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Clinical studies have proven antiviral effectiveness of treatment with a Designed Ankyrin Repeat
Protein (DARPIn) specific against the spike protein of severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2). More information on transport mechanisms and efficiency to the site of action is
desirable. Transepithelial migration through air-liquid interface (ALI) cultures of reconstituted human
bronchial epithelia (HBE) was assessed by Enzyme-Linked Immunosorbent Assays and Confocal

Laser Scanning Microscopy for different DARPin designs in comparison to a monoclonal antibody.
Antiviral efficacy against authentic SARS-CoV-2, applied apically on HBE, was investigated based on
viral titers and genome equivalents, after administration of therapeutic candidates on the basal side.
Transepithelial translocation of all DARPin candidates and the monoclonal antibody was efficient and
dose dependent. Small DARPins and the antibody migrated more efficiently than larger molecules,
indicating different transport mechanisms involved.Microscopic analyses support this, demonstrating
passive paracellular transport of smaller DARPins and transcellular migration of the larger molecules.
All therapeutic candidates applied to the basal side of HBE conferred effective protection against
SARS-CoV-2 infection. In summary, we have shown that DARPins specific against SARS-CoV-2
translocate across intact airway epithelia and confer effective protection against infection and viral
replication.

Since the beginning of the coronavirus disease 2019 (COVID-19) pandemic, there have been hundred millions of
confirmed cases and millions of deaths reported world wide'. Vaccination campaigns and immunization against
severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) have significantly altered the dynamics of
the COVID-19 pandemic to transition towards an endemic disease. However, there are currently still about 0.3
to 0.4 million new COVID-19 cases reported world-wide every 24 h', and the last months have shown that the
situation is still not stable. A considerable part of the world’s population remains non-immunized? and a previ-
ous immunization does not prevent from contracting SARS-CoV-2°. New SARS-CoV-2 variants will continue to
evolve with unknown potential for new pandemic outbreaks. Moreover, health care systems around the world are
under considerable pressure. Thus, there is pressing need for globally accessible therapeutics to treat patients with
severe COVID-19, and to protect health care workers and individuals with underlying medical conditions that
preclude them from being vaccinated or developing a strong and lasting immune response against SARS-CoV-2.

Amongst other antiviral treatments, ensovibep, a Designed Ankyrin Repeat Protein (DARPin) therapeu-
tic candidate was recently reported as a potential new treatment option with activity against many emerging
SARS-CoV-2 variants of concern®. Positive efficacy data were reported in early-stage ambulatory patients in
the EMPATHY Phase II trial® using ensovibep. In contrast, the treatment with ensovibep in a clinical trial with
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late-stage hospitalized patients did not result in a significant patient benefit, comparable to the other antiviral
biologics tested with the same study set-up®™.

As a distinct class of binding proteins, DARPins are designed from natural ankyrin repeats and are eliminated
via kidney clearance within a few minutes'’. Human Serum Albumin (HSA)-binding DARPin domains were
described to prolong the systemic half-life of DARPins to several weeks of circulation in the human body*'.
The underlying principle is serum albumin recycling via the neonatal Fc receptor (FcRn), which is also used
by antibodies to prolong their systemic circulation'?. There are promising pre-clinical and clinical data for
the DARPin candidate ensovibep, however little is known regarding both the mechanism(s) and the efficacy
by which DARPin molecules pass the pulmonary epithelium. Antibodies are known to be transported across
epithelial barriers by receptor mediated transcytosis, i.e. after binding to specific membrane receptors (FcRn
for immunoglobulin G (IgG) and polymeric immunoglobulin receptor (pIgR) for both IgM and IgA), they are
taken up by the cells via clathrin-mediated endocytosis'*'%. As mentioned above, albumin also binds to FcRn,
raising the question whether albumin binding via HSA-binding DARPin domains enhances their ability to pass
through intact airway epithelia.

In this study, we investigated the migration of different DARPin molecules through air-liquid interface (ALI)
cultures of reconstituted human bronchial epithelia (HBE) in comparison to the anti-SARS-CoV-2 monoclonal
antibody (mAb) Casirivimab (REGN10933). We investigated DARPin molecules varying in designs and sizes,
and applied them to the basal side of HBE in the presence or absence of bound HSA. We also assessed the anti-
viral efficacy of a multispecific DARPin candidate, ALE058, which targets different domains of SARS-CoV-2%3,
Casirivimab and Remdesivir.

