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Passive delivery of antibodies tomucosal sites may be a valuable
adjunct to COVID-19 vaccination to prevent infection, treat
viral carriage, or block transmission. Neutralizing monoclonal
IgG antibodies are already approved for systemic delivery, and
several clinical trials have been reported for delivery to mucosal
sites where SARS-CoV-2 resides and replicates in early infec-
tion. However, secretory IgA may be preferred because the
polymeric complex is adapted for the harsh, unstable external
mucosal environment. Here, we investigated the feasibility of
producing neutralizing monoclonal IgA antibodies against
SARS-CoV-2. We engineered two class-switched mAbs that ex-
press well as monomeric and secretory IgA (SIgA) variants
with high antigen-binding affinities and increased stability in
mucosal secretions compared to their IgG counterparts.
SIgAs had stronger virus neutralization activities than IgG
mAbs and were protective against SARS-CoV-2 infection in
an in vivo murine model. Furthermore, SIgA1 can be aerosol-
ized for topical delivery using a mesh nebulizer. Our findings
provide a persuasive case for developing recombinant SIgAs
for mucosal application as a new tool in the fight against
COVID-19.

INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a mucosal infection caused
by severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2).
The virus replicates in the respiratory tract and is transmitted through
respiratory droplets produced when an infected person coughs,
sneezes, or talks. The most prominent symptoms of COVID-19 affect
the respiratory system (continuous cough, shortness of breath), but in
some cases sensory tissues in the upper respiratory tract are involved,
causing anosmia and loss of taste.1 In addition, gastrointestinal (GI)
symptoms (nausea, vomiting, and diarrhea) are reported in 6% of
adults and up to 20% of children.2 Virus can be detected at all of these
sites as well as in urine.3
M
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Infection with SARS-CoV-2 elicits systemic and mucosal immune re-
sponses.4 Although attention has been focused on serum antibody re-
sponses that are dominated by immunoglobulin G (IgG), at mucosal
sites such as the respiratory, GI, and genitourinary tracts, IgA in the
external secretions that bathe mucosal surfaces is the predominant
antibody class.5 Mucosal IgA in SARS-CoV-2 can be neutralizing
and long-lasting.4

Various comorbidities have been associated with diminished im-
mune responses to SARS-CoV-2, including immunosuppressive
drugs to prevent transplant failure and diabetes.6 Seroconversion
following COVID-19 vaccination can also be compromised in these
and similar patients.7,8 In such circumstances, passive delivery of
antibodies may be a valuable adjunct to COVID-19 vaccination,
in which neutralizing antibodies could be delivered directly to
mucosal sites either to prevent infection, treat viral carriage, or
block transmission. Furthermore, the topical delivery of antibodies
could be useful to prevent the carriage of virus in asymptomatic
individuals.

Neutralizing monoclonal IgG antibodies are already approved for sys-
temic use in early SARS-CoV-2 treatment, and several clinical trials
have been reported for the topical delivery of IgG to the lungs to treat
viral infections, including SARS-CoV-2.9–11 These have not always
met with success and, notably, Boehringer Ingelheim stopped a Phase
II clinical trial of its inhaled IgG antibody due to lack of efficacy.
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Figure 1. Expression, assembly, and glycosylation of monoclonal IgG and different IgA antibodies from N. benthamiana plants

(A) IgG and monomeric and secretory IgA1 and IgA2 versions of 4 different mAbs recognizing the SARS-CoV-2 Spike proteins were transiently expressed in plants.

Expression levels were quantified by sandwich ELISA in crude leaf extracts. The detection of monomeric IgA and IgG variants was with either HRP-labeled anti-kappa

(COVA2-15) or anti-lambda light-chain (2E8, COVA1-22, 2–15) antibodies. SIgA antibodies were detected using anti-SC antibodies for all SIgA variants. Quantification data

represent the mean of 2 technical repeats of 3 independent infiltrations of 3 plants each ± SD. (B) Normalized size-exclusion chromatograms of affinity-purified IgG, secretory

IgA1, and secretory IgA2 of the COVA2-15 and 2E8 variants from infiltrated N. benthamiana DXT/FT leaves. Values were normalized based on the highest signal of each

chromatogram. The ratio of functional secretory IgA to total IgA in each chromatography fraction was determined by antigen sandwich ELISA, and the relative amount of

functional SIgA in each fraction is indicated by gray bars. Green, blue, and gray boxes indicated pooled fractions. (C) SDS-PAGE under nonreducing conditions of affinity and

(legend continued on next page)
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For mucosal sites, IgA in the form of secretory IgA (SIgA), may be
preferred because the polymeric complex is adapted for harsh, unsta-
ble external mucosal environments, which are nonsterile and rich in
endogenous and exogenous proteases.12,13 SIgA exists as a dimer con-
sisting of two IgAs joined by a joining chain (JC), and is further com-
plexed with a secretory component (SC) to form SIgA. This SC is hy-
drophilic and a highly glycosylated negatively charged molecule that
protects SIgA from degradation in luminal secretions. In contrast to
IgG, SIgA is generally considered to be a noninflammatory neutral-
izing antibody by promoting the clearance of pathogens frommucosal
surfaces by blocking access to epithelial receptors, trapping them in
mucus, and facilitating their removal by peristaltic mucociliary activ-
ities.14 The potency and efficacy of recombinant monoclonal IgA
mAbs (monoclonal antibodies) for protection against different disease
through topical delivery has been well established for mothers’ milk
and vaginal, nasal, and GI secretions.15,16 The potential of the IgA iso-
type mAbs for direct administration has also been explored.17–22

Monoclonal SIgA antibodies are technically challenging to produce,
however. The first recombinant approach to expressing secretory an-
tibodies was in genetically modified plants.23 Other approaches have
been described, but they still seem impractical or unaffordable for
commercial development.24–26 Some improvements to SIgA expres-
sion have been reported in plants, which still seems the most prom-
ising approach.27–30

In this study, we investigated the feasibility of producing neutralizing
monoclonal IgA antibodies against SARS-CoV-2. Starting with
different published, well-characterized, and strongly neutralizing
IgG class mAbs targeting different epitopes of the receptor-binding
domain (RBD) and N-terminal domain (NTD) domains of SARS-
CoV-2, we expressed monomeric and secretory forms of IgA and
compared these for their functionality and stability.31–33 Finally, we
assessed the potential use of SIgA to prevent SARS-CoV-2 infection
in an in vivo model.

RESULTS
Recombinant production of anti-SARS-CoV-2 mucosal

antibodies in plants

We generated monomeric and secretory IgA1 and IgA2 versions of
four individual SARS-CoV-2 neutralizing IgG mAbs targeting
different epitopes on the Spike protein. The variable regions of the
well-characterized, neutralizing SARS-CoV-2-specific IgG antibodies
COVA2-15, COVA1-22, 2-15, and 2E8 were cloned onto IgA1 and
IgA2 constant domains for transient expression in glycoengineered
Nicotiana benthamiana DXT/FT plants that are almost completely
deficient in b1,2-xylosylation and core a1,3-fucosylation.31,33,34

Light- and heavy-chain pairs were coexpressed in the presence and
absence of the JC and SC to obtain either monomeric or secretory
size-exclusion purified plant-produced IgG and monomeric and secretory IgA1/IgA2 of

N-glycosylation of purified mAbs. Bars represent the relative abundance (%) of glycofor

IgA2: NVT, NLT, NIT, and NVS, IgG1: NST), the SC (NTD, NYT, NGT, and NVT) and th

proglycan.com). The symbols for the monosaccharides are drawn according to the no
IgA. Immunoblot analysis and ELISA showed the highest accumula-
tion of recombinant protein after 5 to 6 days postinfiltration. The
expression levels of all monomeric IgA1 (mIgA1) and IgA2
(mIgA2) variants were high and approached those of their IgG coun-
terparts (�100 mg/kg leaf fresh weight [LFW] (Figure 1A; Table S1),
and all of them were functional in terms of binding to the SARS-
CoV-2 Spike protein (Figure S1). However, assembly into multimeric
secretory IgA when the JC and SC were coexpressed resulted in a sig-
nificant yield loss. COVA2-15 SIgA was expressed at 33–45 mg/kg
LFW and 2E8 SIgA at 23–35 mg/kg LFW, but the yields for
COVA1-22 and 2–15 were most affected (1–10 mg/kg LFW) (Fig-
ure 1A). COVA2-15 and 2E8mAbs were therefore selected for further
analysis and characterization.

