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Abstract

The current global COVID-19 pandemic caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has resulted in a public health crisis with more than 168 million
cases reported globally and more than 4.5 million deaths at the time of writing. In addition to
the direct impact of the disease, the economic impact has been significant as public health
measures to contain or reduce the spread have led to country wide lockdowns resulting in
near closure of many sectors of the economy. Antibodies are a principal determinant of the
humoral immune response to COVID-19 infections and may have the potential to reduce
disease and spread of the virus. The development of monoclonal antibodies (mAbs) repre-
sents a therapeutic option that can be produced at large quantity and high quality. In the
present study, a mAb combination mixture therapy was investigated for its capability to spe-
cifically neutralize SARS-CoV-2. We demonstrate that each of the antibodies bind the spike
protein and neutralize the virus, preventing it from infecting cells in an in vitro cell-based
assay, including multiple viral variants that are currently circulating in the human population.
In addition, we investigated the effects of two different mutations in the Fc portion (YTE and
LALA) of the antibody on Fc effector function and the ability to alleviate potential antibody-
dependent enhancement of disease. These data demonstrate the potential of a combination
of two mAbs that target two different epitopes on the SARS-CoV2 spike protein to provide
protection against SARS-CoV-2 infection in humans while extending serum half-life and pre-
venting antibody-dependent enhancement of disease.
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Introduction

In the past decades, two known pathogenic human coronaviruses, severe acute respiratory syn-
drome (SARS-CoV) and Middle East respiratory syndrome CoV (MERS-CoV), have been
reported to damage the respiratory tract and cause high morbidity and mortality [1]. Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19, is
anewly discovered coronavirus that was first reported in the city of Wuhan, Hubei province,
China in December 2019 [2]. The resulting pandemic has made the development of therapeu-
tics, vaccines and diagnostics an urgent global priority [3-7]. Initial work identified that this
virus uses the angiotensin-converting enzyme 2 (ACE2) from bats, civet cats, swine, non-
human primates and humans as a receptor [3,8,9]. The initial reports from China and else-
where note that although most COVID-19 cases present mild to moderate pathology, approxi-
mately 20% of the cases are severe [10,11].

Just as the development and use of mAbs have revolutionized the treatment of cancer, they
are increasingly recognized as potential therapeutic treatments for infectious diseases. How-
ever, the lack of detailed knowledge of the correlates of protection has hindered the develop-
ment of effective mAD therapeutics for the treatment of infectious disease. Of the almost 80
approved mAb therapeutics, only four have been approved for the treatment of infectious dis-
eases. These include raxibacumab and obliltoxaximab for the treatment of inhalation anthrax
[12], palivizumab for the prevention of respiratory syncytial virus in high risk infants [13], and
ibalizumab for treatment of HIV infection [14]. For many infectious disease targets, neutrali-
zation is often the primary means by which antibody candidates are selected for clinical devel-
opment, even if neutralization has not been linked to efficacy. However, similar to mounting
importance of extra-neutralizing antibody functions in vaccine-mediated protection from
infection, extra-neutralizing antibody functions are increasingly recognized as critical in mAb-
mediated protection from infection [15-19], even for neutralizing antibodies [20-22].

In contrast to their protective role, antibodies have been shown to exacerbate disease
through a phenomenon known as antibody-dependent enhancement (ADE) of disease or
infection. It has been shown that antibodies can facilitate the entry of viruses into target cells
even when the cell lacks the expression of the normal viral receptor. Antibodies have been
shown to facilitate entry of both SARS virus and MERS virus into FcyR2-expressing cells [23].
In addition, ADE of acute lung injury has been documented in animal models of SARS and
MERS virus infection [24,25]. Engagement of the FcyRs is required for antibody effector func-
tions, such as antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cel-
lular phagocytosis (ADCP) [26]. The Fc portion of antibodies have been optimized using
multiple approaches in attempts to increase binding affinity to selected FcyR [27].

While the precise role of additional neutralizing antibody functions in SARS-CoV-2 infec-
tion has not yet been elucidated, previous studies have demonstrated the importance of these
functions. In a mouse model of SARS virus infection, passive immunization with SARS-CoV-2
antiserum demonstrated greater efficacy than immunization with rabbit anti-SARS-CoV-2
antiserum. It was determined that the increased efficacy was mediated by phagocytic cells (pri-
marily monocyte-derived infiltrating macrophages and alveolar macrophages), suggesting that
ADCP may be critical in driving protection [28]. Recruitment of monocytes to the lung has
been shown to be necessary for protection from lethal infection of SARS virus in other mouse
models [29]. Similarly, neutrophils are needed for an effective immune response against pul-
monary rat coronavirus infection but also contribute to the underlying lung pathology, sug-
gesting a complicated role for neutrophils in coronavirus infection [30]. Following mouse
hepatitis virus 1 infection of mice, the natural killer (NK) cell response helps to minimize the
severity of the disease [31]. Human antibodies to naturally acquired coronavirus 229E have
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ADCC activity, suggesting that NK cell-mediated function may also be important for resolu-
tion of coronavirus infection [32]. In contrast, complement activation has been linked to lung
pathology following SARS virus infection and in mouse models of MERS virus, suggesting that
excessive antibody-dependent complement activation could be detrimental and may be under-
lying the cytokine storm driving severe lung damage [33-36].

While Fc optimization has focused heavily on the gain-of-function modifications, in certain
situations it can be beneficial to eliminate antibody Fc function. Under these conditions, Fc
engagement of the receptors on effector cells or engagement of C1q is not desired, because it
can lead to undesired killing of the biologically-important cells expressing the receptor or
recruitment of drug-conjugated antibodies to off-target cells [37,38]. A double mutation in the
Fc region of an IgG1 antibody, Leu234Ala and Leu235Ala (LALA) has been shown to elimi-
nate detectable binding to FcyRIIa, Fcy R, IIB, and IIC for IgG1 and 1gG4 [39-41]. The LALA
mutations have been tested in human clinical trials with minimal adverse effects [42]. Cur-
rently, LY-CoV016 that contains the LALA mutation is currently in clinical development in
combination with another anti-SARS-CoV-2 antibody (LY-CoV555) and has shown clinical
success. Recently, Winkler et al [43] presented data implying that an intact Fc effector function
was required for optimal therapeutic protection against SARS-CoV-2. Data from this manu-
script demonstrated that clinical protection with MAB2381 was only partially Fc-dependent
when administered post-exposure yet virological protection was not lost with the LALA-PG
mutation. The authors concluded that the differences observed in the therapeutic activity of
the different antibodies would be due to differential pharmacokinetics, bioactivity or
bioavailability.