Results and discussion

Quantitative transepithelial transport of DARPin molecules. The five domain DARPin ALE058
with the ability to neutralize the SARS-CoV-2 spike protein, two control DARPins, which do not bind to SARS-
CoV-2 (MWAO010 and PSC078, composed of different numbers of binding domains and, hence, of different
sizes) and the anti-SARS-CoV-2 mAb REGN10933 were added to the basal medium of HBE cultures (Fig. 1A)
to study their transepithelial migration. Detailed information on the different DARPin constructs can be found
in Table 1 and the methods section. The Enzyme-Linked Immunosorbent Assay (ELISA) measurements con-
firmed the concentrations of all compounds in the basal cell culture medium to be in the range of the envisioned
10 pg/mL (low), 40 pg/mL (medium) and 160 pg/mL (high) at the time of inoculation (0 h, Fig. 1B), and to
remain comparable to the added formulation concentrations 24 h later (Fig. 1C). The measurements in cell
lysates (Fig. 1D) and in apical washes (Fig. 1E) at 24 h post inoculation confirmed that all four investigated
compounds passed the intact bronchial epithelium in a concentration dependent manner. For all four com-
pounds, higher concentrations added to the basal medium resulted in higher concentrations in both the cell
lysates and the apical lining layer washes. While the concentrations of the test compounds were comparable in
the cell lysates (Fig. 1D), they differed in the apical washes (Fig. 1E). The highest values were obtained for the
monoclonal antibody (REGN10933), with a median of 58 ng/mL at the highest concentration. The correspond-
ing concentrations of the DARPin candidates were 40 ng/mL for MWAO10, 13 ng/mL for PSC078 and 7 ng/mL
for ALE058. We additionally evaluated the impact of HSA complexed to the HSA-binding DARPin domains of
the candidates MWAO010 and ALE058 at their highest concentration of 160 pg/mL. For both DARPin candidates,
the concentrations in the cell lysates and in the apical washes were 2—4 times higher, when there was no HSA
added to the cell culture medium (Fig. 1F).

Microscopic analysis of transepithelial migration. The evaluation by Confocal Laser Scanning
Microscopy (CLSM) confirmed the migration of the tested fluorophore labeled compounds through the intact
bronchial epithelia. Live cell imaging (LCI) revealed intracellular fluorescence as early as 2 h of incubation
(Fig. SI in the Supplementary Information). Imaging of HBE incubated with the penta-valent DARPin candi-
date ALE058, the not SARS-CoV-2-binding controls PSC078 and MWAO010, or with the monoclonal antibody
REGN10933 at 160 ug/mL and for 24 h, confirmed efficient migration of all tested molecules across the epithelia.
Figure 2 shows that at 24 h, all DARPins and the antibody can be found within the intact HBE. The smallest
DARPin, MWAO10, shows a strong, diffuse, green fluorescence signal that is particularly intense in areas likely
corresponding to the intercellular space (Fig. 2F). The green fluorescence signals of the larger DARPin con-
struct ALE058 (Fig. 2B) and its isotype control PSC078 (Fig. 2J) show a pattern, which is largely congruent with
the magenta of the membrane staining (Fig. 2C,K), without any indication of considerable intercellular locali-
zation and with clear nuclear sparing. The fluorescence signal of the monoclonal anti-SARS-CoV-2 antibody
REGN10933 (Fig. 2N) is comparable to that of the larger DARPins, however, with weaker intensity.

Protection from SARS-CoV-2 infection. The pre-incubation of HBE with the DARPin molecule
ALEO058 or the monoclonal antibody REGN10933 in the basal medium conferred good protection from epithe-
lial infection with SARS-CoV-2 added to the apical, air-exposed side. While SARS-CoV-2 replicated in mock
treated HBE to high Tissue Culture Infectious Dose 50 (TCIDsy) titers of 10° TCIDs,/mL at 96 h post infection
(hpi), there was no infectious virus retrieved from the apical surface of HBE treated with ALE058 at 40 pg/mL
and 160 ug/mL, REGN10933 at 10 ug/mL, 40 ug/mL and 160 ug/mL, or Remdesivir at 5 uM (Fig. 3A). In four out
of the six HBE cultures treated with 10 ug/mL ALE058, there was no virus detected in their apical washes either,
while the remaining two apical washes contained low viral titers (10*~10° TCID;,/mL).

The monitoring of viral genome copies by quantitative reverse transcription polymerase chain reaction (qRT-
PCR; Fig. 3B) showed the mean viral genome equivalents (ge) in apical washes of mock treated HBE to increase
from 4.4 x 10° ge/mL shortly after the infection (1 hpi) to 1.3 x 107 ge/mL at 72 hpi. In contrast, in HBE pretreated
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Figure 1. Quantification of DARPin molecules and control antibody in cell lysates, apical washes and basal

cell culture medium by ELISA. (A) Illustration of the test system used

to quantify transepithelial migration of

DARPins and control antibody. HBE were reconstituted from cells isolated from a normal donor lung grown on
microporous filter inserts at the air-liquid interface. Fully differentiated HBE comprise of ciliated, secretory and
basal cells, and produce their own liquid lining layer. The test compounds were added to the basal cell culture
medium. Transepithelial migration was assessed by collecting apical washes and lysis of the HBE cell layer after
24 h. (B) Verification of the formulation concentrations (10, 40 and 160 pg/mL) added to the basal cell culture
medium at 0 h. (C-E) Concentration of DARPins and control antibody at 24 h in (C) the basal cell medium, (D)
the HBE lysates and (E) the apical washes. (F) Concentrations determined for the DARPin candidates ALE058
and MWAO10 in apical washes and in HBE lysates at 24 h. Both HSA-binding DARPin candidates were applied
to the basal compartment at a concentration of 160 ug/mL in presence or absence of HSA.

