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ABSTRACT

The global health crisis and economic tolls of COVID-19 necessitate a panoply of strategies to treat SARS-
CoV-2 infection. To date, few treatment options exist, although neutralizing antibodies against the spike
glycoprotein have proven to be effective. Because infection is initiated at the mucosa and propagates
mainly at this site throughout the course of the disease, blocking the virus at the mucosal milieu should be
effective. However, administration of biologics to the mucosa presents a substantial challenge. Here, we
describe bifunctional molecules combining single-domain variable regions that bind to the polymeric Ig
receptor (plgR) and to the SARS-CoV-2 spike protein via addition of the ACE2 extracellular domain (ECD).
The hypothesis behind this design is that plgR will transport the molecule from the circulation to the
mucosal surface where the ACE ECD would act as a decoy receptor for the nCoV2. The bifunctional
molecules bind SARS-Cov-2 spike glycoprotein in vitro and efficiently transcytose across the lung epithe-
lium in human tissue-based analyses. Designs featuring ACE2 tethered to the C-terminus of the Fc do not
induce antibody-dependent cytotoxicity against plgR-expressing cells. These molecules thus represent
a potential therapeutic modality for systemic administration of neutralizing anti-SARS-CoV-2 molecules to

ARTICLE HISTORY
Received 29 July 2021
Revised 22 September 2021
Accepted 27 September 2021

KEYWORDS

Polymeric Ig receptor; plgR;
sars-cov-2. coronavirus;
antibody; lgg; bifunctional;
bispecific; transcytosis;
mucosa

the mucosa.

Introduction

Since its outbreak, the COVID-19 pandemic caused by SARS-CoV
-2 virus has resulted in over 230 million infections and over
4.7 million deaths." The global health and economic disruptions
caused by the spread of COVID-19 necessitate rapid development
of treatments. Interventions largely focus on three strategies: vac-
cines, antiviral drugs, and biologics.” Although vaccine adminis-
tration is the most effective way to reduce viral transmission and
illness, widespread administration, high compliance, and high
effectiveness are required.” Additionally, patients with compro-
mised immune systems frequently show low antibody titers after
vaccine challenge and are prone to hospitalization. To date, a few
antibody and anti-viral therapies have been granted emergency
use authorization to treat hospitalized COVID-19 patients.*
Biologic therapies offer higher potential specificity, efficacy, and
lower toxicities than antiviral therapies. However, for respiratory
targets, delivery of biologics has proven a challenge due to poor
accessibility of IgG in the mucosal spaces.” Thus, there remains
a critical unmet medical need for prophylactic and therapeutic
interventions for infected patients, particularly during acute
infection.

SARS-CoV-2 is a betacoronavirus featuring a positive-sense
single-stranded, 30 kb RNA genome whose envelope is deco-
rated by a homo-trimeric, 140 kDa spike glycoprotein (Uniprot
ID PODTC2). The spike glycoprotein is divided into S1 and S2

subunits, which are cleaved by furin but remain bound
together (Supplementary Fig. S1).” The S1 subunit contains
the receptor binding domain (RBD), which binds the host
receptor angiotensin-converting enzyme 2 (ACE2) upon pro-
teolytic cleavage and helps to stabilize the “closed”, or pre-
fusion state of the spike glycoprotein.*”'* The S2 subunit com-
prises the helical structure containing the fusion peptide
responsible for target cell membrane fusion resulting in viral
entry into the host cell. Upon binding to ACE2, the spike
glycoprotein undergoes a conformational change to the
“open” state, allowing the fusion pore to breach the target cell
membrane. Fusion and host cell entry occurs in minutes,
followed by an eclipse period of ~10 hr, leading up to a viral
burst of ~10° virion particles per cell.'®

ACE2 converts angiotensin II into angiotensin 1-7 and is
expressed in lung at only 0.8 transcripts per million.'® However,
expression of ACE2 is localized to alveolar, oral, and nasal epithe-
lial cells, capillary endothelium cells, and type II pneumocytes,
which appear to be the targets of viral entry into the respiratory
system.'”'® ACE2 is also highly expressed in intestinal enterocytes,
and gut infection represents an additional pathogenic mechanism
for SARS-CoV-2."""! Vaccine development for anti-SARS-CoV
-2 prophylaxis has yielded several successful candidates, but an
unmet need remains for treatment of acute and severe COVID-19
cases. Identification of novel anti-SARS-CoV-2 antibody-based
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therapeutics has been under intense investigation, including char-
acterization of patient-derived antibodies for both convalescent
plasma transfer and production of recombinant therapeutics.”