In addition to modifying antibody effector functions optimizing efforts have also included
improvements in maintaining antibody circulation in vivo. Degradation of immunoglobulins
is regulated by its interaction with the neonatal Fc receptor (FcRn). At physiologic pH of the
extracellular environment IgG has weak affinity for the FcRn which results in its release from
the FcRn back into circulation [44]. The pH-dependent binding is regulated by protonation of
His310, 435, 436 in the Fc at low pH which enables the antibody to bind to Glu117, Glu132
and Asp137 in the FcRn [45,46]. Phage display libraries were used to identify potential loca-
tions where changes in the amino acid sequence would result in increased antibody half-life.
These studies identified Met252Tyr, Ser254Thr and Thr256Glu mutations, termed YTE, and
resulting in a 10-fold slower dissociation rate of Fc and FcRn [47]. Overall, the YTE mutations
increased the serum half-life 4-5 fold as compared to wild type without having deleterious
effects to antigen binding [48,49].

In the present study, we evaluated two different anti-SARS-CoV-2 antibodies that have
been previously shown to bind to the spike protein and block the Receptor Binding Domain
(RBD) binding to the ACE2 receptor [50]. Different Fc variants that contained the wild type
Fc sequences, the YTE mutations alone or the YTE plus LALA mutations were evaluated for
their ability to bind the RBD of the spike protein and the effects of the mutations on neutraliza-
tion of the virus to infect cells. Additionally, the study provides data based on the cell-based
evaluation of these mutations on the possible effector functions of these antibodies. Two of
these antibodies (2130 YTE-LALA and 2381 YTE-LALA) which have been shown to bind to
non-overlapping epitopes on the spike protein [50] and a combination of these two antibodies
(ADMO03820) were evaluated for their ability to neutralize a panel of SARS-CoV-2 spike pro-
tein variants and wild type virus that included the United Kingdom, South African and Brazil-
ian variants. Taken together, the data demonstrate that the YTE and YTE-LALA mutations
did not have any negative effect on the binding of the antibodies to the RBD and were equally
efficacious in neutralizing the virus and preventing it from infecting cells and no antibody-
dependent enhancement of infection was observed with any of the different mAbs.
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Materials and methods
Monoclonal antibodies

The mAb sequences and numbering system were obtained from Dr. James Crowe’s laboratory
and have been described previously [50,51]. A list of the antibodies that we evaluated are pre-
sented in Table 1. The antibody sequences and YTE and YTE-LALA mutations were cloned
into antibody expression vectors and subsequently used to stably transfect CHO GS null cells.
The mAb were grown at 37° C using BalanCD media. mAb were purified in a similar fashion
as described previously [52].

ELISA for spike protein binding

Binding to the SARS-CoV-2 spike protein were evaluated using His-tagged materials (S1,
RBD, and S2) purchased from ACRObiosystems (San Jose, CA). These materials were used to
coat Nunc 96-well Immulon 4HBX plates (100 pL) at a concentration of 1 ug/mL. The plates
were incubated 12-24 hours at 2-4° C. The plates were then washed three times with Wash
Buffer (WB; 1XPBS containing 0.05% Tween-20). The wells were then blocked using 200 uL of
Blocking Buffer (BB; 1XPBS containing 3% BSA). The plates were incubated 1-4 hours at
room temperature. The wells were then washed three times using WB. Positive control anti-
bodies or test samples were diluted in Assay Dilution Buffer (ADB; 1XPBS, 0.05% Tween-20
and 1% BSA) and 100 pL was added to each well. The plates were incubated for 60+10 minutes
at room temperature on a shaking platform. The plates were then washed three times using
WB. The secondary goat anti-human IgG(Fc)-HRP (Abcam, Cambridge, MA) was diluted
1:25,000 in ADB and 100 uL was added to each well. The plates were incubated for 60+10 min-
utes at room temperature on a shaking platform. Finally, 100 pL of Stop Solution (0.2M
H2S04) was added to the plates and the plates were read at 450-630 nm using a Molecular
Devices SpectraMax 384 Plus (Promega, Madison, WI). Each sample was tested in triplicate.

Microneutralization potency

The SARS-CoV-2 microneutralization potency assay quantifies the neutralizing capacity of a
human mAb. For the assay, serial dilutions of the mAb were pre-incubated with the SARS-
CoV-2 for 1 hour at 37° C. The mAb/virus mixtures were then added to a 90 to 100% confluent
monolayers of VERO E6 cells in 96-well microplates and incubated for two days at 37° C and
5% CO,. Following incubation, the inoculum was removed and monolayers were incubated
for at least 30 minutes in cold 80% acetone to allow cell fixation.

For the in situ ELISA (Battelle Memorial Institute, Patent Application Number 63/014,551),
the fixed VERO E6 monolayer was incubated with commercial anti-coronavirus protein anti-
bodies for 1 hour at 37° C. The plate was washed and then a commercial horseradish peroxi-
dase secondary antibody was added and the plate incubated for 1 hour at 37° C. The plate was

Table 1. List of monoclonal antibodies evaluated.

Sample

mAb 2130 Wildtype
mAb 2130 YTE

mAb 2130 YTE LALA
mAb 2819 Wildtype
mAb 2819 YTE

mADb 2819 YTE LALA

https://doi.org/10.1371/journal.pone.0267796.t001
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washed and a commercial ABTS substrate and stop solution were used per manufacturer’s
instructions and the optical density at 405 nm with a 490 nm reference filter was obtained.
Each plate contained a virus-only control and a cell culture control. The 50% inhibitory con-
centration (ICsy) and 80% inhibitory concentration (ICq) for each mAb was determined by
logistic model. Control antibodies were procured from commercial sources and were tested
for neutralization in the potency assay.

Virus assays

Numerous single point mutations and combinations of mutations of the spike protein dis-
played on pseudovirus as well as wild type variants of concern (VOCs) were evaluated by the
Division of Microbiology and Infectious Diseases, part of the National Institute of Allergy and
Infectious Disease. The panel includes variants with different substitutions such as E484K,
F490S, Q493R and S494P. Briefly, the pseudovirus containing each of the variants were gener-
ated by transfecting HEK293T cells with CoV-2 §, luciferase, and gag-pol plasmids and harvest
the S-pseudovirus after 48 hours. The pseudovirus were evaluated for infectivity post infection.
Positive control antibodies against wild type (614G) were used to determine the appropriate
range for the neutralization assays. For the neutralization assays, the pseudoviruses were com-
bined with each of the antibodies or the combination of antibodies and then used to inoculate
HEK293T ACE2/TMPRSS?2 cells. Luciferase levels were measured 48 hours post infection.
Each variant and antibody were evaluated in at least two independent experiments with inde-
pendent operators.

Fc effector function assays

Each mAb was tested in an eight-point dilution curve for each assay, with each antibody tested
in two independent experiments. For assays in which primary cells were used as effector cells,
cells were isolated from at least two different human donors. For assays utilizing cell lines as
effector cells, each assay was repeated in two independent experiments.