Moleauie Name Desaription Structure Molecular Weight Moleauiar Weight
without HSA complexed with HSA
Mult-spedific DARAN candicite,
contzining two HSA binders and et . e ~ ” .
ALED58 fhree disiinct SARS. Cov_2 spke 78 KDa 210 KDa (2x HSA bound)
protein binders' at-HSA  anfi-HSA  ai-S1 anfi-S2  ani-S3
MWAD10 Monomeric DARAN binding to HSA 14 KDa 80 kDa (1x HSA bound)

anti-HSA

Multi-spedific DARRN isotype control, -
PSQ078 binding to non-relevant targets (no 5 {1 ~ ' “ “ 82 kDa na

HSA binder, no spike protein binder)
ati-nrT-1 anti-nrT-2  anti-nrT-3  anti-nr'T-4  anti-nr'T-5
at-S  anti-S

Monodond antibody binding to the

BB 3Rs V-2 spike prokein

145 kDa na

Table 1. Description of the DARPin candidates and the monoclonal antibody. !Multi-Mode DARPin candidate
described in Walser et al. !'. HSA human serum albumin, S SARS-CoV-2 spike protein, nrT non-relevant target,

n.a. not applicable.
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Figure 2. Confocal Laser Scanning Microscopy (CLSM) of reconstituted HBE incubated with fluorescence-
labeled DARPins or control antibody. Multivalent DARPin ALE058 (A-D), monovalent HSA-binding DARPin
domain MWAO010 (E-H), negative control DARPin PSC078 (I-L) and REGN10933 antibody as positive control
(M-P) were added to the basal cell culture medium together with the nuclear dye Hoechst 33342 and lipophilic
membrane dye CellBrite’ Red. Cell cultures were fixed at 24 h with 4% formaldehyde for later imaging. Columns
from left to right show nuclei in blue, Atto-488 labeled candidate and control molecules in green, membranes in
magenta, and the overlays. The superposition of the green fluorescent signal of the Atto-488 labeled molecules
with the red signal of the membrane dye results in white in the composite images (arrow heads). Scale bars:

25 um.

with ALE058, REGN10933 or Remdesivir, there was a decrease of mean viral genome equivalents of 0.5-1.3 log
between 1 and 72 hpi, except for HBE treated with 10 pg/mL ALE058, where the mean viral genome equiva-
lents slightly increased. We did not observe any relevant correlation between the concentration of ALE058 or
REGN10933 and the antiviral activity measured by qRT-PCR. The mean viral genome copy numbers were in the
same order of magnitude for all treatments apart for the above mentioned treatment with the lowest concentra-
tion of ALE058, where there was a considerable variation of the data points (see Fig. 3B).

While the number of viral genome equivalents in apical washes of mock treated HBE further increased by 1
log over the following 24 h, it remained at the same level in HBE treated with 40 pug/mL and 160 pg/mL ALE058
or with 5 uM Remdesivir. There was a low to moderate increase in the number of viral genome equivalents for
HBE pre-treated with REGN10933 at all tested concentrations from 72 to 96 hpi (Fig. 3B). At 96 hpi, the mean
viral genome equivalents were in the same order of magnitude for all treatment groups and significantly different
to the mock treated HBE (p <0.05). In one or two out of six HBE cultures of each treatment group, the genome
copy number was below the detection limit of 200 ge/mL.
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Figure 3. Antiviral activity of ALE058, REGN10933 and Remdesivir in HBE infected with SARS-CoV-2. HBE
cultures were treated with either (i) ALE058 or REGN10933 at 10, 40 or 160 pg/mL, (ii) Remdesivir at 5 uM,

or (iii) mock treated from the basolateral side, 2 days before infection with 10* TCIDs, SARS-CoV-2 from the
apical side. The protective capacity of the compounds was assessed by (A) determining the infectious virus

titer (TCIDs,/mL) in apical washes with a limiting dilution assay at 96 hpi, with the limit of detection (LOD) at
10 infectious particles/mL, and (B) measuring the viral genome equivalents/mL in apical washes by qRT-PCR
at 1, 72 and 96 hpi. Results are shown as boxplots of 6 individual cell cultures (all orginating from the same
donor lung) from 2 separate experiments. Boxes display interquartile ranges with the central bar indicating the
median and whiskers minimal and maximal values. ****p <0.0001; 7.s. not statistically significant, LOD limit of
detection.