Only one anti-viral antibody (Ab)-based therapeutic (anti-
respiratory syncytial virus palivizumab (SYNAGIS)) has been
approved for respiratory infection, while a total of 5 anti-SARS-
CoV-2 antibodies (bamlanivimab; bamlanivimab/etesevimab;
REGEN-COV (casirivimab/imdevimab; sotrovimab) have received
emergency use authorizations as monotherapy or part of a mixture.
In contrast, anti-influenza antibodies have shown mixed responses
in clinical studies, highlighting both the potential and challenges of
biologics in viral disease.”>"” Biologics offer long half-lives, high
target specificity, and can exploit immune effector functions against
targets, although effector function has been a proposed source of
antibody-mediated enhancement (ADE) of disease.”® Viral muta-
tion, however, can lead to the emergence of escape mutants. One
strategy to overcome viral escape is administration of the recombi-
nant receptor extracellular domain (ECD) recognized by the viral
spike protein (e.g., ACE2 for SARS-coronaviruses), and indeed,
treatment with recombinant soluble ACE2 protein may have
potential therapeutic benefit in SARS-2 infected patients.”” '
Recombinant decoy receptor therapeutics offer two distinct advan-
tages. First, they are unlikely to be affected by escape mutants,
which appear to be emerging for SARS-CoV-2.>> ** Second,
recombinant decoy receptors need not be identified de-novo for
new viruses within a family. These decoy receptors have also been
formatted with various half-life extension moieties, such as Fc
fusion to improve therapeutic properties.*>>*

The main challenge to both antibody and ACE2-based mole-
cules is that the molecules are not able to traverse from circulation
to the lung mucosa, and thus require high doses, in the ranges of
20-50 mg/kg (~3.5 g of antibody per dose), which presents a chal-
lenge regarding cost of goods. One anti-influenza antibody,
VIS410, achieved ~20 ug/mL nasopharyngeal concentration
upon dosing at 50 mg/kg and showed promise in prophylactic
settings, while used as a treatment showed maximum efficacy with
doses of 2,000 mg, which can lead to a high cost of goods.”>****
These results suggest that, given sufficient exposure, biologic treat-
ments can reduce viral burden and limit disease symptoms.
However, increasing both the rate and magnitude of mucosal
exposure of biologics can lead to substantial improvements in
patient outcomes and reduction in cost of commercial manufac-
turing by reduced dosages.

Innate mucosal immunity is dominated by IgA, and although
IgA is the most highly produced Ig type, it is present only at low
levels in serum.*® Dimeric IgA is transported efficiently into the
mucosa via the polymeric Ig receptor (pIgR).””*® Indeed, a strong
secretory IgA-dominant SARS-CoV-2 immune response in
human milk after COVID-19 infection has been observed, sug-
gesting the susceptibility of SARS-CoV-2 to elimination via
secreted antibodies.”® Use of dimeric IgA as a therapeutic is
complicated by production challenges such as low expression
yields and glycan heterogeneity, necessitating alternative strategies
to enrich neutralizing antibodies in the mucosa.** We and others
have developed anti-pIgR single-domain antibodies (VHH) that
can exploit pIgR-mediated transcytosis to deliver IgG across the
endothelium into the lung mucosa.*"*> We have shown that
molecules harboring the anti-pIgR domains displayed increased
level of transport across Madin-Darby canine kidney (MDCK)

cell-derived monolayers and across human-derived lung epithelial
layers by >30-fold compared to conventional IgG.*' This platform,
which we call BRING-IT (Bi-directional polymeric Ig receptor
mediated transport of biologics), has the potential to deliver IgG
into the mucosal lumen, where it can target and neutralize mucosal
antigens or pathogens such as SARS-CoV-2.

Here we describe bifunctional molecules comprising the
anti-pIgR VHH moieties that mediate transcytosis across the
epithelium and the ACE2 ECD capable of neutralizing SARS-2
viruses. Both of these moieties are fused to an Fc to extend the
serum lifetime and to potentially facilitate effector functions.

Results
Design of anti-plgR based bifunctional molecules

We sought to generate bifunctional molecules that could engage
both pIgR and the RBD of the SARS-CoV-2 spike glycoprotein,
which includes all residues required for binding to ACE2
(Supplementary Figure 1). We previously identified a panel of
heavy chain only (VHH) antibodies that could bind human pIgR
with affinities ranging from ~4 to 500 nM.*" Of these, VHH2 and
VHHS6 were included in this analysis since VHH2 displayed cross-
reactivity to mouse pIgR and both displayed strong transcytosis in
an MDCK monolayer-based assay and in a human epithelial air-
way model. To mediate binding to the SARS-CoV-2 spike glyco-
protein, we identified 2 antibodies that were reported to display
neutralization activity — D001 (Sino Biological cat. # 40150-D001)
and SAD-S35 (Acro Biosystems cat. # SAD-S35). Since the emer-
gence of SARS-CoV-2 spike protein variants may lead to viral
escape from neutralizing monoclonal Abs (mAbs), we focused on
use of recombinant ACE2, and thus, these two neutralizing mAbs
were used as binding controls. Another non-neutralizing mAb,
CR3022, was used as a negative control in neutralization studies.*
Bifunctional molecules were generated with either VHH2/6 and
the ECD from ACE2 (Supplementary Figure 1, Table 1). Two
truncations of the ACE2 ECD were used: residues 18-611 and
18-725, which begin after the native signal peptide. The short
truncation was based on analysis of the crystal structure of ACE2
(PDB ID 1R42), which suggests that both constructs could form
stable molecules.** The ACE2 ECD was fused to either the N- or
C-terminus of the Fc while the anti-pIgR VHH moieties were
formatted only on the N-terminus of the bifunctional molecules
to avoid binding with preformed antibodies in human sera.*> All
molecules featured a human IgG1l-based constant region.