After affinity purification, all of the IgG and IgA isotypes of COVA2-
15 and 2E8 were subjected to size-exclusion chromatography (SEC).
Both COVA2-15 and 2E8 IgG variants display single monodispersed
peaks at the expected retention time for proteins with a mass of
�150 kDa (Figure 1B, dark gray shaded area). COVA2-15 and 2E8
monomeric IgA variants also displayed a major peak corresponding
to the monomeric structural unit, with additional minor peaks at
lower retention times representing high-molecular-weight aggregates
(HMWA) (Figure S2). Co-infiltration of IgA with the JC and SC re-
sulted in a major peak with minor shoulders at earlier retention times
(Figure 1B, green/blue shaded area) as well as a second peak repre-
senting nonassembled monomeric IgA (Figure 1B, light shaded
area). Each of the eluted fractions was analyzed by ELISA to deter-
mine the ratio of fully functional and assembled secretory IgA (Fig-
ure 1B, gray bars). Recombinant IgAs were captured with RBD and
detected with anti-SC antibody and compared to total IgA by using
an anti-IgA heavy-chain antibody for capture and an anti-kappa or
lambda light-chain antibody for detection. Thus, it was shown that
the major peak and its shoulder at higher retention time (green/
blue shaded area) of all of the variants contains fully assembled and
functional SIgA, whereas the peak shoulder observed for COVA2-
15 SIgA1 and SIgA2 at an earlier retention time likely contains
nonfunctional HMWA. In general, the formation of multimeric
COVA2-15 and 2E8 IgA variants was very efficient compared to
COVA1-22 and 2-15 (Figure S3) and previous reports of other multi-
meric IgA variants produced in plants, whereas COVA2-15 SIgA1
and SIgA2 displayed better assembly than their 2E8 counter-
parts.27,29,30 The overall purification yields of fully assembled and
functional SIgA after affinity chromatography and SEC were between
10 and 42 mg/kg LFW (Table S2).

To elucidate whether such yields could be maintained at a larger scale,
COVA2-15 SIgA1 and 2E8 SIgA1 were manufactured using a 500-g
pilot-scale production process by an independent contract manufac-
turer (Leaf Expression Systems, Norwich, UK) (Figure S4). The
COVA2-15 and 2E8 visualized by Coomassie brilliant blue staining. (D) Site-specific

ms present at each glycosite of the heavy chains (HC; IgA1: sequon NLT and NVS,

e JC (NIS). N-Glycans are abbreviated according to the ProGlycAn system (www.

menclature from the Consortium for Functional Glycomics.
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expression levels of SIgA at 5 days posttransfection were slightly
improved to 50–75 mg/kg LFW, whereas the ratio of SIgA to mono-
meric IgA was similar to our lab-scale experiments. The purification
yields after SEC of fully assembled and functional SIgA were 50mg/kg
LFW for COVA2-15 SIgA1 and 25.5 mg/kg LFW for 2E8 SIgA1.

SEC fractions containing either the secretory or monomeric IgA
species were pooled and were further analyzed using SDS-PAGE
(Figure 1C). Under nonreducing conditions COVA2-15 and 2E8
IgG display 2 predominant bands at 150 kDa, representing fully gly-
cosylated and underglycosylated mAbs commonly observed in
plant-produced IgG. Both COVA2-15 and 2E8 mIgA1 and mIgA2
show a predominant band at a molecular mass of �160 kDa repre-
senting the fully assembled monomer. Monomeric IgA2 variants
displayed additional bands at �100 and 45 kDa, which likely repre-
sent heavy- and light-chain dimers because the IgA2m(1) isotype
used here does not have disulfide bridges linking the heavy and light
chains, which are only associated through noncovalent intermolec-
ular interactions.35 Secretory IgA1 and IgA2 variants display a pre-
dominant broad band at the expected size of 360–400 kDa. The
additional bands observed for monomeric IgA2 were not observed
to the same extent for secretory IgA2.

Glycosylation of plant-produced mucosal antibodies

SIgA is a heavily glycosylated protein with two predicted N-glyco-
sylation sites in the IgA1 heavy chain, four in the IgA2m(1) heavy
chain, one in the joining chain and six in the SC. In addition, IgA1
has nine potential O-glycosylation sites in the proline-rich hinge re-
gion. To assess the glycosylation status of plant-produced IgG,
monomeric IgA, and secretory IgA isotypes, the purified antibody
variants were digested with trypsin and subjected to liquid chroma-
tography (LC)-electrospray ionization-mass spectrometry (MS) for
analysis of site-specific N-glycosylation and the presence of modifi-
cations within the IgA1 hinge region (Figures 1D and S5; Tables S3–
S5). The single N-glycosylation site in the IgG heavy chain of
COVA2-15 and 2E8 was �90% occupied and displayed a very
homogeneous glycosylation profile with the fully processed
biantennary complex-type GlcNAc2Man3GlcNAc2 (GnGn) as a
major glycoform and lesser amounts of GlcNAc1Man3GlcNAc2
(MGn/GnM).

All of the N-glycosylation sites in monomeric and secretory IgA1 and
IgA2 heavy chains were fully occupied except for the C-terminal
N-site present in the tailpiece of IgA (sequon NVS), which was only
30%–70% glycosylated, as previously reported for plant-produced
IgA.35 In addition to biantennary complex-type structures (GnGn,
MGn), the IgA heavy chains contained high amounts of oligomanno-
sidic (Man5–9) and paucimannosidic (MM) structures, as well as
small amounts of complex N-glycans carrying the plant-specific
core a1,3-fucose resulting from the incomplete silencing of a1,3-fu-
cosyltransferase in the N. benthamiana DXT/FT line. Furthermore,
some site-specific processing can be observed for the N-site in the
CH2 domain (sequon NLT) of IgA1 and IgA2, which completely
lacks a1,3-fucose and displays high amounts of oligomannosidic
4 Molecular Therapy Vol. 32 No 3 March 2024
structures. The incomplete processing suggests inaccessibility of the
N-glycans for the respective glycosyltransferases, which is even
more pronounced when the SC is incorporated.

We were able to detect the single glycopeptide corresponding to the
JC of the secretory IgA variants (Figure 1D; Table S4). The single
N-glycan site in the JC of all of the variants was almost fully occupied
and consisted of oligomannosidic structures, which differs from the
very heterogeneously glycosylated JC of mammalian-produced SIgA
containing complex-type glycans with high levels of branching and
incomplete sialylation.30 The presence of oligomannosidic N-glycans
suggests incomplete processing of the JC N-glycans in the Golgi of
plants.

Furthermore, we were able to identify four individual tryptic glyco-
peptides of the SC, which were all fully occupied and displayed site-
specific glycan processing (Figure 1D; Table S4). There was little dif-
ference between SC glycosylation of SIgA1 and SIgA2, or between
COVA2-15 and 2E8 SIgAs. N-site at sequon NGT exclusively con-
tained oligomannosidic N-glycans indicating reduced accessibility
for processing at this site. Sites NTD, NYT, and NVT consisted
mostly of complex-type biantennary and paucimannosidic structures
(MM > GnGn, MGn), which are likely generated in a post-Golgi
compartment by b-hexosaminidases and completely lacked plant-
specific a1,3-fucose.36 On the hinge region of the plant-produced
monomeric and secretory IgA1 we detected the conversion of up to
six proline residues to hydroxyproline and the addition of variable
amounts of arabinoses in 30%–50% of the converted hinge regions
(Figure S5; Table S5).

Stability and interaction of anti-SARS-CoV-2 mAbs in human

saliva

Due to particular structural features SIgA is expected to be better
suited than IgG to survive and function on mucosal surfaces.15,37

To evaluate the stability of plant-produced anti-SARS-CoV-2 IgG
and secretory IgA variants in human secretions, an in vitro experi-
ment with COVA2-15 and 2E8 IgG, SIgA1, and SIgA2 was performed
using saliva from two donors (Figure 2A). Each mAb variant was
incubated with clarified saliva, incubated at 37�C, and sampled at
the times indicated. Time point samples were analyzed for structural
integrity and retained antigen-binding capacity by sandwich ELISA
capturing using RBD and detection with horseradish peroxidase
(HRP)-conjugated anti-IgG-Fc or anti-SC. Although the rates of
degradation for both IgG and IgA variants based on COVA2-15
and 2E8 varied between experiments when different saliva samples
were used, intact IgG was lost at a consistently faster rate than secre-
tory IgA variants over the experimental time course. The half-lives of
the SARS-CoV-2 IgG mAbs were calculated using a one-phase decay
nonlinear regressionmodel. The half-lives of COVA2-15 and 2E8 IgG
variants were between 15 and 30 min. In contrast, the half-lives of
COVA2-15 SIgA1 and SIgA2 and 2E8 SIgA2 were increased 5- to
10-fold to up to 200 min. The half-life for 2E8 SIgA1 was difficult
to determine because values did not decline to a plateau in the tested
time frame.
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Figure 2. Stability and interaction of anti-SARS-CoV-

2 IgG and IgA with mucus

(A) Saliva from 2 donors (Saliva A and Saliva B) was mixed

with COVA2-15 and 2E8 IgG and SIgA mAb variants and

incubated at 37�C for the indicated time. Samples were

analyzed for binding to RBD and assembly through

detection with Fc-specific and SC-specific antibodies.