Antigen-specific FcyR binding

The Fc receptor Luminex array uses fluorescently coded microspheres to capture up to 500
antigen specificities simultaneously and profile the effector capacity of each antigen specificity
by determining the ability of these antigen-specific antibodies to interact with Fc receptors.
Stabilized SARS-CoV-2 spike trimer (LakePharma) was covalently coupled to Magplex Lumi-
nex beads via a two-step carbodiimide reaction. The beads were activated for 30 minutes at
room temperature using 100 mM monobasic sodium phosphate, pH 6.2 with 5 mg/mL Sulfo-
NHS (N-hydroxysulfosuccinimide, Pierce, A39269) and 5 mg/mL ethyl dimethylaminopropyl
carbodiimide hydrochloride (EDC), then washed with 50 mM MES, pH 5.0, and incubated
with 25 pg of antigen in 50 mM MES, pH 5.0 for two hours on a rotator. The coupled beads
were blocked 5% BSA-PBS. After blocking, coupled beads were washed in PBS-Tween, resus-
pended in PBS, and stored at 4°C. Coupled beads were diluted to a concentration of 100
microspheres/pL and incubated with diluted antibody (diluted in PBS), and incubated at room
temperature for 2 hours, shaking at 800 rpm. Following a wash with 0.1% BSA in PBS-Tween,
the bound antibodies were subsequently stained with PE-labeled tetramerized recombinant Fc
receptors (FCGR2A 131H/R, FCGR2B, FCGR3A 158V/F, FCGR3B, and FcRN) for 1 hour at
room temperature, shaking at 800 rpm. Fluorescence was analyzed using a Stratedigm
S1000EON. The data are reported as the median fluorescence intensity of PE for a specific
bead channel. The mAbs were tested for FcyR binding at a range of 200 to 1.5625 ng/mL.
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Antibody-dependent NK cell activation

Antibody-dependent NK cell activation (ADNKA) assesses antigen-specific antibody-medi-
ated NK cell activation against protein-coated plates. ELISA plates were coated with Stabilized
SARS-CoV-2 spike trimer at a concentration of 300 ng/well, incubated for 2 hours at room
temperature, and then blocked with 5% BSA-PBS overnight at 4°C. Diluted antibody (diluted
in PBS) was added to the antigen coated plates, and unbound antibodies were washed away.
NK cells, purified from healthy blood donor leukopaks using commercially available negative
selection kits (StemCell EasySep Human NK Cell Isolation Kit, Stem Cell Technologies, Cam-
bridge, MA) were added to the plates at 5x10* cells/well in R10 supplemented with anti-
CD107a PE-Cy5 (BD Biosciences, 555802), GolgiPlug (BD Biosciences, 555029) and GolgiStop
(BD Biosciences, 554724), and incubated for 5 hours at 37°C. Following the incubation, NK
cells were stained for the surface markers with anti-CD56 PE-Cy7, anti-CD16 APC-Cy7 and
anti-CD3 Pacific Blue (BD Biosciences, 557747, 557758, 558124). NK cells were fixed and per-
meabilized with Fix&Perm cell permeabilization kit (Invitrogen). Cells were incubated with
anti-MIP1p PE and anti-IFNy FITC (BD Biosciences, 550078, 340449) to stain for intracellular
markers. Fluorescence was acquired on a Stratedigm S1000EON. The data are reported as the
percent of cells positive for each of the activation markers (CD107a, IFN-y and MIP-1p). Each
sample was tested with at least two different NK cell donors, with all samples tested with each
donor. The mAbs were tested for ADNKA activity at a range of 20 pg/mL to 9.1449 ng/mL.

Antibody-dependent cellular cytotoxicity

Antibody-dependent cellular cytotoxicity (ADCC) tests the ability of antigen-specific antibod-
ies to recruit NK cell Iytic activity. Target cells were biotinylated (EZ-Link Sulfo-NHS-LC-Bio-
tin) and stained with one of two dyes (half with CellTrace Violet and half with CellTrace Far
Red, ThermoFisher, Waltham, MA). The stained cells were then pulsed with either streptavi-
din-conjugated Stabilized SARS-CoV-2 spike trimer or left unpulsed. Diluted antibody
(diluted in PBS) was added to a 1:1 mixture of the target cells stained with each dye. NK cells
purified from healthy blood donor leukopaks using commercially available negative selection
kits (StemCell EasySep Human NK Cell Isolation Kit) were added and incubated for 4 hours.
Following this incubation, the cells were stained with a viability dye (BioLegend Zombie
Green Fixable Viability Kit, BioLegend, San Diego, CA). Lysis was measured by flow cytome-
try, and lysis was reported as the percent of dead (viability dye positive) antigen-coated cells.
The mAbs were tested for ADCC activity at a range of 1 pug/mL to 0.45725 ng/mL.

Antibody-dependent complement deposition

Antibody-dependent complement deposition (ADCD) assesses the recruitment of comple-
ment component C3b on the surface of antigen-coupled beads. Stabilized SARS-CoV-2 spike
trimer was covalently coupled to Carboxy-modified fluorospheres beads (Molecular Probes,
F8815) via a two-step carbodiimide reaction. The beads were activated for 30 minutes at room
temperature using 100 mM monobasic sodium phosphate, pH 6.2 with 5 mg/mL Sulfo-NHS
(N-hydroxysulfosuccinimide, Pierce, A39269) and 5 mg/mL ethyl dimethylaminopropyl car-
bodiimide hydrochloride (EDC), then washed with 50 mM MES, pH 5.0, and incubated with
40 ug of antigen in 50 mM MES, pH 5.0 for two hours on a rotator. The coupled beads were
blocked 5% BSA-PBS. After blocking, coupled beads were washed with 0.1% BSA-PBS, resus-
pended in 0.1% BSA-PBS, and stored at 4°C. Diluted antibody (diluted in PBS) was added to
coupled beads and incubated for 2 hours at 37 °C, and then washed with PBS. Commercially
available guinea pig complement was then added as a source of complement (Sigma, G9774)
and diluted 1:60 in GVB (Boston BioProducts, IBB-300X). Following a 50 minute incubation
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at 37°C, the complement was washed away with 15mM EDTA in PBS, and a FITC-conjugated
mADb specific for guinea pig C3 MP Biomedicals, 0855385) was added for 20 minutes. Comple-
ment deposition was measured using a Stratedigm SI000EON and is reported as the median
fluorescent intensity of FITC. The mAbs were tested for ADCD activity at a range of 67 pg/mL
to 30.636 ng/mL.

