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Abstract

The emergence of Omicron lineages and descendent subvariants continues to present a severe
threat to the effectiveness of vaccines and therapeutic antibodies. We have previously suggested
that an insufficient mucosal IgA response induced by the mRNA vaccines is associated with a
surge in breakthrough infections. Here, we further show that the intramuscular mRNA and/or
inactivated vaccines cannot sufficiently boost the mucosal sIgA response in uninfected
individuals, particularly against the Omicron variant. We thus engineered and characterized
recombinant monomeric, dimeric and secretory IgA1 antibodies derived from four neutralizing
IgG monoclonal antibodies targeting the receptor-binding domain of the spike protein (01A0S,
rmAb23, DXP-604 and XGO014). Compared to their parental IgG antibodies, dimeric and
secretory IgA1l antibodies showed a higher neutralizing activity against different variants of
concern (VOCs), in part due to an increased avidity. Importantly, the dimeric or secretory IgAl
form of the DXP-604 antibody significantly outperformed its parental IgG antibody, and
neutralized the Omicron lineages BA.1, BA.2 and BA.4/5 with a 50-150-fold increase in
potency, reaching the level of the most potent monoclonal antibodies described till date. In
hACE2 transgenic mice, a single intranasal dose of the dimeric IgA DXP-604 conferred
prophylactic and therapeutic protection against Omicron BA.5. Conversion of IgA and
dimerization further enhanced or restored the neutralizing ability against the emerging Omicron
sub-variants (DXP-604 for BQ.1, BQ.1.1 and BA2.75; 01A05 for BA2.75, BA.2.75.2 and
XBB.1). Thus, dimeric or secretory IgA delivered by nasal administration may potentially be
exploited for the treatment and prevention of Omicron infection, thereby providing an

alternative tool for combating immune evasion by subvariants and, potentially, future VOCs.

One Sentence Summary:
Engineered dimeric and secretory IgA1 neutralized Omicron variant with higher potency than

parental IgG.
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INTRODUCTION

As severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to spread
worldwide, selection pressure to evade antibodies in convalescent and/or vaccinated individuals
has led to viral mutations and the emergence of Variants of Concerns (VOCs), such as Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1) and Delta (B.1.617.2) (1). Mutations in the viral spike
(S) protein, including the receptor-binding domain (RBD), may lead to a reduced susceptibility
to neutralization by antibodies, an increased binding to the ACE2 receptor on host cells and a
higher transmissibility and infectivity (7). The emergence of the Omicron variant in South
Africa in November 2021, and its rapid spread worldwide have strengthened concerns about
vaccine efficacy and antibody therapy due to the large number of mutations in the S protein (2—
5). The original Omicron variant (B.1.1.529) already harbours 37 mutations in the S
glycoprotein, including 15 in the RBD (6). It is continuously evolving, and has hitherto divided
into five major lineages, BA.1 to BA.5 (7). Novel subvariants such as BA.2.75, BQ.1, and XBB,
derived from either BA.2 or BA.4/5, have rapidly emerged (8). The rise of these subvariants
seems to stem from their capacity to evade the immune system and infect individuals who are

immune to earlier Omicron subvariants (9, 10).

The development of novel antibody therapies that remain efficacious despite virus evolution is
thus urgently needed. Widespread reinfections and vaccine breakthrough infections (BTIs) with
Omicron have been reported worldwide, and most of the clinically available antibodies have
been found to be ineffective against this variant (5, /1, 12). Although Omicron causes less
severe symptoms than previous variants, it still results in a substantial number of
hospitalizations and deaths, especially in unvaccinated individuals. Antibody pre-exposure

therapy could be beneficial for the protection of individuals at high risk of developing severe


https://doi.org/10.1101/2023.04.17.536908
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.536908; this version posted April 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

diseases, such as immunocompromised patients and elderly individuals, especially in
areas/countries with low vaccination/booster rates (13—16). Recent evidence suggests a shift in
the tropism of the Omicron variant towards the upper respiratory tract (/7). Viral particles in
the upper airways might be more easily released from the nose and mouth, contributing to the
increased transmissibility of the Omicron variant (78). The virus might be contained in the
upper respiratory tract of individuals who develop a strong local mucosal immune response,
resulting in a mild/asymptomatic infection (79). Thus, mucosal immunity may potentially be

exploited for therapeutic or prophylactic purposes (20).

Secretory IgA (sIgA) is the most abundant immunoglobulin type in secretions and is
fundamental for mucosal defences and protection against respiratory viral infections. While
serum IgA is predominantly present as a monomer (mIgA), sIgA is composed of two IgA
monomers, connected via the joining (J) chain, and associated with the secretory component
(SC) (21). Dimeric IgA (dIgA) produced by B cells in the mucosa is translocated across the
epithelium via the polymeric immunoglobulin receptor (pIgR) (22). On the luminal side of the
epithelium, pIgR is cleaved, while a portion, the SC, remains attached, forming sIgA (23).
Among the two subclasses of IgA antibodies in humans, [gA1 constitutes a higher proportion
in the upper respiratory tract (approximately 90%), and IgA2 is more abundant in the lower
gastrointestinal tract (23-25). Mucosal IgA dominates the neutralizing antibody response to
SARS-CoV-2 in the early phase of infection and is more effective in neutralizing SARS-CoV-
2 (26, 27), and dIgA has been found to be a more potent neutralizer than IgG against authentic
SARS-CoV-2 (28). Thus, delivery of both dIgA and sIgA via nasal spray is potentially the best

and most convenient option to block viral infection and transmission.

RESULTS
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Secretory anti-RBD IgA antibodies are produced at low levels following vaccination

Among immunoglobulins, sIgA are present at highest concentration in saliva and constitute an
accessible marker of the mucosal immune response to SARS-CoV-2 (29, 30). We previously
showed that in individuals receiving mRNA vaccines, higher levels of salivary anti-RBD sIgA
antibodies were associated with protection against BTI (3/). Here, we further tested the
presence of salivary antibodies against the RBDs of G614 (wild-type) and of all Omicron
lineages in individuals who received various doses of either inactivated or mRNA vaccines

(Fig. 1, A to C and table S1) (31).

The results show that the median salivary anti-RBD IgA levels in individuals receiving two or
three doses of inactivated whole-virion SARS-CoV-2, one to three doses of mRNA vaccine or
heterologous vaccination were lower than those after BTI or an mRNA vaccine booster after
infection (Fig. 1A). Salivary anti-RBD IgG levels after the second and third doses of mRNA
vaccine or heterologous mRNA booster dose were similar to those measured after BTI (Fig.
1B) while salivary IgM anti-RBD antibodies were detected in less than 20% of individuals after
vaccination and BTI (Fig. 1C). Salivary RBD-specific IgA antibodies gradually decreased after
the third mRNA vaccine dose but were still detectable in nearly 85% of individuals up to 9
months, while after BTI, these antibodies were sustained at a higher level (Fig. 1, D and E).
Lower salivary IgA (from 2.1- to > 2.8-fold) and IgG (from 2.4- to 6.1-fold) antibody levels
against the RBDs of BA.1, BA.2 and BA.4/5 compared to G614 RBD were observed in
vaccinated individuals within two months after two or three doses of mRNA vaccine, but no
decrease in antibody levels against Omicron variants was observed in individuals who
experienced BTIs during the Omicron BA.1 wave, suggesting a long-lasting and broadly cross-

reactive mucosal immune response after BTI (Fig. 1, F and G). Furthermore, a significant
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increase (by more than 10-fold) in salivary IgA and IgG antibodies against Omicron subvariants

RBD was observed 2-6 weeks after BTI (fig. S1, A and B).

Levels of salivary anti-RBD IgA antibodies correlated better with levels of RBD-specific
secretory immunoglobulin (sIg) (R =0.789, p < 0.0001) than plasma IgA antibodies (R =0.256,
p < 0.0046) (fig. S1C and D), confirming that most of the salivary IgA antibodies measured
were produced locally in the salivary glands as sIgA (31). Salivary anti-RBD IgG levels
correlated with plasma IgG antibodies, implying that those antibodies were mainly derived from

plasma (R = 0.704, p < 0.0001) (fig. S1E).