The mean ± SD of duplicates is shown. Gray dotted

lines indicate half-lives of COVA2-15 and 2E8 variants

calculated using a 1-phase decay nonlinear regression

model. (B) COVA2-15 IgG and IgA mAbs were mixed with

PBS, MUCII or human saliva and dialyzed against PBS

using a 0.05-mm filter in a fast equilibrium microdialysis

setup. mAb concentrations pre- and postdialysis were

quantified via antigen sandwich ELISA. Data represent

the mean of at least 4 repeats ± SEM. One-way ANOVA

was performed to compare IgA groups with the IgG

group; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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To test the interaction of different plant-produced Ig formats with
mucus, microdialysis experiments were performed (Figure 2B). Re-
combinant mAbs were incubated with either mucin type II
(MUCII) from porcine or human saliva supernatant from a single
donor, which was negative for mucosal SARS-CoV-2-specific IgG/
IgA and dialyzed against PBS for 16 h using a membrane with a cutoff
of 0.05 mm. Pores of this size allow Igs to exit the sample chamber,
whereas macromolecular complexes within themucin network are re-
tained. The distribution of Igs between sample and dialysis chamber
pre- and postdialysis were determined by ELISA. All Ig formats
showed some degree of association with MUCII and saliva. However,
compared to IgG that has a median retention of 75% in both MUCII
and saliva, mIgAs showed similar retention inMUCII and high reten-
tion of�95% in saliva. The highest association with both MUCII and
saliva was observed for secretory IgA variants with up to 90% and 99%
retention, respectively.

Binding characteristics of different antibody formats to SARS-

CoV-2 Spike protein

The binding of IgG and IgA formats to SARS-CoV-2 was assessed as
half-maximal effective concentrations (EC50) determined by ELISA
assays using virus-like particles displaying Spike protein of either
the Wuhan or Delta variant (Figure 3A; Table S6). Monomeric and
secretory IgA1 and IgA2 COVA2-15 showed strong binding to the
Wuhan variant and was comparable to their IgG counterpart with
(IgG/mIgA: EC50 �0.05 nM; SIgA: EC50 �0.01 nM). Binding of the
parental IgG to the Delta variant was much reduced (�300-fold,
EC50 �9 nM). This was observed to a lesser extent for mIgA1,
mIgA2, and SIgA2 (�10- to 30-fold), whereas SIgA1 maintained
stronger binding capacities to Delta (EC50 �0.09 nM). In general,
binding of the 2E8 mAbs was lower for the Wuhan variant compared
to COVA2-15 mAbs and 2E8 mAbs binding was less reduced for the
Delta variant. Here, an up to 100-fold increase in binding to both vi-
rus-like particle (VLP) variants was observed for SIgA1 and SIgA2
compared to monomeric Ig formats (IgG/mIgA: EC50 �1–2 nM;
SIgA: EC50 �0.02 nM).
In a competitive ELISA assay, COVA2-15 and 2E8 IgG and IgAmAbs
were further analyzed for their capability to inhibit RBD binding to
the angiotensin-converting enzyme 2 (ACE2) receptor (Figure 3B).
Plant-produced IgG and IgA antibodies were able to inhibit RBD
binding to ACE2-Fc using this assay, although 2E8 variants needed
to be administered in higher molar ratios. In general, secretory
IgAs performed better compared to monomeric IgA and IgG as ex-
pected due to their multivalency.

The binding kinetics of IgG and monomeric and secretory IgA var-
iants of COVA2-15 and 2E8 to RBD were investigated further us-
ing surface plasmon resonance (SPR) spectroscopy. RBD was
captured with a CM5 chip with immobilized anti-His antibody,
different concentrations of each mAb were injected in multicycle
kinetic experiments, and curves were fitted in a 1:1 binding model
(Figure 3C). A rapid association (KA) and very low dissociation
rate (KD) were characteristic for all COVA2-15 mAb variants,
whereas a moderate KA and faster KD rate were observed for
2E8 IgG. Secretory IgA versions, particularly in the case of 2E8,
displayed a more rapid KA and a much-reduced KD rate with an
up to 10-fold increase in affinity (KD) compared to IgG and mono-
meric IgA (Tables 1 and S7). This avidity effect was not observed
so clearly for the COVA2-15 variants, likely due to the already
near-irreversible nature of the interaction of these monomeric for-
mats with RBD.

Neutralization activity of different antibody formats

The neutralization ability of COVA2-15 and 2E8 IgG and IgA anti-
bodies was investigated using a live virus neutralization assay with
a clinical isolate of SARS-COV-2 (England/2/2020) propagated in
Vero E6 cells stably expressing ACE2 and transmembrane serine pro-
tease 2 (TMPRSS2). Plaques were counted and expressed as percent-
age of non-neutralizing control (Figure 4; Table S8). All of the
COVA2-15 mAb variants showed high neutralization potential
with 50% inhibitory dose (ID50) values ranging from 13.5 ng/mL
for SIgA formats to 50 ng/mL for monomeric IgA and IgG, which
Molecular Therapy Vol. 32 No 3 March 2024 5
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Figure 3. Interaction of CoVA2-15 and 2E8 IgG and IgA antibodies with the SARS-CoV-2 RBD

(A) Determination of EC50 values of IgA and IgG anti-SARS-CoV-2 variants to the Spike protein presented on VLPs by ELISA. Each value is themean ± SD from 3 independent

measurements. (B) Inhibition of RBD binding to the ACE2 receptor by COVA2-15 and 2E8 mAb variants was determined by a competitive ELISA assay. Data shown are 1

representative out of 2 independent experiments with similar results. (C) Binding kinetics of COVA2-15 and 2E8 mAb variants to RBD were obtained by SPR spectroscopy in

multicycle kinetic experiments. An anti-His antibody was immobilized on a CM5 chip, RBD-His was captured (50 response units (RU) for COVA2-15 IgG, SIgA1 and SIgA2;

100 RU for 2E8 SIgA1, SIgA2; 300 RU for 2E8 IgG), and 5 or 6 different concentrations of the respective mAbwere injected. The obtained curves were fitted with a 1:1 binding

model. Data shown are from 1 experiment representative of at least 2 technical repeats.
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are slightly higher compared to previously reported data of COVA2-
15 IgG variants produced in a mammalian expression system using
different assays (�8–10 ng/mL).33

The RBD-targeting 2E8 mAbs showed a reduced capability for block-
ing RBD binding to ACE2 in the competition ELISA, suggesting
a reduced virus neutralization potency. The IgG version of 2E8 ex-
hibited no inhibition at the tested concentrations, which were
below the inhibitory concentrations determined in a previous study.32

Monomeric IgA1 and IgA2 were weak neutralizers (ID50 �1.7–
3.2 mg/mL) and only the secretory IgA variants (2E8 SIgA1 ID50
6 Molecular Therapy Vol. 32 No 3 March 2024
�36 ng/mL, 2E8 SIgA2 ID50 �176 ng/mL) had neutralizing activity
(Figure 4B).

Efficacy of intranasally administered anti-SARS-CoV-2 mucosal

antibodies in ACE2 transgenic mice

To assess the prophylactic efficacy of COVA2-15 SIgA1 and 2E8
SIgA1 in vivo, mAbs were administrated intranasally to human (h)
ACE2 transgenic mice 24 h before challenge with SARS-CoV-2 (Fig-
ure 5A). This model was previously developed and optimized to
assess anti-SARS-CoV-2 IgG mAb-mediated protection. High levels
of viral RNA (4.5 � 106 copies/mg) were detected in the lungs of



Table 1. Kinetic parameters of COVA2-15 and 2E8 IgG/IgA mAbs to RBD

ka, 1/Ms kd, 1/s KD, nM

COVA2-15 IgG 332,930.6 ± 45,451.2 0.00024 ± 0.00001 0.74 ± 0.08

COVA2-15 SIgA1 422,888.0 ± 66,027.9 0.00016 ± 0.00001 0.38 ± 0.02

COVA2-15 SIgA2 326,233.2 ± 91,502.2 0.00024 ± 0.00003 0.76 ± 0.12

2E8 IgG 70,974.3 ± 12,795.4 0.00543 ± 0.00080 76.93 ± 2.57

2E8 SIgA1 111,255.2 ± 137.2 0.00147 ± 0.00000 13.23 ± 0.02

2E8 SIgA2 155,903.3 ± 39,703.3 0.00155 ± 0.00003 10.56 ± 2.79

Rate constants were determined at 5 different concentrations using a 1:1 binding model.
Values are shown as mean ± SD of 2 technical repeats.

www.moleculartherapy.org
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isotype-treated control mice, but significantly reduced in both groups
treated with 250 mg (average of 10 mg/kg) COVA2-15 SIgA1 and 2E8
SIgA1 as evidenced by real-time PCR (Figure 5B). Mice receiving
COVA2-15 and 2E8 mAbs treatment showed less weight loss than
the controls (Figure 5C). The results correlate with clinical protection,
with partial protection afforded by 2E8 SIgA1, and with full protec-
tion by COVA2-15 SIgA1 (Figure 5A). Histopathological analysis
of lung tissues demonstrated that SARS-CoV-2 induced lung lesions,
with focal infiltration of inflammatory cells around bronchi and blood
vessels and alveolar septal thickening in the control mice. There was
also narrowing and collapse of the alveolar wall with the creation of
larger cystic cavities. The COVA2-15 SIgA1-treated group exhibited
the least pathological changes, whereas the 2E8 SIgA1-treated
group histology resembled that of the PBS-treated control group
(Figure 5D).