Antibody-dependent cellular phagocytosis

Antibody-dependent cellular phagocytosis (ADCP) assesses the ability of antibodies to induce
phagocytosis of antigen-functionalized fluorescent beads by monocytes via Fc receptors. Stabi-
lized SARS-CoV-2 spike trimer was covalently coupled to Amine-modified fluorospheres
beads (Molecular Probes, F8765) via a two-step carbodiimide reaction. The beads were acti-
vated for 30 minutes at room temperature using 100 mM monobasic sodium phosphate, pH
6.2 with 5 mg/mL Sulfo-NHS (N-hydroxysulfosuccinimide, Pierce, A39269) and 5 mg/mL
ethyl dimethylaminopropyl carbodiimide hydrochloride (EDC), then washed with 50 mM
MES, pH 5.0, and incubated with 40 pg of antigen in 50 mM MES, pH 5.0 for two hours on a
rotator. The coupled beads were blocked 5% BSA-PBS. After blocking, coupled beads were
washed with 0.1% BSA-PBS, resuspended in 0.1% BSA-PBS, and stored at 4°C. Diluted anti-
body (diluted in PBS) was added to coupled beads and incubated for 4 hours at 37°C, and then
washed with PBS. THP-1 cells were added at a concentration of 7.5x10* cells/mL and phagocy-
tosis was allowed to proceed overnight at 37°C. The cells were then fixed, and the extent of
phagocytosis was measured using a Stratedigm SI00EON. The data are reported as a phago-
cytic score, which takes into account the proportion of effector cells that phagocytosed and the
degree of phagocytosis using the equation:

hagocytic score — Lerceniase of FITCT cellsxgMFL of FITCT cells p o 1 Abyg werre tested for ADCP activit
1,000

at a range of 5 pug/mL to 2.28624 ng/mL.

Antibody-dependent neutrophil phagocytosis

Antibody-dependent neutrophil phagocytosis (ADNP) assesses the ability of antibodies to
induce the phagocytosis of antigen-coated targets by primary neutrophils. Stabilized SARS-
CoV-2 spike trimer was covalently coupled to Amine-modified fluorospheres beads (Molec-
ular Probes, F8765) via a two-step carbodiimide reaction. The beads were activated for 30
minutes at room temperature using 100 mM monobasic sodium phosphate, pH 6.2 with 5
mg/mL Sulfo-NHS (N-hydroxysulfosuccinimide, Pierce, A39269) and 5 mg/mL ethyl
dimethylaminopropyl carbodiimide hydrochloride (EDC), then washed with 50 mM MES,
pH 5.0, and incubated with 40 pg of antigen in 50 mM MES, pH 5.0 for two hours on a rota-
tor. The coupled beads were blocked 5% BSA-PBS. After blocking, coupled beads were
washed with 0.1% BSA-PBS, resuspended in 0.1% BSA-PBS, and stored at 4°C. Diluted anti-
body (diluted in PBS) was added to coupled beads and incubated for 2 hours at 37°C, and
then washed with PBS. Primary neutrophils isolated from healthy blood donors using nega-
tive selection (StemCell EasySep Direct Human Neutrophil Isolation Kit) at a concentration
of 1.25x10” cells/mL, and phagocytosis was allowed to proceed for 30 minutes at 37°C. The
cells were then stained with the neutrophil marker CD66b (Pacific Blue conjugated anti-
CD66b; BioLegend, 305112), washed and fixed, and the extent of phagocytosis was measured
by flow cytometry. The data are reported as a phagocytic score calculated using the equation
above. Each sample was run in biological duplicate using neutrophils isolated from two dis-
tinct donors. The mAbs were tested for ADNP activity at a range of 300 ug/mL to 137.17 ng/
mL.
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Antibody-dependent mucin binding

Antibody-dependent mucin binding (ADMB) measures the capacity of antibodies to trap
pathogens in mucus proteins. Recombinant MUC5B or MUC5A/C (MyBioSource), the pre-
dominant secreted mucins in the lung, were used to coat ELISA plates at a concentration of 10
ng/well. Diluted antibody (diluted in PBS) was added and incubated for 2 hours at room tem-
perature, and unbound antibodies were washed away with PBS-Tween. The bound antibodies
were detected using an anti-human IgG antibody conjugated to HRP and TMB detection
reagents. The data are reported as the background (no antibody)-subtracted OD. The mAbs
were tested for mucin binding at a range of 2 mg/mL to 914 ng/mL.

Antibody-dependent enhancement of infection

The antibody-dependent enhancement of infection (ADEI) assay measures the capacity of
antibodies to facilitate the infection of FcyR-expressing cells. Antibodies were diluted in cell
culture medium, and SARS-CoV-2 spike protein-pseudotyped lentiviruses encoding firefly
luciferase were added. The antibodies and viruses were incubated for 1 hour, after which Raji
cells (a B cell line that naturally expresses FcyR2) were added. The cultures were incubated for
24 hours, after which the culture medium was removed, and luciferase assay reagent was
added. Following a two-minute incubation to allow for cell lysis, the supernatant was trans-
ferred to a black 96 well plate, and luciferase activity was measured using a luminometer. The
data are reported as the relative infection rate compared to infection in the absence of anti-
body. The mAbs were tested for ADEI activity at a range of 6 ug/mL to 11.72 ng/mL.

Results
Monoclonal antibody binding to spike protein

Previous studies have demonstrated that the anti- SARS-CoV-2 antibodies bound to the spike
protein also inhibited the binding to the ACE-2 receptor [50,51]. As shown in Tables 2 and S1,
the addition of the YTE mutations or the YTE mutations in combination with the LALA muta-
tions did not have any adverse effects on the antibodies ability to bind to the S1 domain of the
spike protein or the RBD of the spike. As expected, none of the antibodies bound to the S2
domain of the spike protein. The combination of MAB2130 and MAB2381 did not appear to
show any synergism to binding to S1 or RBD.

Table 2. ELISA binding results to different spike protein variants.

mAb2130 WT 1.98 +0.04 2.68 +0.94 ND
mAb2130 YTE 15.53 +4.731 6.76 = 5.33 ND
mAb2130 YTE-LALA 14.82 +5.21 11.33 +2.01 ND
mAb2381 WT 1.50 £ 0.16 7.41 +£0.37 ND
mAb2381 YTE 9.60 £ 2.39 8.53 +£0.43 ND
mAb2381 YTE-LALA 10.73 +2.73 7.38 £1.26 ND
mAb2130 + mAb2381 YTE/LALA 14.63 +2.95 7.80 £ 0.39 ND
(ADMO03820)

mAb2130 + mAb2381 YTE (ADMO03826) 12.69 + 3.98 10.40 + 0.52 ND

WT: Wild type sequence.
ND: No binding detected.

https://doi.org/10.1371/journal.pone.0267796.t1002
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Table 3. Microneutralization analysis on various antibodies.

MAB2130 WT 9 NA'
MAB2130 YTE 17 34%
MAB2130 YTE-LALA 11 48%
MAB2381 WT 43 NA'
MAB2381 YTE 20 37%
MAB2381 YTE-LALA 15 41%
WT DP <75 NA
YTE DP 11 7%
YTE-LALA DP 6 66%

YTE DP: MAB2130 YTE combined with MAB2381 YTE (ADM03826).

YTE-LALA DP: MAB2130 YTE-LALA combined with MAB2381 YTE-LALA (ADM03820).

Multiple lots were generated for each antibody and combination. Values given are mean values with the correlation
of variation.

! Not Applicable. These samples were tested once and were similar to previously published results [50,51]. YTE and
YTE LALA variants were tested using a validated assay.

https://doi.org/10.1371/journal.pone.0267796.t003

Microneutralization potency studies with monoclonal antibodies

Previous studies have shown that the anti-SARS-CoV-2 antibodies did neutralize and weaken
the ability of the virus to infect cells [50,51]. Results from the microneutralization assays are
shown in Tables 3 and S2.