In conclusion, in uninfected individuals, vaccination cannot efficiently induce/boost the
mucosal IgA response against SARS-CoV-2, especially the Omicron lineages. Furthermore, we
and others have previously suggested that insufficient mucosal IgA response is associated with
breakthrough infections during the Omicron waves (27, 31). The development of vaccination
strategies that can improve the mucosal IgA response, together with an effective IgA
monoclonal antibody therapy that can be delivered directly at the mucosal surface, are therefore

priorities in the current stage of the pandemic.

Characterization of parental neutralizing IgG antibodies

Four neutralizing IgG mAbs, 01A0S5 (isolated in this study), rmAb23 (32), DXP-604 (2, 33),
and XG014 (34, 35), targeting SARS-CoV-2 RBD, were used for conversion into IgA formats.
All IgG mAbs were originally isolated from convalescent donors who had the wild-type strain
(Wuhan or G614 strain) infection before the emergence of Omicron (32—-35). Neutralizing anti-
SARS-CoV-2 antibodies can be categorized into four (36) classes based on their mode of

binding to the S protein. Based on computational analysis and structure, 01A05, encoded by
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IGHV1-18 and IGKV1-39, and rmAb23 and DXP-604, both encoded by IGHV3-53 and
IGKV1-9 (32), were shown to be class I antibodies that bind to the RBD in the up conformation
(Fig. 2A and fig. S2, A to C). XG014 (IGHVS5-51/IGLV1-51) is a class IV antibody that
recognizes a conserved epitope outside the receptor-binding motif (RBM) in the RBD and locks
all three RBDs in the S-trimer in the down conformation, preventing binding to ACE2 (34)
(Fig. 2A and fig. S2D). In summary, the four antibodies recognize different epitopes in the
RBD, with the Fabs of 01A05 and rmAb23 binding G614 RBD with a lower affinity (a
dissociation constant (Kp) of 2.5 nM and 6.5 nM (32), respectively) compared to those of DXP-

604 and XG014, which show subnanomolar Kp (2, 33-35).

All four antibodies bound RBDs from G614, Alpha and Delta with a one-half maximal effective
concentration (ECso) value from 0.01 to 1.89 nM (Fig. 2B) but only DXP-604 and XG014
bound to RBDs from Beta, and Omicron BA.1, BA.2, BA.4/5 (ECso from 0.33 to 9.48 nM) (Fig.
2B). In accordance with the ELISA results, 01 AS neutralized only G614, Alpha and Delta (half
maximal inhibitory concentration (ICso): 0.18, 10.41 and 8.62 nM, respectively), rmAb23
neutralized only G614 and Delta (ICso: 4.44 and 14.45 nM) while XGO014 efficiently neutralized
G614, Alpha, Beta and Delta (ICso values from 0.24 to 2.34 nM) but poorly neutralized
Omicron. DXP-604 neutralized G614 (ICso: 0.3 nM) and all VOCs tested (ICso values from

2.63 to 22.93 nM) although it was less effective against Omicron BA.1 and BA.5 (Fig. 2C).

The binding and neutralization assay results are in accordance with structural models showing
that certain mutations in the RBDs of VOCs are located in the binding epitope of 01A05 and
rmAb23 (fig. S3, A and B). However, mutations in RBD residues within the binding epitope
of DXP-604 resulted in a less pronounced decrease in neutralization activity including against

Omicron BA.1, BA.2 and BA.4/5 which harbour more than 6 RBD substitutions within the
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mADbD epitope (fig. S3C). The epitope recognized by XG014 is mostly outside the hotspots of
the RBM, where prevalent mutations are located, explaining the high and broad neutralization
potency against Alpha, Beta, and Delta (fig. S3D) (37). The apparent resistance of DXP-604 to
SARS-CoV-2 mutations was confirmed in a S-pseudotype vesicular stomatitis virus (VSV)
neutralization assay showing its potent neutralizing effect against 15 known SARS-CoV-2
variants (ICso from 0.03 nM to 1.6 nM) and other clade 1b sarbecoviruses circulating among
other species, including RaTG13 (ICso: 0.01 nM) and Pangolin-GD (38) (ICso: 0.05 nM) (fig.
S4). Therefore, among the four antibodies analyzed, DXP-604 appeared to be the most broadly

effective neutralizer, even when a few residues in its binding epitope had been substituted.

Further analysis of the X-ray crystal structure (33) revealed that the footprint of the DXP-604
heavy chain on the RBD is similar to that of LY-CoV016 (etesevimab) but a higher degree of
overlap exists between that of the DXP-604 light chain and ACE2-contact surface (Fig. 2D).
Hydrogen bonds were also formed between S30/S67 in the light chain of DXP-604 and RBD
Q498, which is a key ACE2-binding site (39), and between the main chain groups of Q27/S28
and RBD G502 (Fig. 2E) (2). In addition, based on the structural model, one single DXP-604
Fab bound to the S-trimer with the 3-RBD in the up position can prevent the binding of ACE2
to all three S monomers (fig. S2C). Thus, in contrast to 01A05, rmAb23 and other class |
antibodies, the high binding affinity and ACE2-mimicking epitope enable DXP-604 to exhibit

a higher tolerance for RBD substitutions and to retain a broad neutralization activity.

Conversion of monoclonal IgG to IgA1 antibodies increases the neutralization potency
As sIgATl is the main immunoglobulin type in the upper respiratory tract, the four monoclonal
IgG antibodies were engineered as monomeric (mIgAl), dimeric (dIgAl, via coexpression of

the J chain), and secretory (sIgA1, by coexpression of the J chain and SC) IgA1 antibodies to
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compare the binding and neutralizing properties of the various forms of IgA1 (Fig. 3, A and

B).

The conversion of IgG to IgA1 did not strongly increase the binding affinity of the antibodies
for the RBD, with generally less than twofold increase as measured by ELISA (Fig. 3D and
fig. S6). However, dimerization of IgA1 greatly increased the binding of DXP-604 antibodies
to the RBD of Omicron BA.1, BA.2 and BA.4/5 (ECso from 0.08 to 0.51 nM) from 7.3- to 50.4-
fold compared to those of the parental IgG antibodies (Fig. 3C). In addition, XG014 dimeric
and secretory IgA1 bound to the BA.2 and BA.4/5 RBDs (ECso from 0.07 to 0.13 nM) 4.7- to

9.9-fold more efficiently than the parental IgG antibodies (fig. S5C).

Switching from IgG to IgA1 and dimerization further increased antibody neutralization activity
against real virus, and the effect was greatest for DXP-604, 01A05, and rmAb23 (Fig. 3D and
fig. S6). DXP-604 monomeric IgA1 showed increased neutralization activity against BA.1
(ICso: 3.43 nM, by 6.7-fold), BA.2 (ICs0: 0.16 nM, by 17.0-fold) and BA.5 (ICso: 0.35 nM, by
35.5-fold) (Fig. 3D). More importantly, DXP-604 dimeric and secretory IgAl showed
increased neutralization activity against all variants but particularly against the Omicron
lineages BA.1, BA.2 and BA.5, which was 47.8- to 143-fold higher than the parental IgG and
2.7- to 9.0-fold higher than the monomeric IgA1l (Fig. 3, D and E). DXP-604 dimeric and
secretory IgA1 neutralized Omicron BA.1 (ICso: 0.38 and 0.44 nM, respectively), BA.2 (ICso:
0.06 and 0.03 nM, respectively) and BA.5 (ICso: 0.13 and 0.09 nM, respectively) to a potent
level that is similar to the neutralization of G614 (ICso: 0.11 and 0.04 nM, respectively) and to

the counterpart IgG antibodies against G614 (ICso: 0.30 nM) (Fig. 3D).
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An increase in neutralization activity by mIgA1 compared to parental IgG was also observed
for 01A05 against G614 (ICso: 0.04 nM, by 4.4-fold) and Alpha (ICso: 0.93 nM, by 11.2-fold),
and for rmAb23 against G614 (ICso: 0.89 nM, by 5.0-fold), Alpha (1.66 nM, by >100.6-fold)
and Delta (ICso: 3.42 nM, by 4.2-fold) (fig. S6, A and B). Dimerization also improved the
neutralizing activity of 01A05 and rmAb23 against G614, Alpha and Delta by 4.5- to >179-fold
compared to IgG and up to 12.0-fold compared to mIgA1 (fig. S6, A and B). Interestingly,
switching to IgA1 and dimerization rescued the neutralizing activity of rmAb23 against Alpha,
to some extent (ICso: 1.79 and 0.93 nM, for dIgA1 and sIgA1, respectively) and XG014 against
Omicron BA.1 (ICso: 3.29 and 4.44 nM, for dIgA1 and sIgAl, respectively) (fig. S6, B and C).
These results suggest that the conversion of IgG to IgAl, particularly to the dimeric and
secretory forms of IgAl, significantly improved the neutralizing potency of the antibodies

against various VOCs.