Aerosolization of IgG and SIgA1 mAbs with a mesh nebulizer

Anticipating the topical delivery of mAbs to the upper and lower res-
piratory tracts, we explored the use of aerosolization to deliver
COVA2-15 and 2E8 SIgA1 mAbs using the widely available Omron
MicroAir nebulizer (Omron, UK). Antibodies are bioactive, large
molecules with the multimeric structure of SIgA adding additional
complexity. The process of aerosolization in a nebulizer may lead
to the loss of protein and/or activity. After the aerosolization of
SIgA1 in PBS, only 40% of total protein was recovered (Figure 6A).
This was associated with a significant loss of antigen-binding capacity
(Figure 6B), although no significant amounts of aggregates were de-
tected in the condensate using SEC (Figure 6C). These losses could
be reversed by adding 0.05% Tween 20 (Polysorbate-20) to the anti-
body preparation. Furthermore, increasing the concentration of
COVA2-15 SIgA1 in the aerosolization formulation from 100 to
500 mg/mL did not influence recovery. The formation of subvisible
aggregates and size distribution of COVA2-15 SIgA1 before and after
nebulization was determined using dynamic light scattering (DLS;
Figure S6). The average size of 15 nm is in the expected range, with
no significant amount of HMWAs in the condensate. The polydisper-
sity index was 0.29 in both samples, suggesting some degree of multi-
dispersity also represented in the broad band in SDS-PAGEs of SIgA
and the presence of dimers (molecular weight 469 kDa) as well as
tetramers (molecular weight 958 kDa) as shown by SEC light-scat-
tering (SEC-LS). The presence of tetramers is more pronounced for
COVA2-15 SIgA1 compared to 2E8 SIgA1, and no shift toward
higher oligomers could be observed upon aerosolization (Figure S7).
These findings suggest that the aerosolized delivery of SIgA1 using the
Omron nebulizer is feasible provided that a nonionic detergent is
included in the formulation, although there is further scope for
optimization.

DISCUSSION
In this study, we used the plant-based N. benthamiana DXT/FT
expression platform to produce neutralizing mucosal IgA antibodies
against SARS-CoV-2, performed a detailed biochemical and func-
tional analysis of the recombinant antibodies, and explored their po-
tential use to prevent infection in an in vivomodel. We also addressed
two key product development steps by demonstrating that expression
levels could be reproduced at pilot scale by a third-party contract
manufacturer and that SIgA antibodies can be formulated in a way
that makes delivery by aerosol feasible.

All of the monomeric IgG and IgA antibody variants expressed well in
plants and were functional in terms of antigen binding. However, the
capacity for assembly into multimeric secretory IgA differed between
antibodies with different variable regions. mAb COVA2-15 SIgAs
displayed almost full assembly (80%–90%) and 2E8 variants demon-
strated up to 70% assembly into multimers, thus exceeding yields and
ratios of recombinantly produced SIgA tomonomeric IgA in previous
reports using plant- and mammalian-based expression.30,38–41 SIgA
antibodies based onmAbs 2–15 and COVA1-22 showed very poor as-
sembly into multimers even though they differ from COVA2-15 and
2E8 only in the variable domain sequences. In previous studies, it was
suggested that the JC incorporation is the limiting factor for secretory
IgA formation.29,30,39 Other factors that were reported to contribute
to dimer formation were the involvement of certain human chaper-
ones, including ERp44 or MZB.1, certain structural features of the
CH3 domains of IgA1 and IgA2, and tailpiece glycosylation.29,30,42

Our data indicate that there may be additional factors contributing
to JC incorporation and IgA dimerization that need to be investigated.

COVA2-15 and 2E8, which displayed the highest IgA yield and as-
sembly capacity, were selected for detailed characterization. Class
switching of COVA2-15 and 2E8 IgG to monomeric IgA did not
significantly influence EC50 for binding to the SARS-CoV-2 Spike
protein presented on VLPs. However, secretory IgAs displayed 10-
to 100-fold increased binding capacities compared to monomeric
Igs. These avidity effects can be attributed to the multivalency of
SIgA and are particularly prominent when the specific Fab–antigen
interaction displays lower affinities. These effects were also apparent
in SPR kinetic experiments using recombinant RBD-His. The disso-
ciation rate and consequently the KD of 2E8 SIgA compared to the
moderately binding IgG counterpart were much improved, whereas
COVA2-15 SIgA behaved similar to the corresponding strong bind-
ing IgG.

Strong binding to RBD and competition with the ACE2 receptor
binding translated into potent virus neutralization capacities of all
Molecular Therapy Vol. 32 No 3 March 2024 7
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of the COVA2-15 mAb variants, with a clear increase (�10-fold)
from monomeric to multimeric antibody formats. The opposite was
observed for 2E8-based antibodies, which showed moderate binding
to RBD and reduced competition with ACE2 binding compared with
COVA2-15. Notably, the two mAbs recognized different epitopes on
the ACE2 binding of RBD.32,33 The monomeric Ig formats of 2E8 dis-
played little ormoderate virus neutralization, but themultimeric SIgA
formats showed strong inhibition. The increased activity of mono-
meric IgA over IgG may result from the extended hinge region in
IgA1 or other structural differences of the antibody classes. Further-
more, IgA and multimeric antibody formats could enhance the inhi-
bition of virus entry through other mechanisms such as steric hin-
drance or increased avidity, potentially offering a means of rescuing
or repurposing relatively poorly performing IgG antibodies.40,43

SIgA is believed to have a longer half-life in mucosal secretions partly
due to unique structural features, making it less susceptible to prote-
olysis. Consistent with previous observations of an increased half-life
for IgA in the mucosa, plant-produced COVA2-15 and 2E8 SIgA var-
iants were significantly slower to degrade in saliva compared to their
IgG counterparts.27

SIgA also has unique interactions with structural and functional com-
ponents of the mucosa, which likely contributes to this enhanced sta-
bility. Diffusion of SIgA is reduced in mucus gels, a phenomenon
called mucus trapping, which is likely conferred by glycan–glycan in-
teractions of the extensive N-glycosylation of heavy chains and SCs of
IgA and mucus.44,45 In humans, SIgA carries mostly branched com-
plex N-glycans with high levels of sialic acid on seven putative glyco-
sylation sites occupied in varying degrees.46 This study confirmed that
plants performed these complex posttranslational modifications with
relatively high homogeneity compared to mammalian production
systems and carry N-glycans lacking modifications such as b1,2-
xylose and core a1,3-fucose, which are commonly found in plants
that have not been glycoengineered.35,47 The elongated hinge region
of plant-produced IgA1 exhibits plant-specific conversion of prolines
to hydroxyprolines, followed by the addition of unbranched arabi-
nose chains, associated withO-glycosylation. The potential functional
significance of this needs to be studied further, but an earlier study
demonstrated that the repeated application of a plant-made SIgA to
the human oral cavity did not cause any side effects.22 SIgA produced
in glycoengineered plants was able to interact with human saliva and
commercial mucus preparations.
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Neutralizing antibodies against SARS-CoV-2 have been used increas-
ingly in the early treatment of moderate and severe COVID-19 with
moderate efficacy, but only administered by the systemic route.48

SIgAs applied topically to mucosal sites may provide a different,
much earlier intervention to tackle viral carriage and transmission.
SARS-CoV-2 is present mainly in the nasopharynx and lungs, so
direct administration to the upper respiratory tract may provide faster
and more robust antiviral activity in the sites where the virus resides
and replicates.49,50

SIgA can, like IgG, directly neutralize virus, and increased valency usu-
ally confers increased neutralization capacity, as seen here in the case of
2E8.An important alternative protectivemechanismof SIgA in themu-
cosa is immune exclusion by which SIgA blocks microorganisms and
viruses from attaching to mucosal target epithelial cells.37,51 This in-
volves agglutination through antibody-mediated crosslinking, entrap-
ment inmucus via interactionwith IgA heavy-chain and SC-linked gly-
cans, and clearance through peristalsis.14,52,53 Through the tetravalent
binding of SIgA resulting in increased avidity and neutralization capac-
ities in vitro, as well as interactions with components of themucosa and
saliva that have been demonstrated, it is expected that recombinant
plant-produced anti-SARS-CoV-2 SIgA mAbs will act primarily as
noninflammatory antibodies through immune exclusion. Furthermore,
othermechanisms of actions aswell as interactionswith other receptors
and lectins present on epithelial cells may contribute.54

The in vivo study addressed protection against SARS-CoV-2 chal-
lenge in an hACE2 mouse model that was previously successfully
used to demonstrate IgG-mediated protection.55–60 Although this
model is appropriate for demonstrating antibody-mediated protec-
tion from COVA2-15 and 2E8, the differences between the oral
mucosal environment in mice and humans are such that we would
not expect that this model could be used to illustrate any of the
nuanced differences between different types of human antibodies.61,62

We believe that the functional advantages of human SIgA mAbs are
likely only to be discernible in vivo, at human clinical trials, in the
context of a human mucosal environment and microbiome.