Virus neutralization studies

The pseudovirus assay was used to assess the efficacy of MAB2130 YTE-LALA, MAB2381
YTE-LALA or ADM03820 against various SARS-CoV-2 variants. As shown in Fig 1A, none
had an adverse effect on the neutralization ability of MAB2130 YTE-LALA and only one vari-
ant (UK (B.1.1.7) + E484K) had a major adverse effect on the efficacy of MAB2381 YTE-LALA.
The B.1.526 (NY/NE) variant had a modest effect on the efficacy of MAB2381 YTE-LALA.
None of the viral variants with mutations in the non-RBD regions had any adverse effects on
the neutralization of the antibodies in combination (Fig 1B). Four of the viral variants that
were evaluated that represented changes in the RBD region abrogated the neutralization effects
of MAB2130 YTE-LALA and two variants modestly abrogated the efficacy of MAB2130 YTE-
LALA (Fig 1C). In a similar fashion, only one variant blocked the neutralization of MAB2381
YTE-LALA (F486V_D614G) and a single variant (E484K_D614G) modestly inhibited the neu-
tralization effects of MAB2381 YTE-LALA (Fig 1C). The E484K_D614G variation is also
found in the UK (B.1.1.7) + E484K variant. The other variant that inhibited the neutralization
of MAB2381 YTE-LALA is not normally found in any of the circulating viral variants. It is
interesting to note that none of the variants were able to have any effect on both antibodies.
(Fig 1A-1C).

Functional activity of monoclonal antibodies and Fc variants

Extra-neutralizing antibody functions are mediated via interactions between the Fc domain of
the antibody and Fc receptors found on the surface of all innate immune cells, with FcyR2A
predominantly expressed on the surface of phagocytic cells (e.g., monocytes, macrophages,
neutrophils); FcyR2B highly expressed on B cells and basophils, with weaker expression
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A. Antibody Neutralization Studies Against Circulating Viral Variants

mAb2130 mAb 2381 ADMO03820
CA (20.0) 4.2 0.8 1.9
UK (B.1.1.7) 0.5 155 0.9
UK (B.1.1.7) + E484K | 1.5 15
UK (B.1.1.7) + S494P | 1.4 0.8 0.9
RSA 5321 (B.1.351) 1.4 0.8 0.8
BZ/JP (P.1) 1.3 0.2 0.6
B.1.429 (v2) 122 0.4 0.7
B.1.526 (NY/NE) 0.9 13.6 1.6
Uganda 1.0 0.3 0.8
R.1 1.2 4.7 e
Note:
CA (20.0) S13I_W152C_L452R_D614G
UK (B.1.1.7) H69-_V70-_Y144-_N501Y_A570D_D614G_P681H_T7161_S982A_D1118H
UK (B.1.1.7) + | H69-_V70-_Y144-
E484K _E484K_N501Y_A570D_D614G_P681H_T7161_S982A_D1118H
UK (B.1.1.7) + | H69-_V70-_Y144-
S494P _S494P_N501Y_AS570D_D614G_P681H_T7161_S982A_D1118H
RSA 5321 DS0A_D215G_L241-_1242-_A243-_K417N_E484K_N501Y_D614G_A701V
(B.1.351)
BZ/JP (P.1) L18F_T20N_P26S_D138Y_R190S_K417T_E484K_N501Y_D614G_H655Y_T102
7I_V1176F
B.1.429 (v2) S131_P26S_W152C_L452R_D614G
B.1.526 LSF_T951_D253G_E484K_D614G_A701V
(NY/NE)
Uganda F157L_V367F_Q613H_D614G_P681R
R.1 W152L_EA484K_D614G_G769V

B. Antibody Neutralization Studies Against Viral Variants Outside of RBD

mAb 2130 mAb 2381 ADMO03820
Del69-70_N439K_D614G | 1.5 0.7 1.0
Del69-70_N501Y_D614G | 0.8 0.9 0.9
L5F_D614G_Q677H 0.8 ildl 152
L5F_D614G 0.5 0.8 0.6
L18F_D614G 0.6 0.7 0.8
P26S_D614G 0.8 0.9 1.2
H49Y_D614G 1.0 0.4 0.9
L54F_D614G 0.8 0.7 0.8
D80Y_D614G 0.7 aLdl 13
T951_D614G 1.2 i3 dloil
S98F_D614G il 1.4 1.4
D138Y_D614G 1.0 13 1.6
Del144_D614G 1.0 1.9 0.7
H146Y_D614G 0.7 0.9 13
L176F_D614G 1.0 1.6 1.4
D215H_D614G 0.7 1.0 1.0
D253G_D614G 1.4 1.4 0.9
S255F_D614G 0.7 0.6 1.0
W258L_D614G Alafl 13 1.0
A262S_D614G ol 13 1.2
P272L_D614G 1.0 1.2 il
€. Antibody Neutralization Studies Against Viral Variants Within RBD
mAb 2130 mAb 2381 ADMO03820
A475V_D614G 0.6 3.6 153
E406Q_D614G 0.7 2.8 1.0
E484K_D614G 1.0 733 15
F338L_D614G 0.6 0.8 0.8
F486V_D614G 0.5 1.1
F490S_D614G iLdl 1.3 2
G446V_D614G g b 1.4
G447R_D614G X 4.6
K417E_D614G 4 L 0.1
K417N_D614G . L 0.2
K444E_D614G I 2.6
K444Q_D614G b 3.9
L452R_D614G b : 185}
L455F_D614G 0.6 1.4 0.9
N439K_D14G 1.2 0.7 1.0
N450D_D614G _ 0.6 4.2
N501Y_D614G 0.6 i 1.0
Q493K_D614G 0.7 4.1 1.0
S477N_D614G 0.8 1.6 il
S477R_D614G 0.6 1.0 0.8
5494P_D614G 172 0.5 1.0
T4781_D614G 1.2 0.1 0.3
V445A_D614G 34.9 0.6 2L
Y453F_D614G 0.8 13 11
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Fig 1. Viral neutralization studies. The results of the viral variant testing. Heat map represents activity as measured
by the average ratio of the mutation IC50/wild type (D614G). Ratios are provided in the Figures. The average is
calculated from multiple experiments so specific mutation IC50 and WT IC50 are not provided. IC50 (dark grey
represents <0.3; light grey represents 0.3-5.0; yellow represents 5.0-10.0; orange represents 10.0-50.0; red represents
>50.0). (A) Neutralization results against VOCs; (B) Neutralization results against a panel of mutant variants of the
non-RBD, (C) Neutralization results against a panel of mutant variants of the RBD.