The migration of macromolecules, such as DARPin therapeutics, through pulmonary epithelia is so far
poorly understood. The present study in ALI cultures of reconstituted HBE demonstrates that antibodies and
different DARPin candidates are able to traverse human bronchial epithelia at a comparable rate. In general,
the amount of macromolecules reaching the apical side of HBE was found to depend on the amount applied to
the basal side of the epithelium. For the DARPin candidates tested, transepithelial migration appears to be size
dependent, as smaller DARPins were found to pass the epithelium more efficiently than the larger molecules. The
mAb with twice the molecular weight of the therapeutic DARPin ALE058 (145 kDa versus 78 kDa) translocated
efficiently to the apical side of the epithelium, at an approximately one log higher rate than ALE058. These dif-
ferent transepithelial migration rates did not translate into significant differences in the protective capacity of
the two compounds at the tested concentrations (Fig. 3). Significant protection from SARS-CoV-2 infection was
conferred by all three antiviral compounds at three different concentrations, as compared to mock treated HBE at
96 hpi. This confirms that therapeutically relevant doses of the antiviral DARPin ALE058, the mAb REGN10933
and the nucleoside analogue Remdesivir successfully penetrated the intact epithelial layer to protect the cells on
the apical side, repressing viral replication. Unlike the other tested therapeutic compounds, Remdesivir is not a
protein. Therefore, its transepithelial transport is likely different, but was not further investigated in this study.

Quantification of the compound concentration in the apical airway surface liquid of HBE is experimentally
limited due to its unknown thickness and volume and, hence, of the dilution factor in the phosphate buffered
saline (PBS) wash solution. As all HBE originated from the same donor and were processed in parallel, all air-
way surface liquids were assumed to be constant for comparison of the different tested settings and compounds.
The data demonstrate size- and concentration-dependent migration of the different DARPin constructs across
intact HBE, with the highest concentration in the apical wash of the smallest DARPin MWAO010. This is in line
with data from previous studies showing monomeric DARPins to rapidly clear from the blood and to penetrate
into tumor masses instead of only accumulating on the surface of the tumor, as it is often observed for other
macromolecules'®'®. Thus, when comparing transepithelial migration rates of the monomeric DARPin MWA010
with the multimeric DARPins ALE058 and PSCO078, each consisting of five DARPin elements, the observed
difference in transepithelial migration rate is not unexpected. The high apical concentration of the monomeric
DARPIn is likely explained by at least partial paracellular migration, as supported by the fluorescence pattern
revealed by CLSM analysis. The diffuse distribution pattern indicates that the smallest DARPin did not depend
on vesicle transport to pass the epithelial barrier. In contrast, the granular fluorescence pattern found for the two
larger DARPin constructs and the mAb REGN10933, as well as their co-localization with the red signal from the
lipid staining indicate that these compounds are transported across HBE in a vesicle dependent manner. While
transport mechanisms of antibodies have been extensively studied e.g. Refs.!>'”!5, there is hardly any knowledge
on the transport of DARPins across an intact airway epithelium. To our knowledge, it is not known to which
extent DARPins may enter cells and what mechanisms are involved in transport into cells or across epithelia.
Generally, proteins are thought to pass pulmonary epithelia by endocytic processes including receptor-mediated
endocytosis (clathrin-coated pits or caveolae) and pinocytosis, i.e. by nonspecific, fluid-phase endocytosis, while
for small proteins below a size of 40 kDa paracellular transport may dominate'*?. This corresponds with the
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fluorescence pattern seen in CLSM, indicating paracellular transport of the smallest candidate, MWAO010, with
a size of 14 kDa, while the two larger DARPin constructs in the size range of 80 kDa appear to pass the intact
epithelium predominantly by transcytosis. Our data of course only apply in the context of intact airway epithelia.
Inflammation and epithelial damage as seen during SARS-CoV-2 infection can cause disruption of the epithelial
barrier and may allow for significant paracellular transport of larger proteins such as for the penta-valent DARPin
construct ALE058 or monoclonal antibodies.

Both IgG and HSA have been shown to bind to FcRn, which protects these molecules from cellular catabolism
and guides them into transcytosis pathways'>!”. The FcRn is not only found in syncytiotrophoblast cells of the
placenta, but also in various other cell types, such as enterocytes, endothelial cells, alveolar macrophages and
bronchial epithelial cells'®*. Hence, FcRn binding allows IgG and HSA to pass epithelial barriers by vesicular
transcytosis'’. The FcRn binding is likely mediating efficient transport of the mAb through HBE as observed
in the present study. Since FcRn has been shown to be involved in HSA transcytosis, we hypothesized it might
also be involved in the transepithelial transport of HSA-bound DARPins. Interestingly, the ELISA results show
alower transepithelial transport for both DARPin constructs containing HSA-binding domains, when HSA was
added to the basal cell culture medium (Fig. 1F). The resulting increase in size of the DARPin/HSA complex,
or the addition of HSA to HBE, appear to reduce transepithelial transport efficacy, not supporting the hypoth-
esis of enhanced transepithelial transport via transcytosis by HSA-binding. This suggests a tradeoff between a
prolonged systemic half-life mediated by a HSA-binding domain, i.e. the serum albumin recycling via the FcRn
receptor''?, and the reduced transepithelial transport rate observed in HBE due to the increased size of the
DARPin/HSA complex.