Binding properties of antibodies to plgR and spike
glycoprotein

Spike glycoprotein

We measured the abilities of the molecules to bind both the spike
glycoprotein and pIgR. In this study, relative Kp, values, based on
surface biolayer interferometry, are reported (Figure 1, Table 2).
All control antibodies, including D001 and SAD-S35, along with
the ACE218-611 and ACE218-725 fusion proteins, displayed
binding to COVID-19 RBD.* Bifunctional molecules featuring
the VHH-ACE2-Fc architecture (CV19B265, CV19B277,
CV19B283, and CV19B289) bound to the SARS-CoV-2 spike
glycoprotein with similar affinities, each ~2-3-fold weaker than
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Figure 1. Surface Biolayer Interferometry-based binding of mAbs and bifunctional molecules to spike glycoprotein and to plgR. Antibodies and antigens are
indicated in the graphs. Graphs represent magnitude of response (nm) over time. Association and dissociation are displayed along with fitted curves.

D001 and SAD-S35. Interestingly, of these four antibodies, the two
featuring the negative control VHH, targeted against mouse
EGFR, (CV19B265 and CV19B289) displayed off-rates of binding

Table 1. Description of Proteins.

Protein Name Glyph Description

CV19B308 \“/ plgR-VHH2-Fc-MSCD342-ACE21g.611
e

CV19B307 \“/ plgR-VHH2-Fc-MSCD342-ACE215 725
e

CV19B301 \l e pIgR-VHH6-Fc-MSCD342-ACE215 725
¢ L

CV19B290 \l 4 null-VHH-Fc-MSCD342-ACE2,g 611
¢ L,

CV19B289 \1 o null-VHH-Fc-MSCD342-ACE215.75

CV19B283 \1 P plgR-VHH2-MSCD342-ACE215.755-FC

CV19B277 \\w ’,/ pIgR-VHH6-MSCD342-ACE2,g 755-Fc

CV19B265 \1 ‘,/ null-VHH-MSCD342-ACE2+3.755-Fc

CR3022 \\[ S5 pan-SARS-CoV mAb

D001 \k » SARS-CoV-2 neutralizing mAb

SAD-S35 \\L P SARS-CoV-2 neutralizing mAb

~5-fold faster than the mAbs and the bifunctional molecules
featuring VHH2 (CV19B277 and CV19B283). Bifunctional mole-
cules featuring the ACE2 ECD attached to the C-terminus of the
Fc (CV19B290, CV19B301, CV19B307, and CV19B308) displayed
a wide range of affinities for spike glycoprotein. We note that
CV19B290 featured the short truncation of ACE2 and displayed
the weakest binding.

The emergence of SARS-CoV-2 variants has led to the question
of whether neutralizing monoclonal antibodies would retain activ-
ity, but recombinant ACE2 is expected to effectively neutralize all
variants because ACE2 is the native receptor for SARS-CoV-2.*7*®
Thus, we tested the abilities of the ACE2 bifunctional molecules to
bind to the Y435F, N439K, N501Y, and D614G variants, which are
associated with increased infectivity of SARS-CoV-2 and can pre-
vent neutralization by some mAbs.*” For example, mutations at
N439 were shown to modulate interaction with REGN-COV2,
and is thus likely to represent part of an important epitope for
neutralization.”® All molecules tested here showed qualitatively
similar binding to the spike glycoprotein variants Y435F, N439K,
and N501Y as to wild-type spike glycoprotein (Figure 1,
Supplementary Fig. S2). The D614G mutation stabilizes the
“closed” structure of the spike glycoprotein, and was shown to
decrease the ability of ACE2 to bind the spike glycoprotein.”
Consistently, both the ACE2 bifunctional molecule and the
mAbs all showed modest decrease in binding to the D614G
variant. Interestingly, one bifunctional molecule, CV19B307 dis-
played similar ability to bind all variants, including the D614G
variant.

plgR

All the mAbs and bifunctional molecules featuring the null VHH
(CV19B265, CV19B289, and CV19B290) failed to bind pIgR, as
expected (Figure 1, Table 2). Bifunctional molecules containing
VHH2 (CV19B283, CV19B307, and CV19B308) bound to pIgR
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Table 2. Binding kinetic values from surface biolayer interferometry.

SARS-CoV-2 spike plgR

kan koff Kd kon koff Kd
Protein (min"1 nM™") (min™") (nM) (min"1 nM™") (min™") (nM) Relative Kd (VHH2)
CV19B277 32157 0.0008426 26.2 39.9 0.008349 2x10° 142857
CV19B308 2975 0.003050 1.025 x 10% 63861 8.646 x 107 14 1
CV19B307 8646 0.001496 173.1 44364 0.0002236 5.0 4
CV19B301 10783 0.001092 101.2 13406 0.003557 265.3 190
CV19B290 37.88 0.008619 228 x 10° NB NB NB NB
CV19B289 15478 0.002270 146.7 NB NB NB NB
CV19B283 28303 0.0009639 34.1 5.1x10* 0.0004055 7.8 6
CV19B265 37364 0.001704 456 NB NB NB NB
D001 43749 0.0006574 15.0 NB NB NB NB
SAD-S35 37484 0.0005347 143 NB NB NB NB

with Kd values ~5 nM, consistent with our previous findings.*'
Bifunctional molecules containing VHH6 (CV19B277 and
CV19B301) bound with Kd ~ 0.2 mM or 265 nM, respectively.
The significantly weaker binding by CV19B277 may have been
due to its being fused in tandem on the N-terminus of ACE2,
although the mechanism for its reduced binding was unknown.