https://doi.org/10.1371/journal.pone.0267796.9001

detected on monocytes and follicular dendritic cells; FcyR3A highly expressed on NK cells
with weaker expression on macrophages and T cells; and FcyR3B found predominantly on
myeloid cells [53]. As a first step to evaluate the functional activity of the various monoclonal
antibodies, binding to the Fc receptors was evaluated using a Luminex-based assay (Figs 2 and
S1) [54]. When on a wild type backbone, MAB2130 and MAB2381 demonstrated similar bind-
ing to all of the tested Fc receptors including both FcyR2A variants, (Figs 2A, 2B, S1A and
S1B), FcyR2B (Figs 2C and S1C), both FcyR3A variants, (Figs 2D, 2E, S1D and S1E) and
FcyR3B (Figs 2F and S1F). When expressed on the YTE backbones, binding of each antibody
to FcyR2A, FcyR2B, FcyR3A, and FcyR3B was reduced when compared to the wild type IgG1
backbone; however, this reduction was largely not statistically significant (Figs 2A-2F and
S1A-S1F). By contrast, binding of the antibodies to the Fc receptors was nearly completely
ablated when expressed on the YTE-LALA variants, with only residual binding to FCGR3A
observed (Figs 2A-1F and S1A-S1F). FCRN is expressed by endothelial cells and circulating
monocytes and is important for the recycling of serum IgG, extending its serum half-life. As
FCRN binding to IgG is pH dependent (FCRN binds to IgG tightly at acidic pH and weakly at
physiologic pH), FCRN binding was tested at both pH 6 and pH 7.4 (Figs 2G, 2H, S1G and
S1H)). Across the dilutions tested, there was no difference in the binding of any of the antibod-
ies on an IgG1 backbone to FCRN at both pHs tested. While there was no difference in the
binding of the two mAbs on the YTE backbone to FCRN at either pH, as expected, binding to
FCRN was increased for each mAb on the YTE and YTE LALA backbones relative to its wild
type IgG1 counterpart.

While only limited differences in binding to FcyRs between the two monoclonal antibodies
were observed in the binding assays, largely centered around binding to FCGR3A, these differ-
ences could translate into differences in the functional activity of the various monoclonal anti-
bodies (Figs 3 and S2) [55,56].

Both MAB2130 and MAB2381 demonstrated strong ADCP activity when on a wild type
IgG1 or the YTE backbone (Figs 3A and S2A). While not completely eliminating ADCP activ-
ity, the YTE-LALA Fc variant of both antibodies demonstrated significantly reduced ADCP
activity, reducing the ADCP activity to approximately half of the activity observed on a wild
type or YTE backbone. Both MAB2130 and MAB2381 demonstrated strong ADNP activity
when on a wild type IgG1 backbone (Figs 3B and S2B), with MAB2130 demonstrating signifi-
cantly increased ADNP activity relative to MAB2381. However, both antibodies demonstrated
reduced ADNP activity when on the YTE backbone, and the YTE-LALA variant significantly
reduced the ADNP activity of both antibodies reducing it to approximately 15% of the ADNP
activity observed on a wild type IgG1 backbone.

In addition to driving phagocytosis of antibody-opsonized targets, antibodies can also har-
ness the lytic potential of NK cells to drive the clearance of infected cells and pathogens. Both
MAB2130 and MAB2381 demonstrated strong ADCC activity when expressed on the wildtype
IgG1 backbone (Figs 3C and S2C), with MAB2130 again demonstrating significantly increased
ADCC activity relative to MAB2381. Similar to ADNP activity, the YTE mutations signifi-
cantly reduced the ADCC activity of both mAbs, reducing the ADCC activity to half of what is
seen on a wild type IgG1 backbone. ADCC activity was the functional activity that was most
dramatically impacted by the YTE-LALA mutations, with ADCC activity almost completely
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Fig 2. Binding of the monoclonal antibody variants to Fc receptors. The bar graphs present the overall binding of the monoclonal
antibody variants to the indicated Fc receptor represented as the area under the curve calculated from the dilution curves presented in
S1 Fig. Data are presented as the mean AUC + standard deviation from two independent experiments. (A) FCGR2A 131H; (B)
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FCGR2A 131R; (C) FCGR2B; (D) FCGR3A 158F; (E) FCGR3A 158V; (F) FCGR3B; (G) FCRN pH6; (H) FCRN pH 7.4. The Ebola
virus GP-specific antibody KZ52 was used as the irrelevant antibody. Significance was calculated using a one-way ANOVA with post
hoc Holm-Sidak’s multiple comparisons test. *: p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

https://doi.org/10.1371/journal.pone.0267796.9002

ablated on the YTE-LALA backbone. ADCC activity was reduced to approximately 5% of the
activity observed on a wild-type backbone and was similar to the ADCC activity of an irrele-
vant mAb. Beyond direct killing of antibody-opsonized target cells, following activation, NK
cells can release many different chemokines (e.g., MIP-18) as well as pro-inflammatory cyto-
kines (e.g., IFN-y and TNF-a). These chemokines and cytokines function to recruit additional
cells to sites of infection/inflammation and to enhance the immune response of the recruited
cells. Across all three measures of ADNKA activity (NK cell degranulation [CD107a expres-
sion] cytokine secretion [IFN-y], and chemokine secretion [MIP-1f]), both MAB2130 and
MAB2381 demonstrated high levels of ADNKA activity (Figs 3D-3F and S2D-S2F), with
MAB2130 demonstrating significantly increased activity when compared with MAB2381. Sim-
ilar to the effect on ADCC activity, the YTE mutation similarly reduced the ADNKA activity
of both antibodies with an average decrease of 25% observed across the panel of antibodies
and detectors. Similar to ADCC activity, ADNKA activity was nearly completely eliminated
on the YTE-LALA backbone.

In addition to activating FcyR-expressing innate immune cells, antibodies can also activate
the classical complement cascade to eliminate infected cells and pathogens. While MAB2130
demonstrated increased ADCD activity relative to MAB2381, particularly at limiting antibody
concentrations (Figs 3G and S2G), there was no significant difference in the overall ADCD
activity between the two antibodies. While ADCD activity was universally reduced on the YTE
backbone, the two antibodies demonstrated differential sensitivity to the mutations. While
MAB2130 was highly sensitive to the effects of this mutation on ADCD activity, displaying
approximately 65% of the activity of the wild type IgG1 counterpart, MAB2381 was relatively
insensitive to the effects, demonstrating only a 20% reduction in ADCD activity relative to the
wild type variant. ADCD activity was also significantly reduced on the YTE-LALA backbone.
MAB2381 demonstrated ADCD activity similar to an irrelevant mAb, whereas the ADCD
activity of MAB2130 was reduced to 20% of that observed on the wild type IgG1 backbone.