Systemically delivered mAbs will undoubtedly continue to be used, but
they could be replaced by regular topical delivery. This would have the
advantage that high local doses delivered by aerosol droplets or parti-
cles, with limited systemic exposure, can achieve therapeutic equiva-
lency to much higher doses delivered systemically. Although nasal
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Figure 5. Efficacy of intranasally administered

COVA2-15 SIgA1 and 2E8 SIgA1 in hACE2 mice

(A) Experimental schedule of mAbs in the prevention and

treatment of SARS-CoV-2 infection. The table is a summary

of groups (n = 5mice) with different treatment. Survival rates

of all 4 groups were recorded and calculated. (B) Viral loads

in lung among 4 groups were measured by qRT-PCR. The

name of each group in the x axis is indicated according to

the table in (A). Each dot represents 1 mouse. The limit of

detection was 2.3 � 104 copies/mg referenced to blank

control, which was not infected with SARS-CoV-2 (Blank

group). Data represent mean ± SEM. One-way ANOVA

was performed to compare treatment groups with the

isotype control group. **p < 0.01; ***p < 0.001;

****p < 0.0001. (C) Body weights of mice among the

above 4 groups were recorded. Each line represents data

from 1 group. (D) Representative sections of lung were

visualized under the 20� objective. H&E staining was

conducted to analyze the lung inflammation and observed

at 64-fold magnification.
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spray is the delivery mode of choice in a nonclinical setting because it
can be easily formulated and distributed, aerosolization for delivery
to the upper and lower respiratory tract may be required in clinical set-
tings. We performed initial studies to test the feasibility of this concept
for SIgA1.We demonstrated that with the addition of 0.05% Tween 20
to the antibody formulation, protein recovery and antigen-binding ac-
tivity can largely be recovered fromthe condensate. Tween 20 is permis-
sible for human application in low concentrations and is used in foods
and medications as a dispersant or an excipient.63,64

In summary, we demonstrated that neutralizing IgA mAbs against
SARS-CoV-2 can be produced as monomeric and secretory formats
in a plant-based expression system at high yields, as well as in a pilot-
scale production setting. We showed that the secretory IgA antibodies
are able to maintain their structure and binding affinities when incu-
bated in the harsh environment of human saliva. More important, we
showed that these plant-generated antibodies have strong virus neutral-
ization activity and can reduce SARS-CoV-2 infection in an in vivomu-
rinemodel. Our preliminary data provide a strong case for the develop-
ment of secretory IgAs as prophylaxis/postexposure prophylaxis and/or
clinical management of COVID-19 and other respiratory infections.

MATERIALS AND METHODS
Construct design and cloning

N. benthamiana codon-optimized sequences of the heavy- and light-
chain variable regions of COVA2-15 (GenBank: QKQ15273.1,
QKQ15189.1), COVA1-22 (GenBank: QKQ15169.1, QKQ15253.1),
2–15 (PDB: 7L57_H, 7L57_L), and 2E8 IgG
mAbs flanked with BsaI type II restriction
sites were synthesized by GeneArt (Thermo Fisher
Scientific).31,33 Using Golden Gate assembly,
the variable heavy-chain sequences were
cloned into Gateway pDONR-based plasmids (In-
vitrogen) between a human Ig heavy-chain leader sequence
(MELGLSWIFLLAILKGVQC) and either human gamma-1 (GenBank:
AAA02914.1), alpha-1 (GenBank: AAT74070.1), or alpha-2m(1)
(GenBank: AAT74071.1) constant regions. Variable light-chain frag-
ments were inserted between the human light-chain leader sequence
(MDMRVPAQLLGLLLLWLPGARC) and either human kappa
constant regions for COVA2-15 variants (GenBank: AAA58989.1)
or lambda constant regions for COVA1-22, 2–15, and 2E8 variants
(GenBank: CAA40940.1).21 Full-length heavy- and light-chain genes
were separately subcloned into the binary high expression vector
pEAQ-HT-DEST3 using Gateway cloning.65 Human SC and JC con-
structs cloned separately into pEAQ-HT have been described previ-
ously.66 The pEAQ-HTplant expression vectors containing the gamma
and alpha heavy chains as well as the kappa and lambda light chains
were transformed into Agrobacterium tumefaciens strain GV3101
(Leibniz Institut DSMZ-Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, DSM 12364) by electroporation.

The construct for expression of the RBD of the SARS-CoV-2 Spike
(PDB: 6VYB, R319-F541) with a C-terminal 6xHis-tag cloned into
pCAGGS (NovoPro, China) mammalian expression vector was pro-
vided by Mark Dürkop from the University of Natural Resources and
Life Sciences, Vienna, Austria.

Transient expression of IgG and IgA variants in N. benthamiana

Agrobacteria containing the appropriate constructs were grown over-
night at 28�C in lysogeny broth containing 25 mg/mL rifampicin and
Molecular Therapy Vol. 32 No 3 March 2024 9
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50 mg/mL kanamycin. For the expression of IgG or monomeric IgA1
and IgA2 variants, the overnight cultures containing the respective
constructs for the heavy and light chains were diluted in infiltration
buffer (10 mM morpholinoethanesulfonic acid, 10 mM MgSO4,
and 0.1 mM acetosyringone) to an optical density 600 (OD600) of
0.1. For secretory IgA variants, heavy- and light-chain constructs
were diluted to an OD600 of 0.05 and mixed with the JC construct
at an OD600 of 0.2 and the SC construct at an OD600 of 0.1. Agrobac-
teria solutions were then introduced into 6- to 8-week-old glycoengi-
neered N. benthamiana DXT/FT plants by vacuum infiltration.34,67

Plants were grown in a controlled environment room at 25�C with
an 16/8-h light/dark cycle. After 5 days, infiltrated leaf material was
harvested, and crude leaf extract was prepared by adding 3 volumes
of ice-cold PBS pH 7.4 containing 0.1% (v/v) Tween 20 in a blender.
Homogenized leaf material was passed through a Miracloth filter
(Merck Millipore, Germany) and centrifuged at 20,000 � g for 1 h,
followed by filtration through 0.45-mm pore size filters (Durapore
membrane filter, Merck Millipore).

Purification of IgG and IgA variants from crude leaf extract

Clarified leaf extracts were passed through columns packed with
either Pierce Protein A resin for purification of IgG and COVA2-15
IgA variants or CaptureSelect IgA affinity matrix (both Thermo
Fisher Scientific) for purification of 2E8 IgA variants equilibrated
with PBS. Proteins were eluted with 0.1 M glycine pH 2.7, followed
by the immediate addition of 10% (v/v) 1 M Tris-HCl pH 9.0 to
neutralize the pH. Fractions containing the protein of interest were
pooled and dialyzed against PBS at 4�C overnight using a dialyzing
cassette with 10-kDa molecular weight cutoff (MWCO; Slide-A-
Lyzer, Thermo Scientific, USA). Pooled and dialyzed protein fractions
were concentrated using Amicon centrifugal filters with anMWCOof
10 Molecular Therapy Vol. 32 No 3 March 2024
100 kDa (Merck Millipore) and subjected to SEC on a HiLoad 16/600
Superdex 200 pg column (GEHealthcare, USA) equilibrated with PBS
pH 7.4 connected to an ÄKTA pure (GE Healthcare, USA) fast pro-
tein LC system.