Bifunctional molecules display anti-SARS-CoV-2 activity
and design-dependent ADCC activity

Antibodies were then tested for their abilities to compete
binding between SARS-CoV-2 S-protein and ACE2 using an
MSD-based surrogate neutralization assay modified from
a previous report (Figure 2a, Table 3, Supplementary Fig.
$3).>! This immunoassay-based surrogate neutralization assay
has been shown good correlation with the infectivity-based
neutralization assay. D001 displayed inhibitory activity with
ICsp = 0.2 nM, while CR3022, an anti-SARS-CoV antibody
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known to lack the ability to neutralize SARS-CoV-2,”>* failed
to compete. All bifunctional molecules featuring the ACE2
ECD displayed surrogate neutralization ability, with ICsq ran-
ging from 1-3 nM, with maximum activity within 4-10-fold to
that of D001. Thus, competition with SARS-CoV-2 S-protein
appeared to be universal to all bifunctional molecules featuring
the ACE2 moiety. The bifunctional molecules were designed to
target pIgR on mucosal epithelial cells and co-transcytose
across epithelial layers. However, targeting pIgR with an anti-
body featuring an active Fc region posed the risk of inducing
antibody-dependent cell-mediated cytotoxicity (ADCC)
against the epithelial cells, resulting in potential undesirable
toxicity. We assessed the ability of the bifunctional molecules
to mediate ADCC against pIgR-expressing MDCK cells
(Figure 2b). Each bifunctional molecule was designed using
either an active, wild-type IgG1 Fc or a silenced Fc, designated
“silent” (containing mutations to disrupt binding to Fcy recep-
tors). Peripheral blood mononuclear cell (PBMC) samples
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Figure 2. Bifunctional molecules Display Specific Functional Activity Against SARS-CoV-2. (a) Functional competition ability is plotted vs. antibody concentration.
Antibodies are indicated in the graph. (b) PBMC-mediated ADCC of MDCK-plgR cells is plotted as green area per well (normalized to 0 h) vs concentration of bifunctional

molecule (nM). Antibodies are indicated in the legend.



Table 3. IG5, Values for SARS-CoV-2 competition.

Antibody 1C50 (NM)
CV19B277 2.876
CV19B283 1.512
CV19B301 1.195
CV19B307 1.424
CV19B308 3.206
CR3022 N/A
SAD-S35 0.3233
D001 0.2991

were composed of ~ 7% CD19 + B cells, 60% CD3 + T cells, and
6% CD56+, CD16+ natural killer (NK) cells (Supplementary
Fig. $4). Each bifunctional molecule was formatted on both an
active and “silent” Fc region to disrupt interaction with Fcy
receptors.”* Two control molecules harboring the ACE2 ECD
and a non-binding control VHH failed to mediate ADCC, as
expected since they lack binding to pIgR. Bifunctional mole-
cules featuring anti-pIgR VHH moieties on a silent Fc also
failed to mediate ADCC, due to their inability to bind Fcy
receptors on NK cells. Interestingly, of the bifunctional mole-
cules having an active Fc, only those in which the anti-pIgR
VHH was fused in tandem with the ACE2 ECD on the
N-terminus of the Fc (CV19B277 and CV19B283) displayed
modest ADCC activity. Other bifunctional molecules in which
the anti-pIgR VHH was fused onto the N-terminus of the Fc
with the ACE2 ECD on the C-terminus of the Fc (CV19B301
and CV19B307) failed to mediate ADCC, despite binding pIgR
on the MDCK cells and having an active Fc. This suggested that
either the presence of the C-terminal ACE2 ECD inhibited
ADCC or that this architecture allowed transcytosis rates to
exceed the binding rate for Fcy receptor engagement.

plgR Engagement Led to Serum Clearance and Mucosal
Enrichment

The anti-pIgR VHH modules could mediate transcytosis across
both MDCK cell bilayers and in a human epithelial microtissue
model, and we thus asked whether this pIgR-mediated trans-
cytosis could occur in vivo.*! We selected VHH2, and VHH6
for pharmacokinetic analysis in either monovalent or bivalent
format in C57BL/6 mice (Supplementary Fig. S4,
Supplementary Table S1). Although VHH2 and VHH6 were
used in the bifunctional molecules, only VHH2 could cross-
react with mouse pIgR. As expected, a monovalent VHH6
displayed a serum half-life of ~ 8.2 d, consistent with that of
the null VHH-Fc (terminal half-life (T1/2) ~ 82 d).
Conversely, molecules harboring a single copy of the mouse
pIgR cross-reactive VHH2 module displayed rapid serum
clearance, with T1/2 ~ 3.2 d, demonstrating a target-mediated
drug disposition effect. A bivalent antibody featuring two
copies of VHH2 displayed even faster serum clearance, having
a T1/2 value of 0.55 d. Distinct from primates, mice display
high pIgR expression in the liver, and this could explain the
faster clearance of the anti-pIgR VHH2 domains.”” As a result
of pIgR expression in mouse liver, we cannot study the mucosal
transport of VHH2-containing bifunctional molecules in
a mouse model.