Conclusions

In summary, the findings on the ability and efficacy of DARPin candidates to pass HBE and potentially other cell
membrane layers in lungs or other organs are comparable to those of the well-characterized therapeutic mAb
REGN10933. This matches with preclinical and clinical efficacy data for the antiviral SARS-CoV-2 DARPin
candidate ensovibep, where improved outcomes for early-stage ambulatory patients in the range of anti-SARS-
CoV-2 mAb candidates was observed. Taken together, this encourages potential further development of DARPin
molecules for pulmonary diseases.

Methods

Summary of experimental procedure. In this study, we investigated the transepithelial migration of a
DARPin construct specific against the SARS-CoV-2 spike protein (ALE058) and its antiviral efficacy. The tran-
sepithelial transport of ALE058 was compared to further DARPin formats and to the anti-SARS-CoV-2 mAb
REGN10933, and assessed by ELISA and CLSM. In addition, efficacy of protection against authentic, original
SARS-CoV-2 by ALE058 was compared to REGN10933 and Remdesivir. For this purpose, HBE were incubated
with the therapeutic candidates before infection with SARS-CoV-2. Antiviral efficacy was assessed based on viral
titers and genome equivalents.

DARPin generation (ALE058, MWA010, PSC078). The DARPin constructs, selected and cloned as
described in Rothenberger et al.%, were transformed in E.coli BL21 cells, plated on Luria Bertani (LB) agar pre-
pared from LB powder (Pronadisa, Madrid, Spain) and agar (Invitrogen, Schlieren, Switzerland), containing
1% glucose (Roth, Arlesheim, Switzerland) and 50 pg/mL ampicillin (Roth), and then incubated overnight at
37 °C. A single colony was picked into Terrific Broth (TB) medium (e.g. Ref.?, containing 1% glucose and 50 ug/
mL ampicillin) and incubated overnight at 37 °C, shaking at 230 rpm. Fresh TB medium (containing 50 pg/
mL ampicillin) was inoculated with 1:20 of the overnight culture and incubated at 37 °C and 230 rpm. At an
optical density of 1.1 at a wavelength of 600 nm (ODy), the culture was induced by addition of isopropyl p-D-
1-thiogalactopyranoside (IPTG; Biosolve Chimie, Dieuze, France, 0.5 mM final concentration) and incubated
further for 5 h at 37 °C and 230 rpm. Bacteria were harvested by centrifugation (10 min, 5000 x g). After cell
disruption by sonication, primary recovery was performed by heat treatment for 30 min at 62.5 °C and subse-
quent centrifugation (15 min, 12,000 x g). Thereafter, 20 mM Imidazole (Merck, Taufkirchen, Germany) and
1% Triton X-100 (LubioBioscience, Zurich, Switzerland) were added to the supernatant. The 0.22 pm-filtered
supernatant was then purified by immobilized metal affinity chromatography (IMAC, HisTrap FF crude, Cytiva,
Uppsala, Sweden) using a N-terminal His-tag and including a wash step with 1% Triton X-100 and a step elution
with 250 mM Imidazole. Subsequently, the elution fraction from the IMAC step was applied on a size exclusion
chromatography column (Superdex 200, Cytiva). Fractions of interest were then pooled and concentrated. The
final sample was filtered through a 0.22 pm Mustang E filter (PALL Corporation, New York, USA) for endotoxin
removal and sterile filtration before quality control.

Generation of monoclonal anti-spike IgG1 antibody Casirivimab (REGN10933). Publicly avail-
able sequences of variable domains of the monoclonal antibody REGN10933 were used to synthetize the cor-
responding cDNA fragments and cloned into a proprietary expression vector at Evitria AG (Schlieren, Switzer-
land). Generated vectors containing the constant immunoglobulin chains were used for transfection in Chinese
hamster ovary cells by Evitria. Sterile filtered cell supernatants were purified via affinity purification with a
HiTrap MabSelect column (Cytiva) followed by size exclusion chromatography using a HiLoad 26/600 Super-
dex 200 column (GE Healthcare, Danderyd, Sweden) in PBS, pH 7.4. Selected fractions were pooled and quality
controlled by Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE), size exclusion chro-
matography and endotoxin measurement before use in assays.
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Cell cultures. Reconstituted HBE cultures were prepared according to approved protocols®*~2°. HBE cells
were isolated from lungs provided by the Midwest Transplant Network (Kansas City, KS, USA). The University
of Kansas Institutional Review Board determined that the consent of organ donation for research done by the
organ procurement agency covers research use of this material. The lungs were obtained from a deceased indi-
vidual with minor and deidentified information, and therefore their use does not constitute human subjects
research as defined by Code of Federal Regulations 46.102. The here presented research was carried out in
accordance with the relevant guidelines and regulations. As illustrated in Fig. 1A, HBE cells were grown and
differentiated at a permanent ALI on microporous 6.5-mm Transwell inserts (i.e. 24-well inserts with a growth
area of 0.33 cm? Corning, Vitaris, Baar, Switzerland) coated with human placental collagen Type IV (Merck).
Serum-free ALI medium was prepared in house following a previously published protocol?**. Basal medium
was changed, and mucus removed by washing cell surfaces with Dulbecco’s phosphate-buffered saline (DPBS,
pH 7.4, Corning, Root, Switzerland) every other day. Differentiation was assessed by the presence of beating cilia
and mucus secretion, typically visible after 21 days of culture at ALI