Increased neutralizing potency of dimeric IgA1 is associated with increased avidity

Enhanced neutralization of dimeric IgA 1 antibodies exhibited different patterns, suggesting that
the epitope and affinity, in addition to valency, may affect their potency (40). The increase in
neutralization potency was more profound against variants for which the parental IgG showed
lower (but presence of) neutralizing activity. In fact, the fold-change improvement in binding
and neutralizing activity of the IgA1 forms was positively correlated with the ECso values of
the parental IgG (fig. S7TA to D) (28). For example, DXP-604, which showed a low RBD
binding (ECso: 1.60 nM) and a low neutralizing activity (ICso: 12.36 nM) against BA.5 as an
IgG, was found to be 20.5-fold more potent in binding the RBD and 92.0-fold more potent in
neutralizing BA.5 as a dIgAl (fig. S7, B and D). In addition, for DXP-604, the fold-change
increase in RBD binding correlated with the fold-change increase in neutralization activity,

suggesting that an increase in neutralizing activity is associated with an increased affinity for

11
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the RBD, at least for this antibody for which correlation analysis could be individually

performed due to broad neutralization (fig. S7, E and F).

As the ECso value obtained by ELISA does not measure affinity, and since DXP-604 dimeric
and secretory IgA1 neutralized Omicron including the circulating BA.5 lineage with a high
potency, we further characterized the binding properties of this antibody. The apparent increase
in avidity of antibodies could be due to inter- or intra-S cross-linking. However, according to
in silico models, only one DXP-604 Fab can bind to each S due to steric hindrance caused by
the light chain, thus preventing intra-S binding (fig. S2C). We used an avidity assay by surface
plasmon resonance (SPR) to experimentally confirm that the dimeric DXP-604 antibody can
simultaneously engage two RBDs on different S proteins (47). The association rate, measured
as a control, was not affected by avidity and, indeed, was not affected by antigen concentration
(Fig. 4A). A slower dissociation rate was observed for dimeric IgA1l DXP-604 at higher
concentrations of immobilized antigen, consistent with intermolecular avidity effects (Fig. 4, B
and C). At lower concentrations of immobilized antigen, the k4 of dIgAl was faster as
intermolecular binding was prevented by the increased distance between RBD molecules,
which resulted in loss of avidity (Fig. 4D). The S-trimers on the surface of SARS-CoV-2 float
readily and are widely spaced (a mean of 24 trimeric S protein per virus) (42) at an average
distance of 25 nm (43). Theoretically, IgG and mIgA1 antibodies may bind the RBD on two
different S-trimers spaced by ~2 nm. Structural simulations show that dIgA1 and sIgAl can
bridge upon S-trimers ~11 nm apart (Fig. 4E). It is plausible that the dimeric forms are more
likely to engage in intermolecular binding on the viral surface (Fig. 4E). Thus, the increased
neutralization potency of dIgA1 and sIgA1 appears to be, at least partly, due to increased avidity
mediated by inter-S-trimer binding on the viral surface but other mechanisms such as

aggregation, may also be involved.
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Dimeric IgA is protective against Omicron BA.S in a mouse model
We subsequently evaluated the protective efficacy of DXP-604 dIgA in transgenic mice
expressing human ACE2 (hACE2) infected with Omicron BA.5 using therapeutic and

prophylactic intranasal administration (Fig. SA). The viral load in the lungs and tracheal tissues

06.37 04.29

of untreated mice (only PBS) was 1 copies and 1 copies/g, respectively, at 3 days post
infection (dpi). A single intranasal dose of DXP-604 dIgA (60 ug, ~2.2 mg/kg), 2 hours after
challenge with Omicron BA.5, significantly reduced the mean viral load to 10°?? copies/g (a
3.15 log10-fold decrease) in lung tissues and to undetectable levels (a 4.29 logio-fold decrease)
in tracheal tissues of all three treated mice at 3 dpi (Fig. 5B). For prophylactic treatment,
administration of 60 pg of DXP-604 dIgA (~2.9 mg/kg) 4 hours before challenge with the virus,

significantly reduced the mean viral load to 103

copies/g (a 2.71 logio-fold decrease) in lung
tissues and to undetectable levels (4.29 logio-fold decrease) in tracheal tissues of all treated
mice (n = 3) at 3 dpi (Fig. 5B). A lower prophylactic dose (40 pg, ~1.5 mg/kg) significantly
reduced the viral load in the trachea only (a 0.84 logio-fold decrease). No significant difference
in weight change was observed between the treatment and control groups during the experiment

(Fig. 5C). Together, our data show that prophylactic and therapeutic intranasal administration

of DXP-604 dIgA is highly protective against Omicron infection in the respiratory tract.

Conversion to IgAl and dimerization increases the neutralization potency against
emerging Omicron subvariants

According to the WHO, more than 300 sublineages of Omicron, mainly descendants from BA.2
and BA.5, are circulating globally (https://github.com/gerstung-lab/SARS-CoV-2-
International). The BQ.1 and BQ.1.1 subvariants are now dominant in parts of Europe and

North America, while BF.7 and XBB are dominant in some regions of Asia but with XBB.1.5
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becoming dominant in the United States. Compared to BA.5, BQ.1 carries two additional
mutations (K444T and N460K) in the RBD, while BQ.1.1 carries an additional RBD mutation
(R346T). BA.2.75 carries three mutations (G446S, N460K, and rev R493Q) in the RBD
compared to BA.2 and BA.2.75.2 contains two additional mutations (R346T and F486S). The
S protein of XBB has 14 mutations in addition to those found in BA.2, including 9 in the RBD
(G339H, R346T, L3681, V445P, G446S, N460K, F486S, F490S and reverse (rev) R493Q),

whereas XBB.1 has an additional G252V mutation and XBB.1.5 has the mutation S486P.

Since authentic viruses of the new subvariants were not yet available in our laboratories at the
time of the study, we evaluated the neutralization activity of DXP-604 IgG and IgA1l against
circulating subvariants, in addition to BA.1, BA.2 and BA.4/5, using pseudovirus assays.
Dimeric and secretory IgA1 (ICso: <0.0006 to 0.011 nM) improved the neutralization of BA.1,
BA.2 and BA.4/5 Omicron subvariant pseudoviruses by 70.9- to 220-fold compared to
monomeric IgG (ICso: 0.091 to 0.836 nM) and by 2.0 to 11.5-fold compared to monomeric
IgA1 (ICso: 0.007 to 0.022 nM) (fig. S8). Furthermore, DXP-604 dIgA1 and sIgA1 increased
the neutralizing activity against BQ.1 (ICso: 3.20 and 1.41 nM, by 2.6- and 6.0-fold), BQ.1.1
(ICs0: 4.88 and 1.59 nM, by 1.8- to 5.5-fold) and BA.2.75 (ICso0: 0.028 and 0.013 nM, by 37.0-
and 78.0-fold) compared to IgG (fig. S8). However, DXP-604 IgA1 forms could not restore

neutralization activity against BA.2.75.2 and XBB.1.