MABS (&) e1987180-5

To assess the ability of the VHH domains to transcytose in
a human, we analyzed the bifunctional molecules featuring
VHH2 and VHHS6 using the EpiAirway 3D model (MatTEK
Life Sciences), an established lung tissue model engineered
from primary human tracheal bronchial cells, to test the trans-
cytosis activity of bifunctional molecules to the mucosal lumen
(Figure 3a). As expected, bifunctional molecules featuring the
null-VHH, which does not bind pIgR, did not effectively
transcytose (CV19B289, CV19B290, and CV19B265).
Conversely, bifunctional molecules that could bind pIgR dis-
played higher apical concentration, indicating higher transcy-
tosis. Indeed, protein recovery from the mucosal extract
appeared to result through cross-tissue transport, as shown
by confocal imaging (Figure 3b-c). Staining for both pIgR
and anti-VHH at 24 hr showed that CV19B307 (VHH2) was
localized throughout the tissue while CV19B290 (null VHH)
failed to transcytose through the tissue at all. Interestingly,
bifunctional molecules in which the anti-pIgR VHH domains
were fused directly to the N-terminus of the Fc (CV19B301,
CV19B307, and CV19B308) appeared to transcytose more
effectively than bifunctional molecules in which the anti-pIgR
VHH was fused in tandem with the ACE2 ECD on the
N-terminus of the Fc (CV19B277 and CV19B283). In the
case of CV19B301 and CV19B307, approximately 6% of the
total protein was recovered in the mucociliary milieu, com-
pared to ~0.3% for the bifunctional molecules featuring the
null VHH, or ~16-fold enrichment in the mucosa. Although
the amount of protein retained in the basal chamber was not
measured, a large amount of bifunctional molecule was
retained within the tissue space and non-recoverable from
the mucosal extract, and it is possible that this bifunctional
molecule would ultimately be fated for mucosal secretion
(Figure 3b). The binding affinity of the anti-pIgR VHH had
less effect on transcytosis, although the bifunctional molecule
featuring the shorter ACE2 fragment (CV19B308) displayed
somewhat weaker transcytosis. Based on transcytosis ability,
the two most optimal bifunctional molecules were CV19B301
and CV19B307, having mucosal enrichment >16-fold com-
pared to CD19B265 (null VHH).

Discussion

Here we describe a panel of bifunctional molecules that bind
both pIgR and the SARS-CoV-2 spike glycoprotein. These
bifunctional molecules can be efficiently transcytosed across
the lung epithelium into the mucosa in an ex vivo human epi-
airway model and can compete with SARS-CoV-2 for binding
to ACE2-expressing cells (Figure 4). Antibodies were designed
using the ACE2 ECD to avoid escape mutants of SARS-CoV-2.
Bifunctional molecules featuring N-terminal anti-pIgR VHH2
and a C-terminal ACE2 fusion were preferred, based on main-
tenance of spike protein and pIgR binding, functional activity,
and transcytosis. The design of CV19B301 and CV19B307,
having the anti-pIgR VHH fused to the N-terminus of the Fc
and ACE2 fused to the C-terminus (Table 1), were most
advantageous since they displayed ~ 16-fold enrichment in
the mucosa, compared to null bifunctional molecules.
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Figure 3. Transcytosis in lung microtissues. A) Transcytosis of bifunctional molecules in EpiAirway tissue model in 24 h post application. For each sample, 20 mg of
protein was added to the basolateral well, and after 24 hr, the mucosal surface was washed and the levels of transcytosed antibodies were quantified. Levels are shown
in total micrograms transcytosed in a 24 h period. Error bars represent standard error and are representative of at least 2 independent experiments. B-C) Confocal image

showing the human EpiAirway microtissue for CV19B307 (b) and CV19B290 (c). Staining shows: blue (nuclei), green (anti-VHH), and red (pIgR). Scale bars shows 50 mm
(insets) and 100 mm (main image).
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the RBD domain through their ACE2 ECD moiety in a steric mechanism.