Expression and purification of RBD-His

For production of the recombinant receptor binding domain of the
SARS-CoV-2 (Wuhan) Spike protein, Expi293F cells were main-
tained and transfected according to the manufacturer’s manual in
FreeStyle expression medium (all Thermo Fisher Scientific). High-
quality plasmid preparations were obtained using a Plasmid Midi
kit (Qiagen, USA). For the transfection of 200-mL culture with a
cell density of 3.0 � 106 cells/mL, a total of 200 mg plasmid DNA
was mixed in 4 mL OptiPro SFM medium and combined with
another 4 mL OptiPro containing 640 mL ExpiFectamin (all Thermo
Fisher Scientific) before gradual introduction to the cells. The cul-
ture was incubated for 7 days at 37�C in a humidified atmosphere
with 8% CO2 on an orbital shaker rotating at 125 rpm. The was har-
vested by centrifugation at 20,000 � g for 30 min at 4�C and addi-
tionally filtrated through a 0.45-mm Durapore membrane filter
(Merck Millipore). Clarified cell supernatant was diluted 1:2 in
loading buffer (20 mM Tris, 500 mM NaCl, and 10 mM imidazole).
The solution was loaded onto a 5-mL HisTrap HP column (GE
Healthcare) equilibrated with 5 column volumes of loading buffer,
and bound protein was eluted by applying buffer containing
20 mM Tris, 500 mM NaCl, and 300 mM imidazole. Fractions con-
taining the protein of interest were pooled and dialyzed against PBS
at 4�C overnight using a dialyzing cassette with an MWCO of
10 kDa (Slide-A-Lyzer). Pooled and dialyzed protein fractions
were concentrated using Amicon centrifugal filters with an
MWCO of 100 kDa (Merck Millipore).
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SDS-PAGE

A total of 5 mg of purified mAbs were resolved on a NuPage 4%–12%
Bis/Tris gel (Life Technologies, UK) and stained with InstantBlue
(Expedeon, UK).

ELISA

For the quantification of IgG and IgA mAbs in clarified crude extract
of infiltrated N. benthamiana plants, ELISA plates were coated with
250 ng/well anti-human gamma chain antiserum (AU004, Binding
Site, UK) and goat polyclonal antibody to human anti-alpha chain
(ab97211, Abcam, UK) in PBS pH 7.4 at 4�C overnight, respectively.
After blocking with PBS containing 2% (w/v) BSA and 0.1% Tween 20
(v/v), clarified crude plant extracts were added to the wells in normal-
ized concentrations and incubated for 1.5 h at 37�C. As standards,
IgG1/kappa or IgG1/lambda isolated from human myeloma plasma
(15154, I5029, Sigma, USA), purified human IgA (P80-102, Bethyl,
USA), and IgA from human colostrum (I2363, Sigma) were used.
The detection of secretory IgA variants was carried out with mouse
anti-SC antibody (SAB4200787, Sigma), followed by HRP-labeled
anti-mouse antibody (SAB5300168, Sigma). For IgG and monomeric
IgA variants, HRP-labeled anti-kappa (A18853, Invitrogen, USA) or
anti-lambda light-chain (ab200966, Abcam) antisera were used.
After incubation for 1 h at 37�C, plates were developed using
3,30,5,50-tetramethylbenzidine (Thermo Fisher Scientific) substrate,
the reaction was stopped with 2 M H2SO4, and the readout was per-
formed on an Infinite F200 Pro plate reader (Tecan, Switzerland) at a
450-nm wavelength.

For determination of the ratio of functional and fully assembled SIgA
to total IgA in each size-exclusion fraction, similar ELISA assays were
performed. Capture was with 100 ng/well purified recombinant RBD-
His or anti-alpha HC antibody (ab97211, Abcam). Purified mAbs
were diluted to 2 mg/mL in blocking solution and added to RBD
and anti-IgA-coated plates in normalized concentrations and incu-
bated for 1.5 h at 37�C. The detection of SC or antibody kappa or
lambda chains was carried out as described above.

To determine the binding of the purified recombinant mAbs to SARS-
CoV-2 RBD, ELISA plates coated with either 100 ng/well purified
RBD-His, 100 ng/well purified trimeric Spike (kind gift from
Dr. Svend Kjaer, The Francis Crick Institute), or 250 ng/mL
purified plant-produced VLPs containing Wuhan-Hu-1 S protein
(OK413878) or Delta variant S protein (OM858819) were used.68

The purified mAbs were added to the wells in normalized concentra-
tion. For detection, HRP-labeled anti-human kappa or lambda light-
chain antibodies were used as above. The EC50 was calculated in
GraphPad Prism 9.0.

Competitive ELISA

To determine the capability of purified mAbs to inhibit the binding of
RBD-His to the ACE2 receptor, a competitive binding ELISAwas per-
formed. Purified ACE2-Fc was kindly provided by Elisabeth Lobner
(University of Natural Resources and Life Sciences, Vienna), and
500 ng/well were coated on an ELISA plate at 4�C overnight, followed
by blocking with PBS containing 2% (w/v) BSA and 0.1% Tween 20
(v/v). RBD-His was incubated with varying molar ratios of the
different mAbs starting with a 2:1 [mAbs:RBD-His] that was stepwise
reduced to 0.007:1 for 1 h at 37�C before addition to the wells. Binding
of RBD-His to ACE2-Fc was detected using an HRP-labeled anti-His
antibody (71840, Sigma), and plates were developed as described
above.

SPR spectroscopy

The binding kinetics of plant-produced IgG and IgA mAbs to SARS-
CoV-2 RBD-His were determined on a BIAcore X-100 instrument
(GE Healthcare) at 25�C with HBS-EP+ buffer (10 mm HEPES pH
7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfactant P-20). The
monoclonal mouse anti-His antibody (SAB2702220, Sigma) was im-
mobilized onto a CM5 chip with standard amine coupling. Purified
RBD-His was diluted in HBS-EP+ buffer and injected at a concentra-
tion of 1 mg/mL for 30 s at a flow rate of 30 mL/min, followed by the
injection of 5 different concentration of each mAb with a flow rate of
30 mL/min. The second-lowest concentration was repeated to ensure
reproducibility and allowed to dissociate before regeneration with
10 mm glycine pH 1.7 for 1 min at the flow rate of 10 mL/min. Refer-
enced and blanked sensorgrams were fitted with BIAcore Evaluation
software using a 1:1 Langmuir model of binding. Each assay was per-
formed in duplicate.

MS

A total of 20 mg purified protein was reduced, S-alkylated, and di-
gested with trypsin (Promega, USA). Glycopeptides were then
analyzed by capillary reversed-phase chromatography and electron-
spray MS using an Agilent Series 6560 LC-IMS-QTOFMS instrument
as reported previously.35

mAb stability assays in human saliva

Saliva was donated by two healthy volunteers and processed immedi-
ately after collection. Neither donor had knowingly had a previous
natural infection with SARS-CoV-2 but both had received a two-
dose vaccination regime and their salivas had been shown to contain
low levels of RBD-specific IgG but not SIgA antibodies (data not
shown). The saliva was clarified by centrifugation at 3,000 � g for
15 min. Supernatants were collected and aliquoted into 100-mL ali-
quots before being mixed with 10 mg of each IgG and SIgA mAb
variant in a volume <5 mL. Following the immediate collection of a
15-mL sample (0 min time point), antibody/saliva solutions were
incubated at 37�C and sampled at 5, 60, 150, 240, and 1,440min. Sam-
ples were analyzed using a sandwich ELISA assay as described above,
using plates coated with 100 ng/well purified recombinant RBD-His
in PBS pH 7.4. The mAbs/saliva solutions were diluted in blocking
buffer 1:1,000, added to the wells in normalized concentrations and
incubated for 1.5 h at 37�C. The corresponding purified mAb in
PBS buffer with known concentration was used as control. IgG and
SIgA mAbs were detected using HRP-labeled mouse anti-IgG-Fc
(AP113P, Merck Millipore) and mouse anti-SC (IgA) antibody
(SAB4200787, Sigma), followed by HRP-labeled anti-mouse antibody
(SAB5300168, Sigma), respectively.
Molecular Therapy Vol. 32 No 3 March 2024 11
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Fast microequilibration dialysis

A 1% (w/v) solution of MUCII from porcine stomach (Sigma-
Aldrich) was prepared in 1� PBS pH 7.4. Saliva samples were treated
as described above. PurifiedmAbs weremixed with either 50 mL of 1�
PBS pH 7.4, MUCII, or saliva to a final concentration of 1 mg/mL.
Samples were placed into a fast microequilibration dialysis device
and dialyzed overnight at 4�C against 50 mL 1� PBS pH 7.4 using
0.05-mm polycarbonate membranes (both Harvard Bioscience,
USA). The concentration of mAbs in pre- and postdialyzed samples
was determined using the same antigen sandwich ELISA format
from the previous section.

Virus neutralization assay

Vero E6 cells stably expressing ACE2 and TMPRSS2 were obtained by
the UK National Institute for Biological Standards and Control
(NIBSC) and grown in DMEM supplemented with 10% heat-inacti-
vated fetal calf serum (FCS; Gibco, Thermo Fisher Scientific), peni-
cillin (100 U/mL, Sigma), streptomycin (100 mg/mL, Sigma), hygrom-
ycin B (250 mg/mL, Thermo Fisher Scientific), and G418 (250 mg/mL,
Thermo Fisher Scientific). For plaque reduction assays, cells were
seeded to obtain confluent monolayers (105 cells/well in 12-well
plates) and allowed to settle overnight. Monolayers were visually in-
spected before use.