Quantification of the transepithelial migration of DARPin candidates and a control antibody
by ELISA. DARPins with different numbers of binding domains and a control antibody, as described in
Table 1, were added to the basal medium of HBE cultures at concentrations of 10, 40 and 160 pg/mL. Since the
two DARPin compounds ALE058 and MWAO010 contain HSA-binding domains, the cell culture medium was
supplemented with 10 uM HSA (Albumin CSL 20%, CSL Behring, Bern, Switzerland), i.e. at physiological con-
centration, to saturate the HSA-binding domains of the DARPin candidates. Controls comprised of HBE incu-
bated in cell culture medium containing HSA only, i.e. without DARPins or antibody. The impact of HSA bound
to the DARPin was tested by using cell culture medium without HSA at the highest concentration of 160 pg/mL
for the DARPins containing HSA-binding domains.

Transepithelial trafficking of DARPins and the control antibody was evaluated by ELISA at 24 h post inocu-
lation by measuring the concentrations of the various compounds in the basal medium and in apical washes
of the HBE cultures, as well as within cell lysates (Fig. 1A). Basal cell culture medium (500 pL) was collected
and apical surfaces were washed with 200 pL PBS for 10 min. To generate cell lysates, 100 L of a lysis buffer
(cytotoxicity detection kitPLUS; Roche Diagnostics AG, Rotkreuz, Switzerland) was apically added for 30 min
at room temperature (RT) before freezing the cell cultures at -80 °C alongside with the apical washes and basal
media. Molecules in the different assay compartments were quantified using the following ELISA procedures.

For detection of the DARPin or mAb molecules, 50 puL of PBS containing either 10 nM polyclonal goat-anti-
rabbit-IgG (ThermoScientific, Schlieren, Switzerland) for the DARPin set-up, or 66 nM Neutravidin for the mAb
set-up was coated onto 96-well Nunc MaxiSorp ELISA plates (ThermoScientific) and incubated for 16 h at 4 °C.
The wells were washed with 300 uL of PBS +0.1% Tween20 (PBST, Merck) three times and blocked with 300 uL
PBST +0.25% Casein (PBS-T-C, Sigma) for 2 h at RT and shaking at 300 rpm. The plate was then washed three
times with 300 uL PBST. As capture antibody for the DARPin molecules, 50 uL of 5 nM monoclonal rabbit-anti-
DARPin antibody in PBS-T-C was added to the plate and incubated for 1 h at RT and 300 rpm. Wells were washed
three times with 300 pL PBST. For capturing of the mAb, 50 uL of 10 nM biotinylated SARS-CoV-2 Spike RBD
(ACRO Biosystems, Newark, USA) in PBS-T-C was added per well and incubated for 1 h at RT and 300 rpm.
Then, the wells were washed three times with 300 uL PBST.

For analysis, the samples were thawed at RT and mixed by pipetting. In a dilution plate (Greiner Bio-One,
Kremsmiinster, Austria), threefold serial dilutions of the samples with ten steps starting with a 1:10 dilution in
PBS-T-C were prepared. In parallel, a threefold serial dilution with ten steps of the standard starting with 20 nM
in PBS-T-C was prepared. 50 pL of each sample dilution and standard were transferred to the ELISA plate and
incubated for 1 h at RT and 300 rpm. Plates were washed three times with 300 uL PBST. Detection antibody
conjugated with horseradish peroxidase (for DARPin detection: anti RGS-His-HRP, Qiagen, Germantown, USA;
for mAb detection: anti human IgG-HRP, A0170, Merck) was diluted at 1:10 000 in blocking buffer, and 50 uL
was added to each well and incubated for 1 h at RT and 300 rpm. Plates were washed three times with PBST, then
incubated with 1-Step™ TMB-ELISA Substrate Solution (BUF062C, Biorad, Hercules, USA) for 5 min, prior to
stopping the reaction with 1 M sulfuric acid. Plates were then read for absorbance at 450 and 650 nm (TECAN
Sunrise, TECAN, Maennedorf, Switzerland) within 30 min of stopping the reaction. Absorbance (OD) is calcu-
lated as the absorbance at 450 nm minus the absorbance at 650 nm to remove background prior to data analysis.