Several groups have suggested use of the ACE2 ECD-Fc as
a therapeutic, and some have showed that ACE2 can neutralize
SARS-CoV-2."">**® The bifunctional molecules tested in this
study could compete with the viral spike glycoprotein for ACE2
ECD binding in a surrogate neutralization assay, indicating that
the addition of the anti-pIgR VHH moieties did not disrupt
interactions between the spike glycoprotein and ACE2.
Although ACE2 can compete with SARS-CoV-2 S-protein, bio-
logic-based therapies for mucosal targets present challenges for
development. In particular, IgG-based antibodies delivered intra-
venously or subcutaneously often fail to efficiently cross endothe-
lial boundaries. Thus, expected efficacious doses for IgG targeted
to some mucosal antigens such as influenza can be as high as
50 mg/kg, which can be prohibitive for commercial
development.*® Addition of the anti-pIgR moieties is expected to
increase transcytosis across endothelial layers by ~30-fold, which
suggests that efficacious doses could be lowered by a similar level,
resulting in more economical commercial manufacturing.
Additionally, ACE2-Fc was tested clinically for its ability to
decrease inflammation levels in acute respiratory distress syn-
drome, but was unsuccessful largely due to low exposure in the
mucosa. pIgR is highly expressed in lung and gut endothelium,
and these layers comprise ~78 m2 and 32 m2 of surface area,
respectively, in humans, suggesting that the efficiency of pIgR-
mediated transcytosis is a bulk transport mechanism and that
bifunctional molecules would be transported primarily to lung
mucosa where it could neutralize SARS-CoV-2 and potentially
target infected cells and reduce inflammation.””*® Although
SARS-CoV-2 presents a potentially wider therapeutic window
than influenza, based on the longer time-course of viral shedding,
the cascade of inflammatory cytokines associated with severe
COVID-19, brought on by the release of damage-associated mole-
cular patterns by infected cells suggests that early treatment would
be favored to limit viral burden in patients.” Although the poten-
tial benefit of therapeutic ACE2 administration after severe infec-
tion are unknown, the expected benefit in viral clearance suggests
that at least the time-course of inflammatory dysregulation could
be decreased. The potential gut localization of the bifunctional
molecules could provide a critical advantage for SARS-CoV-2
infection in this mucosal space, since SARS-2 is known to infect
enterocytes and elicit pathologic effects in the gut, providing
additional benefit to patients.'™!

Although the ACE2 fusion molecules displayed neutralizing
activity, mAbs are often preferred due to higher affinity binding
and ease of manufacturing. Indeed, neutralizing Abs D001 and
SAD-S35 displayed more potent neutralizing activity compared
with ACE2, and these may present another potential therapeutic
design. However, one limitation of mAb-based antiviral therapeu-
tics is the ability of viruses, particularly fast-mutating RNA
viruses, to mutate and escape neutralization by mAbs. Recently
characterized SARS-CoV-2 variants, including the B.1.135 and
B.1.1.7 lineages, appear to spread more readily and possess muta-
tions that can decrease the ability of mAbs to neutralize virus.*
Escape mutants are not expected to evade ACE2-based therapeu-
tics, and indeed, the three S-protein variants tested here, Y435F,
N439K, and N501Y, displayed binding to ACE2 similar to the
wild-type spike glycoprotein. Additional SARS-CoV-2 spike gly-
coprotein variants are emerging, and these may further enhance
the ability of SARS-CoV-2 to escape antibody-based
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neutralization, supporting the development of ACE2-based ther-
apeutics. The D614G variant, which stabilizes the closed structure
of the spike glycoprotein, displayed weaker binding to both neu-
tralizing Abs and to ACE2, although unexpectedly CV19B307
displayed similar abilities to bind all variants. A corollary advan-
tage to ACE2-based anti-SARS-CoV-2 therapeutics will be the
ability to exploit naturally occurring ACE2 polymorphisms, some
of which were shown to enhance binding to the spike glycopro-
tein, to generate versions of the recombinant receptor that can
outcompete the endogenous cell-surface ACE2 in the patient.*’

A major cause of clinical complications in COVID-19
patients is inflammation. Antibodies featuring an IgG1 Fc can
recruit NK cells, macrophages, and neutrophils to mediate
effector functions, and this can further inflame infected areas,
exacerbating the symptoms, in ADE of the disease, which is
observed with COVID-19, and several other viral
diseases.”®'** Future designs could feature an Fc that lacks
the ability to recruit effector cells (silent Fc). Bifunctional
molecules featuring a silent Fc may have less cytotoxic activity
against infected cells, but may still provide sufficient neutraliz-
ing abilities to result in clinical response. Influenza represents
another respiratory infection with unmet medical need; how-
ever, antibody therapeutics against influenza viruses have
shown mixed results in clinical studies. In addition to the
potential for ADE, anti-influenza antibody therapeutics suffer
from short therapeutic windows for treatment. Influenza viral
shedding peaks ~1-2 days after the onset of symptoms, allow-
ing a maximum treatment window of ~24 hr. This short
window strongly favors treatment with inexpensive antiviral
drugs, such as oseltamivir. SARS-CoV and SARS-CoV-2 dis-
play viral shedding significantly longer, with peaks ~9-10 days
after onset of symptoms.®? The longer viral shedding period
associated with severe COVID-19 suggests that treatment with
biotherapeutics could be more effective compared to influenza
viral infection.

In this work, we present a set of bifunctional molecules that
overcome several challenges for treatment of COVID-19,
including 1) an unmet medical need for hospitalized COVID-
19 patients, 2) the potential for ADE in COVID-19 patients by
use of a silent Fc, 3) difficulty in obtaining high mucosa
exposure of IgG-based biologics, and 4) the potential of RBD
variants to escape antibody-based neutralization (by use of the
ACE2 ECD). These advantages, along with both the extended
period of SARS-CoV-2 viral shedding and the lack of other
effective treatment options suggests a path to treatment with
the anti-pIgR-ACE2-Fc biologics.