Interestingly, 01A05 IgG, which showed no binding to BA.2 (fig. SSA), neutralized BA.2.75.2
(ICs0: 12.08 nM) and the effect was greatly improved using mIgA1 (ICso: 0.067 nM, by 180-
fold), digA1 (ICso: 0.0165 nM, by 733-fold) or sIgA1 (ICs0: 0.006 nM, by 2023-fold) (Fig. S9).
Furthermore, an increase in neutralization activity (by >200-fold) against XBB.1 was observed

for 01A05 mIgA1 (ICso: 0.30 nM), dIgA1 (ICso: 0.13 nM) or sIgA1 (ICso: 0.18 nM) compared
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to IgG (ICs0:>66 nM), which poorly neutralizes this variant. As previously observed with a few
other monoclonal antibodies (44, 45), the R493Q reversion mutation in BA.2.75.2 and XBB.1
at least partially restored the 01A05 neutralizing epitope found in the ancestral SARS-CoV-2

(fig. S3A).

Since many Omicron subvariants harbouring multiple convergent mutations are simultaneously
circulating in different parts of the world (72), our results suggest that a cocktail of dimeric or
secretory IgAl antibodies, including DXP-604 or 01A05 described here and those newly
identified broad neutralizers (12, 46, 47), would be necessary to neutralize most, if not all,

emerging Omicron subvariants and future VOCs.

DISCUSSION

SARS-CoV-2 primarily infects the upper respiratory tract, where the mucosal immune response
is expected to be mainly induced in the nasopharynx, via the tonsils and adenoids, collectively
referred to as the nasopharynx-associated lymphoid tissue (NALT). Systemic immunization has
generally been considered ineffective in generating protective mucosal immune responses,
although certain antigen and adjuvant combinations can elicit mucosal immune responses,
including sIgA antibodies (48). The mechanism of this induction remains poorly understood
and may involve the migration of vaccine antigens, antigen-loaded antigen-presenting cells
and/or antigen-specific B cells to mucosal-associated lymphoid tissues (MALT) (48-50). In
this study, the inactivated and mRNA vaccines induced salivary IgA anti-RBD antibodies in
60% of individuals but at a low level in comparison to patients with BTI, particularly against
Omicron. Furthermore, additional vaccine doses did not boost the salivary RBD-specific IgA

response and the antibody levels gradually decreased over time following the third dose of
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mRNA vaccine, whereas BTI gave rise to a higher IgA response with no decrease over the time
monitored thus far (up to 9 months). We previously showed that the level of mucosal RBD-
specific IgA antibodies induced by vaccination might be associated with protection against
subsequent BTI (3/). These findings support the importance of the mucosal immune system in
the defence against SARS-CoV-2 and the need for the development of vaccines that can elicit
a stronger mucosal IgA response (20, 27, 51) and a therapy based on intranasally administered

antibodies.

Omicron lineages and subvariants are currently circulating worldwide, and they carry mutations
that confer resistance to most potent neutralizing antibodies, including those clinically approved
(12, 52). In agreement with previous studies, we show that only DXP-604, one of our identified
SARS-CoV-2 RBD-neutralizing antibodies encoded by IGHV3-53, can broadly neutralize most
SARS-CoV-2 variants and selected subvariants (72). This outcome is probably achieved
through high affinity and ACE2-mimicking interactions via light chain complementarity-
determining regions (CDRs), especially hydrogen bonds formed with RBD G502 and Q498.
Although the neutralizing activity of DXP-604 IgG against Omicron BA.1, BA.2 and BA.5 (2,
52) was lower than that of LY-CoV 1404 (bebtelovimab) (52, 53) and other IgG antibodies in
preclinical or clinical development (54—58), DXP-604 dimeric and secretory IgA1 showed a
50- to 150-fold increase in potency against the BA.1, BA.2 and BA.5 variants (ICso: 0.03 to
0.44nM), reaching the level of one of the most potent antibodies, LY-CoV 1404 (ICso 0.08-0.1
nM) (table S2). Contrary to LY-CoV1404 and other antibodies approved for clinical use (3,
12), DXP-604 dimeric and secretory IgA1 could also neutralize BQ.1 and BQ.1.1, which make
up the largest share of new COVID-19 infections in Europe and North America. However,
DXP-604 was recently shown not to be able to neutralize sublineages carrying the mutation

F486S, explaining its inability to neutralize BA.2.75.2 and XBB.1 (12). Nevertheless, 01A05
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dimeric and secretory IgAl strongly improved neutralization potency against BA.2.75.2 and
XBB.1, suggesting that a combination of dimeric or secretory IgA1 antibodies could be used to

neutralize a wider range of variants with higher potency.

The subclass proportions vary with mucosal site but typically range from 80 to 90% IgAl in
nasal and male genital secretions, 60% IgAl in saliva, to 60% IgA2 in colonic and female
genital secretions (23). IgA1 and IgA2 differ mostly in the hinge region, which is significantly
longer (13 aa) in IgA1. As a result, IgA1 is more like a T-shaped molecule (59), whereas IgA2
resembles the more rigid classical Y-shape of IgG (60), as revealed by X-ray crystal structures.
Consistent with previous studies, a switch to monomeric IgA may result in an increase in the
neutralizing capacity of certain antibodies, such as DXP-604, and against some variants
(particularly BA.1, BA.2 and BA.5) (61) compared to that of IgG. The longer IgA1 hinge may
confer increased flexibility and allow two Fabs to reach two RBDs in the trimer at the same
time, thus enhancing SARS-CoV-2 neutralization in vitro compared to that by their IgG
counterparts. However, computational modelling showed that although 01A05 and XGO014
Fabs each simultaneously can bind two RBDs on the same trimeric S protein, DXP-604 Fabs
cannot bind more than one site due to steric hindrance caused by the light chain (fig. S2).
Alternatively, the increased flexibility in the hinge region could help the binding of one Fab
fragment to RBD or promote linking of S on two different virus particles. We tested DXP-604
antibodies in the IgA2 format and found that DXP-604 mIgA1 neutralizes Omicron BA.2 and
BA.5 with more than 15-fold higher potency than DXP-604 mIgA2 (unpublished data).
However, considering the higher proportion of IgA2 in the intestinal tract and its increased
resistance to bacterial proteases due to shorter hinge, dimeric or secretory IgA2 might still be

useful for oral delivery to prevent faecal-oral transmission or reduce gastrointestinal symptoms

(62).
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Intranasal delivery of IgM (3.5 mg/kg) (40) and IgG (3 mg/kg) (63) antibodies after infection
with SARS-CoV-2 (Beta or Omicron BA.2) was previously shown to reduce the viral load in
the lungs of hACE2 expressing mice. We showed here that, for the first time, a therapeutic (2.2
mg/kg) or prophylactic (2.9 mg/kg) intranasal administration of dIgA, confer significant
protection against Omicron BA.5 in the hACE2 transgenic mouse model and considerably
reduced the viral load in both the lung and trachea. The higher conferred protection in the
trachea compared to the lung could be due to the biodistribution of the antibodies following
intranasal administration. Thus, intranasal delivery of dimeric or secretory DXP-604 IgA in
combination with other IgA antibodies directly to the site of infection may be an effective
approach to achieve immediate protection against SARS-CoV-2 infection, which is needed at
a small window for intervention, such as prevention in high-risk settings or postexposure
prophylaxis. IgA does not activate complement and may inhibit complement activation induced

by IgG and IgM, thus reducing inflammation (79).

Through an increase in avidity and possibly aggregation, the dimerization of IgA can
considerably increase the potency of broadly neutralizing antibodies, including against
emerging variants with multiple RBD escape mutations such as Omicron, and offer effective
protection of the respiratory tract in animal models. A formulation of dIgA or sIgA anti-SARS-
CoV-2 antibodies may eventually be applied by susceptible individuals themselves with or
without medical supervision, and thus has a wider coverage, which is especially important in
resource-poor areas. Nasal delivery of antibodies is likely to be carried out using low doses,
since the drug is administered locally, where it is most needed, in contrast to the larger amounts
needed for systemic application. To ensure sustainable production of the therapeutic agent,

these antibodies can be expressed in plants (rice, tobacco) (64). Produced in this way,
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recombinant sIgA-based passive immunotherapies or prophylactics could represent extremely

effective tools for the control of SARS-CoV-2 infections.