Confocal laser scanning microscopy. Fluorophore labeling of DARPin candidates and control mole-
cules was achieved by labeling either the thiol groups via a C-terminally incorporated cysteine for MWA010
or the primary amine groups for ALE058, PSC078 and REGN10933 following the user manuals provided (Jena
Bioscience, Germany). Residual free Atto-488 was removed by preparative size exclusion chromatography using
a Superdex 200 150 GL (Cytiva) at a flowrate of 0.5 mL/min with an injection volume of 100 pL and the 0.1 min
eluent fractions were collected. This process was performed under low light conditions to avoid fluorophore
bleaching. Maintained binding to the SARS-CoV-2 spike protein and to HSA (where HSA-binders were incor-
porated, i.e. MWAO010 and ALE058) was verified by ELISA for all labeled binders, in comparison to the respec-
tive non-labeled molecule.

The Atto-488 labelled compounds were added at a concentration of 160 pg/mL to the basal medium of HBE
(supplemented with HSA) for 24 h. Simultaneously, nuclear staining solution (Hoechst 33342; Merck) at a dilu-
tion of 1:2000 and 5 pL CellBrite Red Cytoplasmic Membrane Dye (Chemie Brunschwig, Basel, Switzerland)
per 500 pL were added to the basal medium. LCI of the cultures was performed at 2, 7 and 24 h. After 24 h, the
HBE cultures were chemically fixed in 4% formaldehyde.
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For imaging HBE on their membrane support, the cell culture inserts were placed on glass bottom petri
dishes (MatTek Europe, Bratislave, Slowakia). CLSM was performed with a ZEISS LSM 880 with Airyscan (Carl
Zeiss Microscopy GmbH, Munich, Germany) using a 63 x oil immersion objective. Image processing and 3D
reconstruction were performed using the Fiji Image] software?’.

Protection assay. The DARPin (ALE058) and the mAb (REGN10933) were diluted in basal medium sup-
plemented with 10 uM HSA (CSL Behring) to concentrations of 10, 40 and 160 pg/mL. Remdesivir (Gilead
Sciences, Inc., Foster City, CA, USA) was used as positive control, at a concentration of 5 uM. At 48 h prior to
infection, all inserts were rinsed twice with DPBS and basal medium was exchanged to the diluted molecules
in triplicates. For the infection, 1 x 10* tissue culture infectious dose 50 (TCID5,) of SARS-CoV-2 (2019-nCoV/
IDF0372/2020) diluted in DPBS at a volume of 100 uL was added to the apical compartment, and cell cultures
were incubated at 37 °C, 5% CO, and > 85% relative humidity (rH) for 1 h. Subsequently, the virus inoculum was
removed, the inserts were washed once with DPBS, and the basal medium was renewed with fresh medium con-
taining the tested therapeutics. To quantify apical virus release, the apical side of the HBE was washed at 72 and
96 hpi with 200 uL DPBS for 10 min at 37 °C. To analyze extracellular viral RNA, 100 uL of the wash was inacti-
vated, extracted and eluted in 100 uL elution buffer using the MagNAPure 96 system (Roche, Basel, Switzerland).
Viral RNA was quantified by qRT-PCR using 5 pL eluate and the TagMan™ Fast-Virus-1 Step master mix (Life
Technologies, Zug, Switzerland), targeting the SARS-CoV-2 non-structural protein 14 (nsp14)®® on the Light-
Cycler 96 system (Roche). Genome equivalents (ge) per milliliter were calculated using an in-vitro synthesized
RNA standard. Infectious virus titer at 96 hpi was determined by incubation of serial ten-fold dilutions of apical
washes in Dulbecco’s Modified Eagle Medium (DMEM) containing 2% fetal bovine serum (Bioswisstec, Schaf-
thausen, Switzerland) for three days at 37 °C,>85% rH and 5% CO, on Vero E6 cells expressing TMPRSS2%%
(obtained from the Centre for AIDS Reagents, National Institute for Biological Standards and Control, Pot-
ters Bar, United Kingdom). After crystal violet staining, virus titers were calculated with the Spearman-Karber
method’*? and reported as TCID5,/mL.

Statistics. Calculated genome numbers obtained by qRT-PCR were analyzed using a two-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons test against mock treatment. A p-value <0.05 was con-
sidered statistically significant.

Data availability
All data generated or analyzed in this study are included in this published article (and its Supplementary Infor-
mation files).

Received: 21 December 2022; Accepted: 24 March 2023
Published online: 04 April 2023

References

1. WHO Coronavirus (COVID-19) Dashboard. https://covid19.who.int.

2. Ritchie, H. et al. Coronavirus Pandemic (COVID-19). Coronavirus (COVID-19) Vaccinations https://ourworldindata.org/covid-
vaccinations (2020).