Materials and Methods

Construct designConstructs were designed fusing anti-pIgR
VHHs to the N-terminus of the heavy chain of each mAb
with a 2(G4S) linker. Null controls were designed in IgGl
mAbs as well as N-terminal VHH fusions bearing a null
VHH binder. Additionally, constructs were designed using
human ACE2 in conjunction with anti-pIgR VHHs. Human
ACE2 ECD (725 AA) as well as a truncated variant (611 AA)
were designed. These molecules consisted of two formats:
VHH-2(G4S)-ACE2-Fc, and VHH-Fc-2(G4S)-ACE2. DNA
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sequences for variable regions and ACE2 were codon-
optimized for CHO expression and cloned into Lonza-pEE6.4
(heavy chains) or Lonza-pEE12.4 (light chains).

ProteinsExpression plasmids encoding bifunctional mole-
cules were transfected into ExpiCHO cells according to the
manufacturer’s instructions. Cell supernatants were harvested
after 6-7 days by centrifugation at 4,000 X g for 15 min, passed
through a 0.45 mm filter, and purified by MabSelectTM SuRe
(ThermoFisher) chromatography on an AKTA express system
using phosphate-buffered saline (PBS) as running buffer and
0.1 M sodium acetate, pH 3.5 as elution buffer. Eluted fractions
were immediately neutralized using 25% (v/v) 2 M Tris-HCI
pH 7.0, dialyzed to PBS, sterilized by 0.22 mm filtration and
stored at 4°C. Protein concentration was determined by UV-
visible spectroscopy. Final yields ranged from 7 mg to 22 mg
protein after 35 mL expression.

Bio-layer interferometry

Binding kinetics were measured between Abs and either pIgR
or spike glycoprotein by immobilizing his-tagged pIgR or
SARS-CoV-2 RBD to anti-His (HIS2) biosensors. Antigen-
coated tips were then exposed to each protein for a 90 second
association step, followed by a 90 second dissociation step.
Association and dissociation rates were measured by the shift
in wavelength (nm). All proteins and antigens were diluted to
a concentration of 10 mg/mL in 1X PBS at 25°C. Data were
collected with Octet Data Acquisition (ForteBio) and analyzed
using Octet Data Analysis (ForteBio). Data were process using
Graphpad Prism software.

Functional Surrogate Neutralization Assay analysis

A surrogate neutralization assay was used because it does not
require the use of active virus and was validated extensively
using patient samples — showing high sensitivity and specificity
for SARS-CoV-2 spike protein.”’ Abs were prepared by serial
dilution in assay buffer (3% bovine serum albumin (BSA) +
PBS). Samples were incubated with 0.1 mg/mL of biotinylated
spike glycoprotein at 1:1 (v/v) for 1 hr with shaking. After incuba-
tion, 25 uL of the mixture was added to Streptavidin Gold multi-
array 96-well plates (Meso Scale Discovery®) and incubated for
1 hr with shaking. After incubation, 25 mL of ruthenium labeled
ACE2 at 2 mg/mL were added and incubated for 1 hr with
shaking. Plates were washed with PBS prior to addition of
150 mL of 2 X MSD read buffer to read the plate on Mesoscale
Sector S 600 reader. MSD data was analyzed and IC50 values were
calculated using Graphpad Prism software.

ADCC analysis

MDCK cells (ATCC) were transfected with human pIgR and
Nuclight green and used as target cells. MDCK cells were
cultured in EMEM supplemented with 10% fetal bovine serum
(FBS) and 5 pg/ml puromycin. PBMC effector cells were
obtained from Hemacare. Percentages of T cells (CD3+),
B cells (CD19+), and NK cells (CD56 + 16+) were enumerated
by flow cytometry (Supplementary Fig. S2). PBMCs were incu-
bated overnight in RPMI-1640 supplemented with 10% FBS and
1 x NEAA at a density of 1 x 106 cells/mL. MDCK cells were

plated at 10,000 cells/well in 100 uL of assay media and incu-
bated 1 hr at 37°C with 5% CO2. Bifunctional molecules were
added at 10 mg/mL and diluted 10-fold per well. Equal volumes
of PBMCs and MDCK cells were then incubated with antibody
for 72 hr at 37°C, 5% CO2 inside an IncuCyte. Cell lysis was
measured by total green area per well after incubation.

Pharmacokinetic analysis

Female C57BL/6 mice were injected with VHH-Fc test anti-
bodies intravenously via tail vein at a dose of 5 mg/kg into 5
animals per group. Time points were taken at 0.02, 0.04, 0.08,
0.25, 1, 2, 3, 7, and 14 days. At each time point, 20 ul of whole
blood will be obtained via tail snip into micro EDTA tubes.
Blood collected was diluted 10 x in LowCross buffer (Candor;
cat# 100500), inverted to mix, and kept on wet ice during
collection. Immediately after all samples were collected at
a specific timepoint, diluted samples were centrifuged at 1500
X g for 2 minutes and supernatants collected and frozen until
analysis. The PK study was approved by the Institutional
Animal Care and Use Committee at Janssen Research &
Development, LLC. All experiments were performed in com-
pliance with the guidelines of the committee.