MATERIALS AND METHODS

Study Design

The objectives of the study were to evaluate the mucosal immune response to SARS-CoV-2 in
vaccinated individuals and to develop dimeric and secretory IgA1l antibodies for mucosal
prophylactic and therapeutic treatment. We initially tested the presence and dynamics of
salivary antibodies against the RBDs of G614 (wild-type) and Omicron lineages BA.1, BA.2,
and BA.4/5 in saliva and plasma of individuals with different types of vaccinations and
followed the dynamics of salivary IgA and IgG antibody responses over time (up to 9 months).

The anti-RBD antibody levels and total IgA immunoglobulin levels were measured by ELISA.

We subsequently engineered and characterized recombinant monomeric, dimeric and secretory
IgA1l antibodies derived from four neutralizing IgG monoclonal antibodies (mAbs) (1A05,
rmAb23, DXP-604 and XG014) targeting the RBD domain of the spike protein. The anti-RBD
IgG and IgA1 antibody forms were produced and tested for binding to RBD in ELISA and for
neutralizing activity using authentic virus (G614, Alpha, Beta, Delta, Omicron BA.1, BA.1,
BA.5) and pseudovirus (Omicron BA.1, BA.2, BA.5, BQ.1, BQ.1.1, BA.2.75, BA.2.75.2, and
XBB.1). Computational modelling for predicting the antibody structure and antibody-RBD
interaction was performed. We used an avidity assay by surface plasmon resonance (SPR) to
experimentally confirm that the dimeric IgA antibody can simultaneously engage two RBDs on
different S proteins. We also evaluated the protective efficacy of DXP-604 dimeric IgA in a

mouse model using intranasal therapeutic and prophylactic administration.

19


https://doi.org/10.1101/2023.04.17.536908
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.536908; this version posted April 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Study subjects

Study inclusion criteria included subjects who were older than 18 years of age, received
inactivated and/or mRNA vaccines with a documented vaccination history (type of vaccine,
number of doses, interval between the doses, days after the latest dose, and infection data), and
were willing and able to provide written informed consent. The study included 185 samples
from 111 healthy volunteers (66% females, median age of 30 years) in Sweden in 2021-2022
who received two or three doses of inactivated vaccine (CoronaVac, Sinovac or BBIBP-CorV,
Sinopharm), 1 to 3 doses of an mRNA vaccine (BNT162b2, Pfizer—BioNTech or mRNA-1273,
Moderna) or a combination of both (two doses inactivated vaccine followed by a heterologous
mRNA boost), some of whom had experienced BTIs during the Omicron BA.1 wave. A group
receiving one or two doses of mRNA vaccine after SARS-CoV-2 infection (during the G614
wave) was also included (table S1). Samples were collected 5-59 days (median day 20) after
each mRNA dose including after mRNA heterologous boost, 6-92 days (median day 48) after
doses 2 and 3 of inactivated vaccine and 8-43 days (median day 17.5) after BTI (table S1). For
a subset of individuals, we also followed the dynamics of the antibody response 9 months after
the second and third doses of mRNA vaccinations and 10 months after BTI in individuals who
received 2 or 3 mRNA vaccine doses (table S1). Infection was confirmed when an individual
tested positive for antigen or qPCR test. Saliva and plasma samples from prevaccinated,
uninfected healthy donors in our cohort were also collected and used as negative controls (n=7).

The study was approved by the ethics committee of the institutional review board of Stockholm.

Detection of antibodies specific to SARS-CoV-2 RBD
To assess anti-RBD binding activity, high-binding Corning half-area plates (Corning #3690)
were coated with RBD derived from G614, BA.1, BA.2 or BA.4/5 (1.7 pg/ml) in PBS and

incubated overnight at 4°C. Serial dilutions of saliva in PBS with 5% skim milk supplemented
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with 0.1% Tween 20 were added, and the plates were subsequently incubated for 1.5 hours at
room temperature. The plates were then washed and incubated for 1 hour with horseradish
peroxidase (HRP)-conjugated goat anti-human IgM (Invitrogen #A18835), goat anti-human
IgA (Jackson #109-036-011), or goat anti-human IgG (Invitrogen #A18805) antibodies (all
diluted 1:5000 in PBS supplemented with 5% skim milk and 0.1% Tween 20). For detection of
secretory immunoglobulins (sIgA and sIgM), plates were incubated for 1 hour with HRP-
conjugated goat anti-secretory component antibodies (Nordic-MUbio, #GAHu/SC/PO). The
bound antibodies were visualized using tetramethylbenzidine substrate (Sigma #T0440). The
colour reaction was stopped with 0.5 M H2SOs after 10 min of incubation, and the absorbance

was measured at 450 nm in an ELISA plate reader (Varioskan, Thermo Scientific).

Plasma IgA and IgM and salivary antibody levels are reported as arbitrary units (AU)/ml based
on a standard curve generated with data derived from a serially diluted highly positive in-house
serum pool. Plasma and salivary IgG levels are expressed as binding antibody units (BAU)/ml
after calibrating in-house standards to the WHO International Standard for anti-SARS-CoV-2
immunoglobulin (NIBSC, 20/136) (65, 66). For secretory immunoglobulin, serial dilutions of
human monoclonal secretory IgA anti-RBD antibodies (DXP-604) were used for the generation
of a standard curve and measurement of concentrations (ng/ml). Salivary IgA anti-RBD
antibodies were normalized according to the total level of salivary IgA (AU/ug total IgA) to
compensate for the different salivary flow rates between individuals. The positive cut-off was
calculated to be 2 standard deviations (2SD) higher than the mean of a pool of samples taken

from prevaccinated and noninfected individuals (n = 7).

Detection of total IgA immunoglobulin
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To assess total IgA, high-binding Corning half-area plates (Corning #3690) were coated
overnight at 4°C with polyclonal goat anti-human IgA (Southern Biotech, #C5213-R466) (2
pg/ml) in PBS. Serial dilutions of saliva in PBS supplemented with 5% skim milk and 0.1%
Tween 20 were added, and the plates were subsequently incubated for 1.5 hours at room
temperature. The plates were then washed and incubated with HRP-conjugated polyclonal goat
anti-human IgA (Jackson #109-036-011) diluted 1:15000. The bound antibodies were detected
as described above. Serial dilutions of human monoclonal IgA were used for the generation of

standard curves and measurement of concentrations (ng/ml).

Production of SARS-CoV-2 RBD protein

The RBDs of G614, Alpha, Beta, and Omicron (BA.1, BA.2, BA.4/5) variants were ordered as
GeneString from GeneArt (Thermo Fisher Scientific). All sequences of the RBD (aa 319-541
in GenBank: MN908947) were inserted into an Ncol/Notl compatible variant of an OpiE2
expression vector carrying the N-terminal signal peptide of the mouse Ig heavy chain and a C-
terminal 6xHis-tag. RBD of G614, Beta, Delta and Omicron were expressed in a baculovirus-
free expression system in High Five insect cells and purified on HisTrap Excel columns
(Cytiva) followed by size-exclusion chromatography on 16/600 Superdex 200-pg columns

(Cytiva) (67, 68).

Isolation of IgG antibodies by sorting RBD-binding memory B cells
The 01A05 IgG antibody was isolated by sorting RBD-binding memory B cells from
convalescent patients infected with the G614 strain. The G614 RBD was labelled with either

allophycocyanin (APC) or phycoerythrin (PE) for use in a two-fluorescent-dye sorting strategy.
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XG014 (35) and DXP-604 (2, 33) IgG were previously isolated by sorting RBD-binding
memory B cells from convalescent patients infected with the Wuhan strain. rmAb23 was
previously isolated using an antibody repertoire prepared by sequencing PBMCs from patients
infected with the Wuhan strain followed by matching of the VH3-53-J6 heavy chain with a

common IGKV1-9 light chain to produce recombinant antibodies (32).