Finally, all mucosal surfaces are lined with a thick layer of mucus that provides a protective
physical barrier by trapping pathogens. Anti-microbial peptides, immune proteins, and anti-
bodies are present within mucus and can be bound to a lattice of heavily glycosylated mucin
proteins that line the membranes [57]. Although the majority of the antibodies present in the
mucosal surfaces are of the IgA isotype, considerable amounts of IgG isotypes may also be
found and involved in immune surveillance. These antibodies have been shown to decrease
the movement of viruses through the mucus, preventing infection of the underlying epithe-
lium [58]. Focusing on the predominant mucins produced by the surface epithelium and by
airway epithelial cells in culture [59], binding to MUC5A/C (Figs 3H and S2H) and MUC5B
(Figs 31 and S2I) and was evaluated using an ELISA-based assay. While neither antibody dem-
onstrated binding to MUC5B, both antibodies bound MUC5A/C although MAB2381 demon-
strated significantly higher binding. Interestingly, unlike most of the functional activities,
which were negatively impacted by the YTE mutations, the binding of MAB2130-YTE to
MUCS5A/C and MAB2381 YTE-LALA was increased compared to the wildtype IgG1 variant.

Antibody-dependent enhancement of infection

Antibody-dependent enhancement of infection has been repeatedly demonstrated in vitro for
human coronaviruses, including SARS and MERS [60,61]. Unlike traditional infection of cells,
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Fig 3. Extra-neutralizing functional activity of the monoclonal antibody variants. The data are presented both as bar graphs representing the
overall activity of the monoclonal antibody variants in the indicated functional assays represented as the area under the curve calculated from the
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individual dilution curves presented in S2 Fig. Data are presented as the mean AUC + standard deviation from two independent experiments. For
assays using primary cells, cells isolated from two independent donors were used. (A) Antibody-dependent cellular phagocytosis; (B) antibody-
dependent neutrophil phagocytosis; (C) antibody-dependent cellular cytotoxicity; (D-F) antibody-dependent NK cell activation; (G) antibody-
dependent complement deposition; (H) antibody-dependent mucin (MUC5A/C) binding; (I) antibody-dependent mucin (MUC5B) binding. The
Ebola virus GP-specific antibody KZ52 was used as the irrelevant antibody. Significance was calculated using a one-way ANOVA with post hoc
Holm-S$idak’s multiple comparisons test. *: p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

https://doi.org/10.1371/journal.pone.0267796.9003

this infection occurs in the absence of the known cellular receptor for virus entry and is depen-
dent on the expression of FcyRs on the surface of the target cell, traditionally FCGR-2A 2A for
SARS CoV1 and MERS [23], and the presence of antibodies targeting the virus. Importantly,
recent evidence suggests that some SARS CoV2-specific antibodies, including both monoclo-
nal antibodies [62,63] and polyclonal serum from convalescent subjects [63], can also mediate
this effect, albeit in an FcyR 2B-dependent manner. To determine if this panel of monoclonal
antibodies could induce a similar effect, the full antibody panel was tested for their ability to
drive the infection of ACE2-negative but FCGR-2A-positive Raji cells. Infection of these cells
was not observed at any concentration of any of the mAbs (S3 Fig), suggesting that while some
SARS CoV2-specific antibodies can mediate this type of infection, it is highly antibody specific
and not all antibodies drive this effect.

Discussion

Individuals who recover from certain viral infections typically develop virus-specific antibody
responses that provide robust protective immunity against re-exposure. Since the emergence
of SARS-CoV-2, several groups [64] have reported the isolation of neutralizing antibodies
from survivors that target the spike protein and neutralize the virus [64-71]. A common obser-
vation across these studies is that the SARS-CoV-2 RBD is the target of potent neutralizing
antibodies. In the current study, we evaluate the effects of a serum half-life extending muta-
tion, YTE on the ability of four previously identified anti-SARS-CoV-2 antibodies to bind to
the spike protein, neutralize viral infections in cell culture as well as on the effector function of
each antibody. A similar profile of studies was performed with a combination of the YTE
mutation with an effector function blocking mutation, LALA. We also evaluated the ability of
a combination of two mAb to bind to the spike protein and neutralize the virus.

Opverall, the individual mAbs have similar functional activities with respect to binding to
the S1 and RBD domains of the spike protein, neutralizing viral infections in a cell culture
model and to inducing all the Fc effector functions. The binding affinities and microneutrali-
zation results of MAB2130 and MAB2381 are comparable to the REGN-COV?2 antibodies
[72,73] and LY-Cov-555 plus Ly-CoV-016 [74]. In general, MAB2130 was the most potent in
its ability to bind to the S1 and RBD domains of the spike protein as well as in neutralizing
viral infections. Of particular note, a combination of two antibodies (MAB2130 and
MAB2381) did not result in a decreased ability of the antibodies to bind to the spike protein
domains or neutralize viral infection of the cells. This is probably the result that these antibod-
ies do not appear to bind to the same epitopes on the spike protein [50,51]. It has been shown
that MAB2130 appears to be able to bind to both the open and closed positions of the spike
protein, whereas MAB2381 recognizes only the closed position of the spike protein [51]. In
addition, MAB2130 has been shown to be protective in a SARS-CoV-2 infection model in
BALB/c mice [50].

The antibodies alone were very effective in neutralizing most of viral variants that were
evaluated. Only one of the circulation viral variants of concern was able to avoid neutralization
by the MAB2381 YTE-LALA antibody alone (UKB.1.1.7) + E484K). There is another circulat-
ing virus (RSA 5321 B.1.351) that contains the same mutations at positions 501 and 484 as well
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as an additional mutation K417 that did not avoid neutralization by MAB2381 YTE-LALA. It
is speculated that the additional mutation conferred a conformational change on the spike pro-
tein that allowed it to be recognized by MAB2381 YTE-LALA. One of the mutations that was
found in that viral variant was also identified in our pseudovirus screening assay. However, in
the pseudovirus screen, this mutation was only able to partially diminish the neutralizing
effects of this antibody. Another mutation (F486V_D614G) was able to inhibit the neutraliza-
tion of this antibody however, this mutation has not been found in circulating virus. Several
viral mutations were also shown to diminish the neutralizing effects of MAB2130 YTE-LALA.
None of the viral variants were able to block the neutralizing effects of both antibodies. This
should not be surprising, as it has been shown that these antibodies bind to non-overlapping
regions of the RBD. The most important aspect of this screening dataset is that none of the cir-
culating viral variants or the viral mutations that were screened in this study were able to
inhibit the neutralizing effects of the combination of the two antibodies, ADM03820).

Generally, MAB2130 was more functional than MAB2381 on the wild type IgG1 format in
the Fc effector function screening demonstrating significantly increased ADNP, ADCC, and
ADNKA activity relative to MAB2381. For antibodies that contain similar Fc regions and rec-
ognize the same protein target,albeit different epitopes on the protein [50,75], differences in
antibody function are likely due to differences in fine antibody specificity (the precise epitope
recognized by the antibody) or the angle at which the antibodies are binding to the antigen as
changes in the geometry of the antibody:antigen interaction have the potential to change the
accessibility of the Fc domain for interactions with FcRs.

