker is as indicated on the left lane. Protein samples are in the right lane.

N. Mishra, J. Teyra, R. Boytz, et al. Journal of Molecular Biology 434 (2022) 167583
against Orf3b (15887), Nsp12 (15884), and Nsp1
(15497) successfully and specifically labeled intra-
cellular viral targets (Figure 3(A)), whereas Nsp1
(15498) did not work for IFA. For each of these
Abs, we observed no staining in uninfected cells
whereas in cells infected with SARS-CoV-2 we
were able to visualize a clear signal above back-
ground, indicative of the Abs being specific for each
target protein. For the 15497 and 15498 Abs that
recognize two different epitopes on Nsp1 Figure 1
((C)), our results showed a punctate pattern within
the nucleus or directly on its edge.16 We also
observed a similar punctate staining for Nsp12
and Orf3b largely in the perinuclear region of
infected cells. However, wewere unable to visualize
targets using the Abs against Nsp8 (15525), which
did not result in a detectable stain above back-
ground (Figure 3(A)). The fact that IgG binds to
Nsp8 in vitro, suggests that the IgG epitopes may
be inaccessible in the cellular environment. This
may be due to the fact that Nsp8 is a small protein
6

(198 amino acids) that functions as a stable hetero-
complex with Nsp7 and Nsp12, which is required for
replication,17,18 creating steric hindrance in the IgG
recognition in infected cells. Overall, our results val-
idate the use of antibodies 15887, 15884, and to a
lesser extent 15497 in IF assays and suitability for
characterization of the cellular localization of
SARS-CoV-2 viral proteins.
Moreover, sub-cellular localization patterns of

Orf3b, and Nsp12 could be visualized by
immunofluorescence (IF). In N-stained cells, we
found expression of Orf3b in N-expressing cells,
but also cells lacking N expression, which
suggests that Orf3b is expressed at the early
stage of SARS-CoV-2 infection, or it is
translocating to neighboring cells (Figure 3(A)).
Orf3b exhibited a punctate staining pattern within
the cytoplasm of infected cells (Figure 3(B), right
panel), which is consistent with previous studies
showing SARS-CoV-2 Orf3b localization in the
cytosol, where it suppresses IFN-I activation.13



Figure 3. Immunofluorescence staining of SARS-CoV-2 infected VeroE6 cells. (A) Panels of uninfected and SARS-
CoV-2 infected VeroE6 cells (MOI 0.2) stained with IgGs against Nsp1, Nsp8, Nsp12 or Orf3b (green; k = 488 nm),
nuclei (DAPI, blue), and N (red; k = 546 nm). Scale bars indicate 50 lm. (B) 100� images of infected VeroE6 cells
stained with IgGs against Nsp12 (15884, left and middle panel) or Orf3b (15887, right panel) (green), nuclei (blue),
and N (red). Middle panel shows a maximum intensity projection of combined z-planes representing the lower and
upper half of the cell bodies stained with Nsp12 of a different frame of the left panel and shown. Scale bars indicate
20 lm.
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Unlike Orf3b, Nsp12 appeared as clusters of puncta
surrounded by a faint, diffuse background mostly
localized to the perinuclear region of infected cells
(Figure 3(B), left panel). We noticed that the puncta
were distributed across multiple z-planes, which
suggests a 3D structure. To better visualize this,
we took z-stacks at 100x, followed by image decon-
volution, and generated a maximum-intensity pro-
jection image (Figure 3(B), middle panel). This
7

structure and localization differ from the cytosolic
localization observed by others upon Nsp12 over-
expression.19 In this regard, we observe puncta-
like structures or inclusion bodies. Furthermore, N
staining shows that N protein is not necessarily
highly expressed at the time as the other SARS-
CoV-2 proteins and cells with high levels of N stain-
ing lacked detectable Nsp12 expression, whereas
Nsp12, which is the essential component of the
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replication machinery, appears to be detected
before an abundance of N protein. Thus, these sites
may be indicative of the replication complexes in
SARS-CoV-2 infected cells, which are found in both
N-expressing and non-expressing cells, like Orf3b
(Figure 3(A)). Overall, our results validate the use
of antibodies 15884 and 15887 in IF procedures
and provide support for their use in studying sub-
cellular locations of SARS-CoV-2 viral proteins.
Further optimization will be warranted to fully under-
stand the structures observed here.

Discussion

As the COVID-19 pandemic progresses into the
3rd year, there are many remaining questions
surrounding SARS-CoV-2 biology. Here we
describe a number of validated critical reagents
that provide new tools to better understand viral
infection and host responses (Table S1). In this
report, we describe our efforts to develop 18
monoclonal IgGs binding specifically to 9 different
SARS-CoV2 proteins at sub-nanomolar affinities.
We validated and further characterized several
mAbs in vitro, further demonstrating the potential
impact of these reagents. For key targets involved
in host response modulation and viral replication,
the suitability of these antibodies in WB and IF
applications were demonstrated, thus providing
validation of the utility of these reagents. IgGs
binding to two non-overlapping epitopes for Nsp1,
Nsp3 and N proteins were obtained by tailored
selections against individual domains. Insofar as
pairs of antibodies targeting distinct epitopes have
utility in diagnostic and quantitative assays,20 this
basic characterization may help to fast-track appli-
cations development or provide tools to evaluate
the differential roles of the distinct regions of each
of these multi-domain, multi-functional viral pro-
teins. These reagents also have potential utility for
a number of assays, such as flow cytometry,
immunofluorescence staining, coimmunoprecipita-
tion assays, and for biochemical and structural
characterization of the proteins. Our efforts further
illustrate the facile implementation of the phage dis-
play platform to generate critical reagents to study
SARS-CoV-2 proteins and their host interactions
leading to a better mechanistic understanding at
the host-pathogen interface.
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