Cloning of neutralizing IgG antibodies to generate the IgA forms

The heavy and light chain variable genes of DXP-604, XG014, 01A05 and rmAb23 neutralizing
IgG antibodies were cloned into separate pcDNA 3.4 vectors to mediate fusion to an IgAl
constant region and a light chain constant region gene (kappa for 01A05, rmAb23 and DXP-
604 and lambda for XG014), respectively (GenScript). The J-chain and SC genes were cloned
into separate pcDNA 3.4 expression plasmids for the assembly of dimeric IgA and secretory

IgA.

Production and purification of antibodies

The IgG and IgAl antibodies 01A05, rmAb23, XG014 and DXP-604 were produced by
transfection of HD CHO-S cells with plasmids in a 30-ml volume (GenScript). Monoclonal
IgAl antibodies were produced in CHO cells transiently transfected with two plasmids
expressing a heavy and light chain. For the expression of dimeric and secretory IgA1 antibodies,
cells were cotransfected with plasmids carrying the J-chain and SC. The IgG and IgAl
antibodies were purified by single-step affinity chromatography using immobilized protein A
(MabSelect SuRe™ LX, Cytiva) or anti-IgA antibody (CaptureSelect™ IgA Affinity Matrix),

respectively (GenScript).

Binding of monoclonal and recombinant antibodies specific to SARS-CoV-2 RBD
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To assess the anti-RBD IgG or IgA binding activity, high-binding Corning half-area plates
(Corning #3690) were coated with RBD derived from G614WT, Beta, Delta and Omicron
(BA.1, BA.2, BA.4/5) (1.7 pg/ml) in PBS and incubated overnight at 4°C (66). Serial dilutions
of antibody in PBS with 0.1% bovine serum albumin (BSA) were added, and the plates were
subsequently incubated for 1.5 hours at room temperature. The plates were then washed and
incubated with HRP-conjugated goat anti-human IgG (Invitrogen #A18805) or goat anti-human
IgA (Jackson #109-036-011) (diluted 1:15000 in 0.1% BSA-PBS) followed by
tetramethylbenzidine substrate. For each sample, the ECso values were calculated using four-

parameter nonlinear regression GraphPad Prism 7.04 software (69).

Pseudovirus neutralization assay based on the VSV platform

The genes encoding the full S protein of D614G, Alpha, Beta, Gamma, Delta, Kappa, Delta
plus, Mu, Lambda, Iota, Omicron (BA.l1, BA.2, BA.3, BA.1/BA.2 subvariants BA.1.1
(BA.1+R346K), BA.2.12.1 (BA.1+L452Q+S704L) and BA.2.13 (BA.1+L452M)) and clade 1b
SARS-CoV-2 related sarbecoviruses (RaTG13 and Pangolin-GD) were cloned into the
pcDNA3.1 vector. S pseudotyped virus was prepared based on a VSV pseudotyped virus
production system. After transfection and culturing, the supernatant containing pseudotyped
virus was harvested, filtered, diluted to obtain the same particle number across samples, as
determined based on quantitative analysis by RT-PCR, and frozen at —80°C for further use.
Pseudovirus neutralization assays were performed using the Huh-7 cell line (Japanese
Collection of Research Bioresources [JCRB], 0403) or 293T cells overexpressing human
angiotensin-converting enzyme 2, also called 293T-hACE2 cells (Sino Biological Company).
Monoclonal antibodies were serially diluted in DMEM (HyClone, SH30243.01) and mixed
with pseudovirus in 96-well plates. After the mixture was incubated for 1 hour in a 37°C

incubator with 5% CO2, digested Huh-7 cells or 293T-hACE2 cells were seeded. After
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incubation, the supernatant was discarded, D-luciferin reagent (PerkinElmer, 6066769) was
added to avoid a light reaction, and the luminescence value was detected with a microplate
spectrophotometer (PerkinElmer, Ensight, 6005290). The ICso was determined by a four-

parameter logistic regression model.

Pseudovirus neutralization assay based on the HIV platform

The human codon-optimized gene coding for the S protein of G614, BA.1, BA.2 and BA.4/5
lacking the C-terminal 19 codons (Sai9) was synthesized by GenScript. The Saio gene of
BA.2.75, BA.2.75.2, BQ.1, BQ.1.1 and XBB.1 was constructed by site-directed mutagenesis
(QuikChange Multi Site-Directed Mutagenesis Kit, Agilent) using the BA.2 or BA.4/5 Sai9
gene as a template. To generate (HIV-1/NanoLuc2AEGFP)-SARS-CoV-2 particles, three
plasmids were wused, with a reporter vector (pCCNanoLuc2AEGFP), HIV-I1
structural/regulatory proteins (pHIVNLGagPol) and SARS-CoV-2 Saio carried by separate
plasmids as previously described (70). 293FT cells were transfected with 7 pg of
pHIVNLGagPol, 7 pg of pCCNanoLuc2AEGFP, and 2.5 pg of pSARS-CoV-2-Sai9 carrying the
Sa19 gene from G614 or Omicron variants (at a molar plasmid ratio of 1:1:0.45) using 66 ul of

1 mg/ml polyethylenimine (PEI).

Tenfold serially diluted monoclonal antibodies were incubated with pseudovirus carrying the S
protein from SARS-CoV-2 (G614, BA.1, BA.2, BA.4/5, BA.2.75, BA.2.75.2, BQ.1, and
BQ.1.1) for 1 hour at 37 °C. The mixture was subsequently incubated with 293T-hACE2 cells
for analyses of G614 or Omicron pseudoviruses for 48 hours, after which the cells were washed
with PBS and lysed with Luciferase Cell Culture Lysis reagent (Promega). NanoLuc luciferase
activity in the lysates was measured using the Nano-Glo Luciferase Assay System (Promega)

with a Tecan Infinite microplate reader. The relative luminescence units were normalized to
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those derived from cells infected with pseudotyped virus in the absence of monoclonal
antibodies. The ICso values for the monoclonal antibodies were determined using four-
parameter nonlinear regression (the least squares regression method without weighting)

(GraphPad Prism 7.04 software).

Microneutralization assay

The SARS-CoV-2 G614 strain and VOCs (Alpha, Beta, Delta, and Omicron BA.1, BA.2 and
BA.5) were isolated from patients in Pavia, Italy, and identified by next-generation sequencing.
The neutralizing activities of the antibodies were determined via microneutralization assays
(71). Briefly, 50 pl of an antibody, starting at 25 pg/ml and increased in a twofold dilution
series, was mixed in a flat-bottom tissue culture 96-well microtiter plate (COSTAR, Corning
Incorporated) with an equal volume containing a 100 median tissue culture infectious dose
(TCID50) of a SARS-CoV-2 strain that had been previously titrated. All dilutions were
performed using Eagle's minimum essential medium to which 1% (w/v) penicillin,
streptomycin and glutamine and 5 pg/ml trypsin had been added. After 1 hour of incubation at
33°C in 5% CO2, VERO E6 cells (VERO C1008 [Vero 76, clone E6, Vero E6]; ATCC® CRL-
1586™) were added to each well. After 3 days of incubation, the cells were stained with Gram’s
crystal violet solution (Merck) plus 5% formaldehyde (40% m/v) (Carlo Erba S.p.A.) for 30
min. Microtiter plates were then washed in tap water. Wells were analysed to evaluate the
degree of cytopathic effect compared to untreated controls. Each experiment was performed in
triplicate. The ICso was determined using four-parameter nonlinear regression (GraphPad

Prism).