SARS-CoV-2 (England/2/2020) was obtained from Public Health En-
gland and passaged in Vero E6 cells stably expressing ACE2 and
TMPRSS2. Virus stocks were quantified with a standard plaque assay
and expressed as plaque-forming units (PFU) per milliliter.

Purified mAbs were serially diluted 10-fold starting at 15–20 mg/mL
in DMEM with 2% FCS and incubated for 1 h at 37�C with 30–40
PFU of SARS-CoV-2 (isolate England/2/2020). After incubation,
the virus–antibody mixture was transferred onto a confluent mono-
layer of Vero-E6 cells expressing ACE2 and TMPRSS2 (NIBSC). After
60 min of adsorption at 37�C, the inoculum was removed and re-
placed with an overlay containing growth medium (DMEM with
10% FCS) and 0.8% Avicel (Sigma). The monolayers were incubated
at 37�C, 5% CO2 for 48 h and then fixed and stained with paraformal-
dehyde 10% (Sigma) and crystal violet (1�, Sigma), respectively. Pla-
ques were counted and expressed as percentage of a neutralizing pos-
itive control (World Health Organization [WHO] International
Standard for anti-SARS-CoV-2 immunoglobulin, 20/136, NIBSC).
The percentage neutralization (inhibition) was calculated inMS Excel
and GraphPad Prism 9.0.

Protective efficacy of COVA2-15 IgG and SIgA in infected hACE2

transgenic mice

A total of 20 eight-week-old male hACE2 transgenic mice (H11-K18-
hACE2, no. T037657 GemPharmatech, China) were challenged with
1 � 103 PFU SARS-CoV-2 (CSTR: 16533.06. IVCAS 6.7512). The
mice were split into four groups (n = 4) as described in (Figure 5A).
Mice without any challenge and treatment served as blank control
(blank, n = 5). Mice challenged with SARS-CoV-2 and 250 mg human
colostrum IgA (I2636, Sigma, IgA isotype control, n = 4) administered
12 Molecular Therapy Vol. 32 No 3 March 2024
intranasally 24 h before infection served as isotype-treated controls.
For the prophylactic group, SIgA1 at a dose of 250 mg/mouse (average
of 10 mg/kg) was administered intranasally 24 h before infection
(COVA2-15 SIgA1 and 2E8 SIgA1, �24 h, n = 5). The body weight
of each mouse was measured daily. The mice were sacrificed 6 days
postinfection or at the humane endpoint. Lungs were collected for
viral load determination and tissue sections for histopathology.
H&E and immunohistochemical (IHC) staining were performed,
respectively.

Viral load measurement by qRT-PCR

Viral RNA was extracted using the TRI Reagent (Sigma). Reverse
transcription was performed using HiScript II Q RT SuperMix for
qPCR (R223-01, Vazyme, China). Subsequently, 2 mL cDNA was
added into a 20-mL qRT-PCR reaction containing the ChamQ
SYBR qPCR Master Mix (Q341-02, Vazyme). The primers designed
to target the nucleocapsid protein of SARS-CoV-2 were (forward)
50-GGG GAA CTT CTC CTG CTA GAA T-30 and (reverse)
50-CAG ACA TTT TGC TCT CAA GCT G-30. PCRs were run ac-
cording to the manufacturer’s instructions. The amount of viral
RNA was normalized to the standard curve from a plasmid contain-
ing the full-length SARS-CoV-2 N gene.

IHC staining of SARS-CoV-2-infected cells in tissues

Left lung tissues were immersed in 10% neutral buffered formalin
(Z2902, Sigma) for 24 h. After the formalin fixation, the tissues
were placed in 70% ethanol and subsequently embedded with
paraffin. Tissue sections (4-mm thick) were used for IHC staining
for SARS-CoV-2 detection using a coronavirus nucleocapsid anti-
body (40143-MM05, Sino Biological, China). Images were obtained
by OLYMPUS IX73 using HCImage Live (�64) software and
analyzed by ImageJ (NIH).

Study approval

All of the animals infected by SARS-CoV-2 were handled in Biosafety
Level 3 animal facilities in accordance with the recommendations for
care and use of the institutional review board of the Wuhan Institute
of Virology of the Chinese Academy of Sciences (Ethics Number:
WIVA11202003). All of the authors declare their compliance with
publishing ethics.

Aerosolisation of monoclonal antibodies

COVA2-15 and 2E8 SIgA1 were aerosolized using a commercially
available Omron Micro Air U22 electronic mesh nebulizer as previ-
ously described.17

DLS

DLS measurements were performed with protein concentrations of
500 mg/mL in 1� PBS pH 7.4 supplemented with 0.1% Tween on a
Malvern Zetasizer nano-ZS (Malvern Instruments, UK) in a 12-mL
quartz cuvette. Samples were measured at 25.0�C and the LS was de-
tected at 173� and collected in automatic mode. Mean values and SEs
of the number weighted diameter were calculated from three mea-
surements for each sample, and each reported value is an average
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of 12 runs. The resulting data were analyzed using the DTS (version
4.2) software (Malvern Instruments).

SEC-LS

SEC-LS was used to characterize the recombinant expressed proteins
in solutions relating to their purity, native oligomers or aggregates,
and molecular weights. Analyses were performed on an OMNISEC
multidetector gel permeation chromatography (GPC)/SEC system
equipped with a refractive index detector, a right-angle LS detector,
a low-angle LS detector and a UV/visible light photodiode array de-
tector (Malvern Panalytical, UK). A Superdex 200 Increase 10/300
GL column (Cytiva, USA) was used and equilibrated with Dulbecco’s
PBS without Ca and Mg, P04-361000 (PAN-Biotech, Germany) as
running buffer. Experiments were performed at a flow rate of
0.5 mL min�1 at 25�C and analyzed using OMNISEC software
version 11.40 (Malvern Panalytical). Proper performance of the in-
strument was ensured by calibration and verification using the 200-
mg Pierce BSA standard (Thermo Fisher Scientific). Before analysis,
samples were centrifuged (16,000 � g, 10 min), and filtered through
0.2-mm Durapore PVDF centrifugal filter(s) (Merck Millipore).
A 100-mL volume of each sample was injected, having different con-
centrations between 0.1 and 0.5 mg/mL.

DATA AND CODE AVAILABILITY
Upon publication, the variable domain gene sequences of the 2E8
antibody will be deposited in the Coronavirus Antibody Database,
CoV-Ab-Dab (Oxford Protein Informatics Group) and GenBank.
Any additional information required to reanalyze the data reported
in this paper is available from the lead contact upon request.
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Please cite this article in press as: Göritzer et al., Recombinant neutralizing secretory IgA antibodies for preventing mucosal acquisition and transmission of
SARS-CoV-2, Molecular Therapy (2024), https://doi.org/10.1016/j.ymthe.2024.01.025
46. Royle, L., Roos, A., Harvey, D.J., Wormald, M.R., van Gijlswijk-Janssen, D., Redwan,
E.R.M., Wilson, I.A., Daha, M.R., Dwek, R.A., and Rudd, P.M. (2003). Secretory IgA
N- and O-glycans provide a link between the innate and adaptive immune systems.
J. Biol. Chem. 278, 20140–20153. https://doi.org/10.1074/jbc.M301436200.

47. Stelter, S., Paul, M.J., Teh, A.Y.H., Grandits, M., Altmann, F., Vanier, J., Bardor, M.,
Castilho, A., Allen, R.L., and Ma, J.K.C. (2020). Engineering the interactions between
a plant-produced HIV antibody and human Fc receptors. Plant Biotechnol. J. 18,
402–414. https://doi.org/10.1111/pbi.13207.

48. Focosi, D., McConnell, S., Casadevall, A., Cappello, E., Valdiserra, G., and Tuccori, M.
(2022). Monoclonal antibody therapies against SARS-CoV-2. Lancet Infect. Dis. 22,
e311–e326. https://doi.org/10.1016/s1473-3099(22)00311-5.

49. Cunningham, S., Piedra, P.A., Martinon-Torres, F., Szymanski, H., Brackeva, B.,
Dombrecht, E., Detalle, L., and Fleurinck, C.; RESPIRE study group (2021).
Nebulised ALX-0171 for respiratory syncytial virus lower respiratory tract infection
in hospitalised children: a double-blind, randomised, placebo-controlled, phase 2b
trial. Lancet Respir. Med. 9, 21–32. https://doi.org/10.1016/s2213-2600(20)30320-9.

50. Higgins, T.S., Wu, A.W., Illing, E.A., Sokoloski, K.J., Weaver, B.A., Anthony, B.P.,
Hughes, N., and Ting, J.Y. (2020). Intranasal Antiviral Drug Delivery and
Coronavirus Disease 2019 (COVID-19): A State of the Art Review. Otolaryngol.
Head. Neck Surg. 163, 682–694. https://doi.org/10.1177/0194599820933170.

51. Mestecky, J., Russell, M.W., and Elson, C.O. (1999). Intestinal IgA: novel views on its
function in the defence of the largest mucosal surface. Gut 44, 2–5. https://doi.org/10.
1136/gut.44.1.2.