For detection of the VHH-Fc test antibodies in mouse
diluted whole blood, an electro-chemiluminescent immunoas-
say (ECLIA) was used. Streptavidin Gold multi-array 96-well
plates (MSD®) were blocked with 1% BSA in 1x dPBS for
30 minutes. The capture reagent, biotinylated rabbit anti-
camelid VHH mAb (GenScript®; cat# A01995), was diluted to
0.5 pg/mL and 40 uL combined with 10 uL of diluted standards,
controls, and samples in the assay plate for 60 minutes. Plates
were washed in PBS-buffered saline with Tween 20 (PBST) and
50 uL/well of ruthenium-labeled anti-human Fc mAb (Janssen
R&D) diluted to 0.5 pg/mL was added and incubated for
60 minutes. Following another wash step, 150 mL/well of 1x
Read Buffer T (MSD; cat# R92TD) was added and plates were
read in a MSD Sector Imager 600 plate reader. Final sample
concentrations of the VHH-Fc antibodies were back-calculated
from representative standard curves using a 5-parameter non-
linear regression with 1/y2 weighting in Watson LIMS 7.6
analysis software.

T1/2 calculations of the elimination phase (B phase) for PK
studies were determined using the 1-phase exponential decay
model fitted by non-linear regression of natural log concentra-
tion versus time using Prism version 8.0 software. The least
squares nonlinear decay model was weighted by the inverse of
the fitted concentration. Half-life calculations of the elimina-
tion phase (B phase) were determined using the formula T1/
2 = In2/B, where f is the - slope of the line fitted by the least
square regression analysis starting after first dose. The T1/2
value for an Ab was determined by taking the average of the
T1/2 values calculated for each animal within the test group.

Transcytosis activity in EpiAirway Tissue System

Tissue models were obtained from Mattek Corporation and
maintained according to manufacturer’s instructions. 40 mg of
test and control VHH-mFc molecules were added to 2 mL of



EpiAirway media in the basolateral chamber and 100 pL of
samples were collected from the basolateral and apical cham-
bers at 0 and 24 hr. EpiAirway TEER buffer (120 mL) was used
to collect the mucus from the apical chambers. The amount of
VHH present in basolateral media and apical mucus was
quantified by electrochemiluminescence. Streptavidin-coated
MSD plates were bound up with a biotinylated anti-VHH
antibody (Genscript A01995) at 2 pg/ml in PBS for 2 h at
room temperature at 1000 rpm, washed 3 X with PBT, incu-
bated with blocking buffer for 1 h at RT, incubated with VHH-
mFc containing media/mucus (at different dilutions) for 1 h at
RT at 1000 rpm, washed 3 X with PBT, incubated with ruthe-
nylated anti-human-Fc antibody (Clone R10Z8E9, labeled in-
house) at 2 ug/ml in PBS for 1 h at RT with 1000 rpm, washed
3X with PBT and read plates in 150 pL reading buffer using the
MSD imager. The amount of VHH in basolateral and apical
chambers were calculated by plotting ECLU against VHH-mFc
standard curves in Prism (GraphPad).

Confocal Imaging

Immunofluorescence and confocal microscopy were used to
track the amount of pIgR and VHH retained across the
EpiAirway microtissue 24 h post-treatment. Tissue samples
were rinsed 3X with PBS prior to fixing to remove unbound
antibodies and mucus. A 10% formalin solution was added to
a final volume of 0.4 mL to the apical chamber and samples
were fixed for 20 min at room temperature. The fixing reagent
was removed by aspiration and chamber was washed 3X with
2 mL PBS supplemented with 1% Triton-X100 (v/v) (PBST) at
room temperature. Primary antibodies against pIgR (R&D
Systems, MAB27171) and VHH domains (Genscript,
A01995) were diluted to 5 mg/mL final concentration in
PBST supplemented with 10% FBS and 500 mL was applied
to the apical and basolateral chamber for 2 h at room tempera-
ture. Both chambers were washed 2 X with 2 mL PBST at room
temperature, and incubated with secondary antibodies
(100 mL apical, 500 mL basolateral) diluted in PBST for 2 h.
The secondary antibody mix contained Alexa-Fluor 647-
labeled anti-mouse antibody (Invitrogen A28181, 1:1,000 dilu-
tion), Alexa-Flour 488-labeled streptavidin (Invitrogen,
$32357, 1:100 dilution) and DAPI (GeneTex GTX16206,
1:1,000 dilution) diluted in PBST with 10% FBS. Transwells
were washed 2 X with PBST and placed in 6 well glass bottom
plates for imaging with PBS added to each chamber to prevent
desiccation of sample. Fixed, permeabilized and stained tissues
were imaged at 20 X resolution (40 planes, 1.6 mm z-slice)
using an Opera Phenix confocal laser microscope. Image ana-
lysis was performed using the Harmony suite, fluorescence
readouts were corrected for membrane auto-fluorescence, nor-
malized by mean fluorescence intensity for each color channel.
Representative images from a total of 3 separate experiments
per condition were reported.
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