Virus was detected by immunofluorescence following neutralizing antibody assay
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DXP-604 monomeric IgG and monomeric, dimeric, and secretory IgA1 antibodies, each at a
concentration of 3.3 nM, were mixed with an equal volume of Omicron BA.1 (200 plaque-
forming units (PFU) per 100 pL) in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2% foetal calf serum (FCS) and gentamycin and incubated at 37°C for 1
hour. Next, confluent VeroE6 cells in 96-well plates were washed twice with serum-free
DMEM, and the cells were infected with 100 pl of an mAb-virus mix or with virus and no
antibodies for 1 hour at 37°C with 5% COaz. The cells were washed twice, and 100 pL. of DMEM
with 2% FCS and gentamycin was added to each well. After 9 hours of infection, the cells were
fixed with 4% formaldehyde overnight. The cells were washed once with PBS and
permeabilized with 0.2% Triton-X in PBS for 15 min at room temperature. Nonspecific binding
was blocked with 3% BSA in PBS at 37°C for 1 hour. A primary antibody (mouse anti-dsRNA)
at a 1:200 dilution with PBS containing 2% BSA was added and incubated for 2 hours at 37°C.
After 3 washes, secondary goat anti-mouse Alexa 488 (Jackson ImmunoResearch) in 1:200 in
PBS containing 1% BSA and DAPI nuclear stain was added and incubated for 1 hour at 37°C.
After 4 washes with PBS, 150 pL of PBS was added to each well, and microscopy was
performed using a Leica DMi8 with 20X objectives. The same microscopy settings were used
for all images. ImageJ version 2.1.0. was used for processing, and all images were linearly
stretched equally. The concentration of each antibody analysed (3.3 nM) corresponded to the

ICso of the monomeric IgA antibody.

Surface plasmon resonance (SPR)

Antibody binding properties were analysed at 25°C using a Biacore 8K instrument (GE
Healthcare) with 10 mM HEPES pH 7.4, 150 mM NacCl, 3 mM EDTA, and 0.005% Tween-20
as running buffer. SARS-CoV-2 S-trimers (2, 7, 35 and 70 nM) were immobilized on the

surface of a CM5 chip (Cytiva) by standard amine coupling. Increasing concentrations of
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antibody (3.125, 6.25, 12.5 25, and 50 nM) were injected at a single-cycle kinetics setting
(association time: 180 sec, flow rate: 30 pL/min), and dissociation was followed for 10 min.
Analyte responses were corrected for nonspecific binding and buffer responses. Curve fitting
and data analysis were performed with Biacore™ Insight Evaluation Software v.2.0.15.12933.
The fitting of Kon and Koff was performed separately using two different kinetics models. For

Kon, a 1:1 binding model was used, while for Koff, a 1:1 dissociation model was used.

Computational modelling

Computational structure modelling was performed based on the binding of 01A05 to the RBD
of variants (Alpha, Beta, Delta, and Omicron) or through previously published information
(Protein Data Bank (PDB) files) describing docking (rmAb23) (32) or crystallization (DXP-

604 and XGO014) studies (33, 34).

The 01A05 variable fragment was modelled according to the canonical structure method with
the program RosettaAntibody (72) as previously described (73). Docking was performed using
RosettaDock v3.1 as previously described (74). In summary, the 01A05 model was docked to
the WT RBD experimental structure (PDB ID: 6ml7). Among the thousands of
computationally generated complexes, the decoy in better agreement with experimental data
(competition with hACE2 and differential neutralization activity against SARS-CoV-2

variants) was selected and further refined by computational docking.

The selected models of 01A05 and rmAb23 were subjected to a 350 ns molecular dynamics
(MD) simulation to adjust the local geometry and verify that the structure was energetically
stable. MD was performed with GROMACS (75). The system was initially set up and

equilibrated through standard MD protocols: proteins were centred in a triclinic box, 0.2 nm
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from the edge, filled with SPCE water model and 0.15 m Na“Cl" ions using the AMBER99SB-
ILDN protein force field. Energy minimization was performed to allow the ions to achieve a
stable conformation. Temperature and pressure equilibration steps, respectively at 310 K and 1
Bar, of 100 ps each were completed before performing the full MD simulations with the
abovementioned force field. MD trajectory files were analyzed after removal of periodic
boundary conditions. The stability of each simulated complex was verified by root mean square

deviation and visual analysis.

The structures of mIgG, mIgA and dIgA DXP-604 bound to two SARS-CoV-2 S trimers were
built using PyMOL software (The PyMOL Molecular Graphics System, Version 2.0

Schrodinger, LLC).

Antibody protection in an animal model

The animal study was performed in an animal biosafety level 3 (ABSL3) facility using HEPA-
filtered isolators. All animal procedures were approved by the Institute of Laboratory Animal
Sciences (ILAS), Chinese Academy of Medical Sciences (CAMS) and Peking Union Medical

College (PUMC) (BLL22007).

SARS-CoV-2/human/CHN/GD-5/2022 (Omicron BA.5, GenBank: OP678016) was provided
by Guangdong Provincial Center for Disease Prevention and Control. The virus was produced

with VERO E6 cells, and the SARS-CoV-2 titer was determined by the TCIDso method.

Specific-pathogen-free (SPF) IRC-hACE2 mice, 8-10 weeks old (18-32 g), were provided by
the Institute of Medical Experimental Animals, Chinese Academy of Medical Sciences. hACE2
mice were randomly divided into 4 groups with three mice in each group. The animals were

inoculated intranasally with 50 ul of authentic SARS-CoV-2 Omicron BA.5 (10° TCID50/ml).
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For therapeutic treatment, the mice were administered 60 pg DXP-604 dIgA using a nasal drop
(50 pl), 2 hours after viral challenge, and for prophylactic treatments, 40 or 60 pg DXP-604
dIgA was administered 4 hours before challenge. The negative control group received PBS
only. The infected mice were observed daily to record body weights and symptoms. The
animals were euthanized by exsanguination at 3 days post-infection while under deep
anaesthesia. Tissue specimens, including samples from the lung and trachea, were collected for

quantification of viral load.

Viral load analysis was performed by qRT-PCR. Lung and trachea homogenates were prepared
by using an electric homogenizer. The total RNA of the lungs and trachea was extracted with
the RNeasy Mini Kit (Qiagen). Reverse transcription was processed with the PrimerScript RT
Reagent Kit (TaKaRa) according to the manufacturers’ instructions. qRT-PCR reactions were
performed using the PowerUp SYBG Green Master Mix Kit (Applied Biosystems), according
to following cycling protocol: 50°C 2 min, 95°C 2 min, followed by 95°C 15 s, 60°C 30 s for
40 cycles, and then by the melting curve analysis: 95°C 15 s, 60°C 1 min, 95°C 45 s. Forward
primer 5'-TCGTTTCGGAAGAGACAGGT-3' and reverse primer 5'-
GCGCAGTAAGGATGGCTAGT-3" were used in gRT-PCR. Standard curves were
constructed by using 10-fold serial dilutions of recombinant plasmids with known copy

numbers (from 1.47 x 10° to 1.47 x 10! copies/ul).

Quantification and statistical analysis

A two-sided Mann—Whitney U test was performed for comparisons of anti-SARS-CoV-2
antibody levels between groups. A Wilcoxon signed-rank test was used for comparison of
paired samples. Correlation analysis between antibody levels was performed using Spearman’s

rank correlation. A two-sided t-test was used to compare the viral load in the mouse model. All
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analyses and data plotting were performed with GraphPad 7.05. A p value less than 0.05 was

considered to be statistically significant.

Supplementary Materials

Figs. S1 to S9
Tables S1 and S2

Data file S1
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Fig. 1 Salivary anti-RBD IgA antibodies are produced at low levels following vaccination. (A to C) Salivary anti-RBD IgA (A), IgG (B) and

IgM (C) antibodies in different vaccination groups. For each group, the number of samples (n =) and median antibody titres are shown below the
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X-axis. Whiskers indicate the interquartile range. The results of anti-RBD antibodies are presented as arbitrary units (AU)/ug total IgA (salivary
IgA), binding antibody units (BAU/ml) (salivary and plasma IgG) or arbitrary units (AU)/ml (salivary IgM). HV: Heterologous vaccination (two
doses of inactivated vaccine followed by a heterologous mRNA boost, Inf+Vac: one or two doses of mRNA vaccine after SARS-CoV-2 infection
(during the G614 wave), BTI: breakthrough infection (during the BA.1 wave) after inactivated and/or mRNA vaccines. A two-sided Mann—Whitney
U test was used. (D and E) Dynamics of salivary anti-RBD IgA and IgG antibodies after the third (D3) doses of mRNA vaccine (BNT162b2 or
mRNA-1273) (D) or after a breakthrough infection (BTI) in mRNA-vaccinated individuals (E). (F and G) Salivary anti-RBD IgA (F) and IgG (G)
antibodies against G614 and Omicron variants BA.1, BA.2 and BA.4/5 after the second (D2) and third (D3) doses of mRNA vaccine, and following
BTI in mRNA-vaccinated individuals. The number of fold differences of median compared to G614 are indicated. A Wilcoxon paired-sample

signed-rank test was used. *p < 0.05, ** p <0.01, *** p <0.001, and **** p <0.0001. ns, not significant. See also fig. S1.