52. Deplancke, B., and Gaskins, H.R. (2001). Microbial modulation of innate defense:
goblet cells and the intestinal mucus layer. Am. J. Clin. Nutr. 73, 1131S–1141S.
https://doi.org/10.1093/ajcn/73.6.1131S.

53. Liévin-Le Moal, V., and Servin, A.L. (2006). The front line of enteric host defense
against unwelcome intrusion of harmful microorganisms: mucins, antimicrobial pep-
tides, and microbiota. Clin. Microbiol. Rev. 19, 315–337. https://doi.org/10.1128/
CMR.19.2.315-337.2006.

54. Breedveld, A., and van Egmond, M. (2019). IgA and FcaRI: Pathological Roles and
Therapeutic Opportunities. Front. Immunol. 10, 553. https://doi.org/10.3389/
fimmu.2019.00553.

55. Wu, X., Cheng, L., Fu, M., Huang, B., Zhu, L., Xu, S., Shi, H., Zhang, D., Yuan, H.,
Nawaz, W., et al. (2021). A potent bispecific nanobody protects hACE2 mice against
SARS-CoV-2 infection via intranasal administration. Cell Rep. 37, 109869. https://
doi.org/10.1016/j.celrep.2021.109869.

56. Göritzer, K., Groppelli, E., Grünwald-Gruber, C., Figl, R., Ni, F., Hu, H., Li, Y., Liu, Y.,
Hu, Q., Puligedda, R.D., et al. (2021). Recombinant Neutralizing Secretory IgA
Antibodies for Preventing Mucosal Carriage and Transmission of SARS-CoV-2.
https://doi.org/10.21203/rs.3.rs-1053315/v1.
57. Wilmarth, P.A., Riviere, M.A., Rustvold, D.L., Lauten, J.D., Madden, T.E., and David,
L.L. (2004). Two-dimensional liquid chromatography study of the human whole
saliva proteome. J. Proteome Res. 3, 1017–1023. https://doi.org/10.1021/pr049911o.

58. Blanchard, A.A., Ezzati, P., Shamshurin, D., Nistor, A.C., Leygue, E., Wilkins, J.A.,
and Myal, Y. (2015). Towards further defining the proteome of mouse saliva.
Proteome Sci. 13, 10. https://doi.org/10.1186/s12953-015-0068-3.

59. Bai, L., Chen, B.Y., Liu, Y., Zhang, W.C., and Duan, S.Z. (2022). A Mouse
Periodontitis Model With Humanized Oral Bacterial Community. Front. Cell.
Infect. Microbiol. 12, 842845. https://doi.org/10.3389/fcimb.2022.842845.

60. Kumar Bharathkar, S., Parker, B.W., Malyutin, A.G., Haloi, N., Huey-Tubman, K.E.,
Tajkhorshid, E., and Stadtmueller, B.M. (2020). The structures of secretory and
dimeric immunoglobulin A. Elife 9, e56098. https://doi.org/10.7554/eLife.56098.

61. Denny, P., Hagen, F.K., Hardt, M., Liao, L., Yan, W., Arellanno, M., Bassilian, S., Bedi,
G.S., Boontheung, P., Cociorva, D., et al. (2008). The proteomes of human parotid
and submandibular/sublingual gland salivas collected as the ductal secretions.
J. Proteome Res. 7, 1994–2006. https://doi.org/10.1021/pr700764j.

62. Hugenholtz, F., and de Vos, W.M. (2018). Mouse models for human intestinal micro-
biota research: a critical evaluation. Cell. Mol. Life Sci. 75, 149–160. https://doi.org/10.
1007/s00018-017-2693-8.

63. Pilcer, G., and Amighi, K. (2010). Formulation strategy and use of excipients in pul-
monary drug delivery. Int. J. Pharm. 392, 1–19. https://doi.org/10.1016/j.ijpharm.
2010.03.017.

64. Wang, W., Singh, S., Zeng, D.L., King, K., and Nema, S. (2007). Antibody structure,
instability, and formulation. J. Pharm. Sci. 96, 1–26. https://doi.org/10.1002/jps.
20727.

65. Peyret, H., and Lomonossoff, G.P. (2013). The pEAQ vector series: the easy and quick
way to produce recombinant proteins in plants. Plant Mol. Biol. 83, 51–58. https://
doi.org/10.1007/s11103-013-0036-1.

66. Teh, A.Y.H., Cavacini, L., Hu, Y., Kumru, O.S., Xiong, J., Bolick, D.T., Joshi, S.B.,
Grünwald-Gruber, C., Altmann, F., Klempner, M., et al. (2021). Investigation of a
monoclonal antibody against enterotoxigenic Escherichia coli, expressed as secretory
IgA1 and IgA2 in plants. Gut Microbes 13, 1–14. https://doi.org/10.1080/19490976.
2020.1859813.

67. Teh, A.Y.H., Maresch, D., Klein, K., and Ma, J.K.C. (2014). Characterization of
VRC01, a potent and broadly neutralizing anti-HIV mAb, produced in transiently
and stably transformed tobacco. Plant Biotechnol. J. 12, 300–311. https://doi.org/
10.1111/pbi.12137.

68. Jung, J.W., Zahmanova, G., Minkov, I., and Lomonossoff, G.P. (2022). Plant-based
expression and characterization of SARS-CoV-2 virus-like particles presenting a
native spike protein. Plant Biotechnol. J. 20, 1363–1372. https://doi.org/10.1111/
pbi.13813.
Molecular Therapy Vol. 32 No 3 March 2024 15

https://doi.org/10.1074/jbc.M301436200
https://doi.org/10.1111/pbi.13207
https://doi.org/10.1016/s1473-3099(22)00311-5
https://doi.org/10.1016/s2213-2600(20)30320-9
https://doi.org/10.1177/0194599820933170
https://doi.org/10.1136/gut.44.1.2
https://doi.org/10.1136/gut.44.1.2
https://doi.org/10.1093/ajcn/73.6.1131S
https://doi.org/10.1128/CMR.19.2.315-337.2006
https://doi.org/10.1128/CMR.19.2.315-337.2006
https://doi.org/10.3389/fimmu.2019.00553
https://doi.org/10.3389/fimmu.2019.00553
https://doi.org/10.1016/j.celrep.2021.109869
https://doi.org/10.1016/j.celrep.2021.109869
https://doi.org/10.21203/rs.3.rs-1053315/v1
https://doi.org/10.1021/pr049911o
https://doi.org/10.1186/s12953-015-0068-3
https://doi.org/10.3389/fcimb.2022.842845
https://doi.org/10.7554/eLife.56098
https://doi.org/10.1021/pr700764j
https://doi.org/10.1007/s00018-017-2693-8
https://doi.org/10.1007/s00018-017-2693-8
https://doi.org/10.1016/j.ijpharm.2010.03.017
https://doi.org/10.1016/j.ijpharm.2010.03.017
https://doi.org/10.1002/jps.20727
https://doi.org/10.1002/jps.20727
https://doi.org/10.1007/s11103-013-0036-1
https://doi.org/10.1007/s11103-013-0036-1
https://doi.org/10.1080/19490976.2020.1859813
https://doi.org/10.1080/19490976.2020.1859813
https://doi.org/10.1111/pbi.12137
https://doi.org/10.1111/pbi.12137
https://doi.org/10.1111/pbi.13813
https://doi.org/10.1111/pbi.13813
http://www.moleculartherapy.org

	Recombinant neutralizing secretory IgA antibodies for preventing mucosal acquisition and transmission of SARS-CoV-2
	Introduction
	Results
	Recombinant production of anti-SARS-CoV-2 mucosal antibodies in plants
	Glycosylation of plant-produced mucosal antibodies
	Stability and interaction of anti-SARS-CoV-2 mAbs in human saliva
	Binding characteristics of different antibody formats to SARS-CoV-2 Spike protein
	Neutralization activity of different antibody formats
	Efficacy of intranasally administered anti-SARS-CoV-2 mucosal antibodies in ACE2 transgenic mice
	Aerosolization of IgG and SIgA1 mAbs with a mesh nebulizer

	Discussion
	Materials and methods
	Construct design and cloning
	Transient expression of IgG and IgA variants in N. benthamiana
	Purification of IgG and IgA variants from crude leaf extract
	Expression and purification of RBD-His
	SDS-PAGE
	ELISA
	Competitive ELISA
	SPR spectroscopy
	MS
	mAb stability assays in human saliva
	Fast microequilibration dialysis
	Virus neutralization assay
	Protective efficacy of COVA2-15 IgG and SIgA in infected hACE2 transgenic mice
	Viral load measurement by qRT-PCR
	IHC staining of SARS-CoV-2-infected cells in tissues
	Study approval
	Aerosolisation of monoclonal antibodies
	DLS
	SEC-LS

	Data and code availability
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