In general, the mutations did not have any effects on an antibody’s ability to bind to the
spike protein or neutralize the virus. Our results also demonstrate that the presence of the
YTE-LALA mutations did not inhibit ability of MAB 2130 or MAB2381 to bind to the spike
protein or neutralize the virus in a similar fashion as observed previously [43]. This was not
unexpected as these mutations have not been shown to alter the epitope binding of the parent
antibody. The YTE mutations (M252Y/S254T/T256E) were designed to decrease the rate of Fc
and FcRn mediated serum clearance and enhance the overall serum half-life of the antibody
[47]. Inclusion of these three mutations resulted in a four-fold increase in serum half-life as
compared to a wild type antibody [48]. The pharmacokinetic profile of an IgG1 possessing the
YTE mutations was determined in a Phase 1 dose escalation study and was shown to increase
the serum half-life to 80-112 days [49]. In a second study, the YTE mutation was introduced
into motavizumab and was shown to have functional therapeutic antibody present in the
serum 240 days after antibody infusion [76].

The YTE Fc domain is a serum half-life—extending IgG1 variant [76] that was selected for
its optimized binding to FCRN. As expected, all tested mAbs demonstrated increased binding
to FCRN compared to their IgG1 counterparts. Interestingly, this increased interaction was
observed at both acidic (pH 6) and neutral (pH 7.4) conditions. As increased antibody half-life
is tied to FCRN-dependent recycling of IgG, antibodies with an increased half-life should have
increased binding to FCRN at acidic pH and similar binding at neutral pH. In previous studies
of the impact of the YTE mutation on FCRN binding [77], reduced binding to FCRN at physi-
ologic pH was only observed at low antibody and FCRN densities. However, the assay used
here was carried out using a high density of antigen on the surface of beads and high-density
tetramerized FCRN as a detector reagent. Therefore, it is likely that the increased biding of the
YTE variants at physiologic pH is likely due to the methodology used in the FCRN binding
assay.

While the YTE variant was selected for its increased interaction with FCRN, alterations in
the Fc domain of an antibody can result in off-target effects where binding to other Fc recep-
tors is enhanced or compromised, potentially altering the Fc functionality of the antibody, and
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antibodies on the YTE backbone have demonstrated lower ADCC activity [78] than antibodies
on a wild type IgG1 Fc domain. For both MAB2130 and MAB2381, binding to FCGR2A and
FCGR2B was significantly decreased on the YTE backbone when compared to the wild type
IgGl. This reduced binding had functional consequences as the YTE variants demonstrated
reduced ADNP, ADCD, ADCC and ADNKA activity compared to the wild type IgG1 ver-
sions. Combined, these results suggest that beyond impacting binding to FCRN, the YTE
mutation can impact binding to other FcyRs, which has the potential to impact the functional-
ity of the antibody; however, these effects may be dependent on the Fab of the antibody.

Recent work has begun to determine the impact of stability- and functionality-enhancing/
reducing mutations on the structure and conformation of the Fc domain. FcyRs interact with
the CH2 domain of the antibody Fc, and small changes in the conformation of the CH2
domain can dramatically impact FcyR binding. The YTE variants have been previously shown
to alter the thermal stability [79] of an antibody and, importantly, recent work has further
demonstrated that the YTE mutations alters the conformation and flexibility of the Fc domain,
particularly around the CH2 domain of the Fc [80] suggesting that the altered functionality of
the YTE variants is not surprising. While altered binding to FcyR can be Fab dependent,
reduced binding of both MAB2130 and MAB2381 on the YTE backbone was observed in the
present study. Beyond direct binding of the Fab domains to FcRs [81], the Fab domain can
direct the binding of monoclonal antibodies to their target protein in such a way that the con-
formational flexibility of the Fc domain is restricted and that the conformational changes
induced by the YTE mutation further restrict the conformational space that the Fc domain
resides in, ultimately limiting its accessibility to the incoming FcyR and impacting antibody
function. This was not observed in the antibodies that were investigated in this report.

We are focused on reducing the antibody Fc function to diminish the possibility of the Fc
region binding to cells that do not express the ACE2 receptor and to modulate the function of the
effector cells that normally bind the Fc receptor. The L234A/L235A mutations ablate antibody
functionality by reducing the interaction between the Fc domain of the antibody and FcyRs and
are among the most common point mutations used to disrupt Fc receptor binding. These muta-
tions have been shown to eliminate detectable binding to several Fc receptors [41]. The LALA
mutations have also been shown to reduce ADCC activity mediated by PBMCs and nearly ablated
ADCC mediated by monocytes [82]. Our data supports these previous observations. The LALA
mutations have been tested in Phase 1 clinical trials with minimal adverse reactions and was able
to reverse allograft rejection in 6 of 7 individuals with renal allograft implants [42].

As expected, antibodies on the YTE LALA backbone were largely non-functional in the Fc
effector function assays, with only minimal ADCP activity detected. Although antibodies on
the YTE-LALA backbone were largely non-functional, MAB2819 YTE-LALA demonstrated
increased binding to MUC 5A/C relative to MAB2819 on a wild type backbone (but reduced
compared to MAB2819 YTE), suggesting that while this Fc variant may ablate interaction with
FcyRs, it does not necessarily impact the binding of the Fc domain to other Fc-binding pro-
teins. The antibody:mucin interaction is largely mediated by the Fc domain of the antibody.
As changes in antibody glycosylation have been shown to impact binding of antibodies to
mucins, it is not surprising that point mutations that may impact the overall structure of the
Fc domain may similarly impact binding to mucins.

Antibody-dependent infection of cells lacking the traditional cell surface receptor for coro-
naviruses (ACE2 for SARS-CoV-1 and SARS-CoV-2, and DPPR from MERS-CoV) has been
reported previously [3,8,9,23]. Recently, antibody-dependent infection of ACE2-negative cells
by SARS-CoV-2-pseudotyped reporter virus has been reported (https://www.biorxiv.org/
content/10.1101/2020.07.26.222257v1) suggesting that this may be a general phenomenon for
all coronaviruses. However, only one of the mAbs tested in these previous studies
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demonstrated this activity, suggesting that not all mAbs may mediate this effect. Using an
assay similar to that used to demonstrate this effect for SARS-CoV-2, none of the antibodies
tested here demonstrated any antibody-dependent infection of ACE2-negative, FcyR2B-posi-
tive Raji cells. These results suggest that while some mAbs can potentially drive antibody-
dependent infection of ACE2-negative cells, potentially limiting their therapeutic use, the anti-
bodies in this study did not induce this activity.

The combination product, ADMO03820 is currently being evaluated in Phase 1 clinical stud-
ies in healthy human volunteers. The results presented in this study support the potential util-
ity of the combination of the YTE and LALA variants to the antibody cocktail that is currently
being investigated as an anti-SARS-CoV-2 antibody drug product for COVID-19 patients.

In summary, the present studies demonstrated the utility of selected modifications (muta-
tions) to enhance the utility of therapeutic mAb, in particular those directed against SARS-
CoV-2, although certainly any mAb intended for therapeutic applications for infectious dis-
ease should benefit from either, or both, of these modifications.
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