9sUBI| [euoneUIBIU| 0’ AN-DN-AG-DD® 1apun ajge|ieAe apew
s11] *Aunjadiad ur juudaid ay) Aejdsip 01 asuadl| e Alxyolq pajuelb sey oym ‘1apuny/ioyine ayl si (Malnal 1aad Aq paliiad Jou Sem Yoiym)
windaud siys Joy Japjoy 1yBLAdod syl *€z0z ‘6T Iudy paisod uoisiaA SIyl :8069€S° LT +0°€202/TOTT 0T/B10"10p//:sdny :10p undaid AxHoIq

45


https://doi.org/10.1101/2023.04.17.536908
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.536908; this version posted April 19, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A rmAb23
},/l‘ s »' N
//'{7;,-‘:‘,’ *SY\\ ,«{‘,"‘
ik ) RO
¢ f{(\‘ R Ao
& ;gu ?
o L% ’ !
] § 5
XG014
01A05 IgG mAb23 IgG DXP-604 19G XG014 g6 Grticeon: Griicran: Binicron
4 4 4 -~ G614 G614 Apha Beta Deta BA1 BA2 BA4/5  EC50 (nM)
€3 3 3 = Alpha 01A05 [ 0.04 | 0.03 0.03 041
& ~ Beta mAb23[ 013 | 189 0.09 5
22 2 2 = Delta DXP-604_001 | 001 | 002 | 001 | 113 | 948 | 16 510
O 4 1 1 = Omicron BA.1 XG014 | 004 | 004 | 006 | 003 | 398 | 102 | 033 | [NNN>10
> - Omicron BA.2
o+ : 0 = f
432401 -4-3-2-101 S22 4 0 M “"OmiconBAAS
log 10 (nM) log 10 (nM) log 10 (nM) log 10 (nM)
01A05 IgG rmAb23 IgG DXP-604 1gG XG014 1gG
£ ~ G614 Omicron Omicron Omicron
% ~ Alpha G614 Apha  Beta Deta BA1 BA2  BAS  IC50 (nM)
£ ~ Beta 0105 [ 0181041 562 ND | _ND 01
3 ety BAT rmAb23|_ 444 1445 ND | D 1-10
3 ~ OmicronBA2 ~ DXP604 03 | 293 | 771 | 278 | 2293 | 263 | 1236 10-50
Z ol o A iy Siek Omicron BA.5 XG014 [ 024 | 079 | 234 | oo7 ss0
3240123 210123 -1 210 1 2
log 10 (nM) log 10 (nM) log 10 (nM) log 10 (nM)
D /
4 )
e . E
g & DXP-604 LY-CoV016 H

T A
A; - LY-CoVO16 L > %{
P
0 S28
. ACE2 G28; f S67 230 R31
, S L S30% -
A h DXP-604 H 5 : ' és" = Y /=2 \:
“&’ ) 02| o A4

s L )\ oy | o G502| o4
T o e e \'0498/ 3 Q498 é ’
& A ’}m‘ DXP-604 L = =
SARS-CoV-2 RBD SARS-CoV-2 RBD

Fig. 2 Characterization of neutralizing antibodies 01A05, rmAb23, DXP-604 and XGO014.
(A) In silico binding of ACE2 and IgG antibodies to RBD. The ACE2 receptor binding motif
(RBM) is indicated (blue). (B and C) Binding to RBD (B) and neutralization (C) of G614 and
variants of concern (VOCs) by IgG antibodies. The ECso and ICso and fold-change differences
between IgG and IgA antibody forms are indicated. (D) Overlaid crystal structures of LY-
CoVO016 Fab (PDB ID: 7C01) and DXP-604 Fab 473 (PDB ID: 7CH4) in complex with SARS-
CoV-2 RBD (left picture) and the footprints of LY-CoV016, DXP-604, and ACE2 (PDB ID:
6MO0J) on SARS-CoV-2 RBD. Atoms of the RBD within 5.0 A of the antibodies or ACE2 are
coloured yellow (LY-CoV016 H), red (LY-CoV016 L), cyan (DXP-604 H), orange (DXP-604
L) or blue (ACE2) (right picture). (E) Hydrogen bonds were formed between S30/S67 in the
light chain of DXP-604 and RBD Q498, which is a key ACE2-binding site, and between the
main chain groups of Q27/S28 and RBD G502. See also fig. S2, S3 and S4.
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Fig. 3 Dimeric and secretory IgA1 showed enhanced binding and neutralization activity

against variants of concern (VOC:s). (A) Illustration showing antibodies engineered from IgG

into monomeric, dimeric and secretory IgAl. (B) SDS-PAGE under reducing (R) and

nonreducing (NR) conditions showing the assembly and purity of DXP-604 IgG and IgAl

antibodies. HC, heavy chain; LC, light chain; SC, secretory component; J chain, joining chain.

The J chain migrates at the same molecular weight as the light chain. (C and D) Binding to

RBD (C) and neutralization (D) of G614 and variants of concern (VOCs) by DXP-604 1gG and

IgA (monomeric (mIgATl), dimeric (dIgA1) and secretory IgA1 (sIgAl)) antibodies. The ECso
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and ICso and fold-change differences between IgG and IgA1 antibody forms are indicated. (E)
Staining of virus following infection of Vero E6 cells with SARS-CoV-2 Omicron BA.1
preincubated with 3.3 nM DXP-604 IgG or IgAl forms. Omicron BA.l-infected cells were
used as a negative control (control). SARS-CoV-2 virus was visualized using Alexa 488
(green)-conjugated antibody, and the nucleus was stained with DAPI (blue). Scale bar, 100 uM.
See also fig. S5 and Sé.
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Fig. 4 Increased neutralization potency of DXP-604 dimeric IgA is associated with increased avidity. (A and B) Representative SPR traces
used to determine ka and kq of dimeric IgA1 (A) and monomeric IgG (B) at different concentrations (70, 35, 7 or 2 nM) of immobilized S-trimers

on the SPR chip. The ka and kd are indicated below each graph. (C) Plots of normalized ka (top) and kd (bottom) obtained with different
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concentrations of immobilized S-trimers. Increasing normalized kd values indicate loss of avidity. ka and kd were normalized against the values at
the highest S-trimer concentration. (D) DXP-604 dimeric IgA1 and monomeric IgG have different binding modes that are available when high or
low quantities of S-trimers are immobilized on the surface of the SPR chip. (E) Computational simulation for inter-S linking by DXP-604
monomeric IgG and IgA1, and dimeric IgA1 antibodies. The predicted distance between S-trimers necessary for linking is indicated. See also fig.

S7.
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Figure 5. Intranasal administration of dimeric IgA in hACE2 mice is protective against
Omicron BA.5 (A) Experimental design for the evaluation of DXP-604 dIgA using therapeutic
and prophylactic intranasal administration. (B and C) Viral loads in the lung and tracheal tissues
(B), and body weigh change (C) of Omicron BA.5-infected mice after administration of a single
dose of DXP-604 dIgA in a therapeutic (60 pg, 2 h post-infection) and prophylactic (40 or 60
ug, 4 h pre-infection) setting. Viral loads and weigh change are expressed as the mean +
standard deviation for three mice. A two-sided unpaired t-test was used. * p <0.05, and ** p <

0.01.
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