3. Hall, V. et al. Protection against SARS-CoV-2 after Covid-19 vaccination and previous infection. N. Engl. J. Med. 386, 1207-1220
(2022).

4. Rothenberger, S. et al. The trispecific DARPin ensovibep inhibits diverse SARS-CoV-2 variants. Nat. Biotechnol. https://doi.org/
10.1038/s41587-022-01382-3 (2022).

5. Novartis. Novartis and Molecular Partners announce start of EMPATHY clinical trial for ensovibep for the treatment of COVID-19.
https://www.novartis.com/news/media-releases/novartis-and-molecular-partners-announce-start-empathy-clinical-trial-ensov
ibep-treatment-covid-19 (2021).

6. ACTIV-3/TICO Bamlanivimab Study Group et al. Responses to a Neutralizing Monoclonal Antibody for Hospitalized Patients
With COVID-19 According to Baseline Antibody and Antigen Levels: A Randomized Controlled Trial. Ann. Intern. Med. 175,
234-243 (2022).

7. ACTIV-3/Therapeutics for Inpatients with COVID-19 (TICO) Study Group. Efficacy and safety of two neutralising monoclonal
antibody therapies, sotrovimab and BRII-196 plus BRII-198, for adults hospitalised with COVID-19 (TICO): a randomised con-
trolled trial. Lancet Infect. Dis. 22, 622-635 (2022).

8. Holland, T. L. et al. Tixagevimab-cilgavimab for treatment of patients hospitalised with COVID-19: A randomised, double-blind,
phase 3 trial. Lancet Respir. Med. 10, 972-984 (2022).

9. ACTIV-3/TICO Study Group et al. Efficacy and Safety of Ensovibep for Adults Hospitalized With COVID-19 : A Randomized
Controlled Trial. Ann. Intern. Med. 175, 1266-1274 (2022).

10. Pliickthun, A. Designed Ankyrin Repeat Proteins (DARPins): Binding proteins for research, diagnostics, and therapy. Annu. Rev.
Pharmacol. Toxicol. 55, 489-511 (2015).

11. Steiner, D. et al. Half-life extension using serum albumin-binding DARPin® domains. Protein Eng. Des. Sel. 30, 583-591 (2017).

12. Knudsen Sand, K. M. et al. Unraveling the interaction between FcRn and albumin: Opportunities for design of albumin-based
therapeutics. Front. Immunol. https://doi.org/10.3389/fimmu.2014.00682 (2015).

13. Kraehenbuhl, J.-P. & Neutra, M. R. Transepithelial transport and mucosal defence II: Secretion of IgA. Trends Cell Biol. 2, 170-174
(1992).

14. Casanova, J. E. Transepithelial transport of macromolecules. CHEST 101, 55S-58S (1992).

15. Walser, M. et al. Highly potent anti-SARS-CoV-2 multivalent DARPin therapeutic candidates. Biorxiv https://doi.org/10.1101/
2020.08.25.256339 (2021).

16. Zahnd, C. et al. Efficient tumor targeting with high-affinity designed ankyrin repeat proteins: Effects of affinity and molecular size.
Cancer Res. 70, 1595-1605 (2010).

17. He, W. et al. FcRn-mediated antibody transport across epithelial cells revealed by electron tomography. Nature 455, 542-546
(2008).

Scientific Reports |

(2023)13:5537 | https://doi.org/10.1038/s41598-023-32269-1 nature portfolio


https://covid19.who.int
https://ourworldindata.org/covid-vaccinations
https://ourworldindata.org/covid-vaccinations
https://doi.org/10.1038/s41587-022-01382-3
https://doi.org/10.1038/s41587-022-01382-3
https://www.novartis.com/news/media-releases/novartis-and-molecular-partners-announce-start-empathy-clinical-trial-ensovibep-treatment-covid-19
https://www.novartis.com/news/media-releases/novartis-and-molecular-partners-announce-start-empathy-clinical-trial-ensovibep-treatment-covid-19
https://doi.org/10.3389/fimmu.2014.00682
https://doi.org/10.1101/2020.08.25.256339
https://doi.org/10.1101/2020.08.25.256339

www.nature.com/scientificreports/

18. Spiekermann, G. M. et al. Receptor-mediated immunoglobulin G transport across mucosal barriers in adult life : Functional
expression of FcRn in the mammalian lung. J. Exp. Med. 196, 303-310 (2002).

19. Kim, K.-J. & Malik, A. B. Protein transport across the lung epithelial barrier. Am. J. Physiol.-Lung Cell. Mol. Physiol. 284, L247-1259
(2003).

20. Patton, J. S. Mechanisms of macromolecule absorption by the lungs. Adv. Drug Deliv. Rev. 19, 3-36 (1996).

21. Latvala, S., Jacobsen, B., Otteneder, M. B., Herrmann, A. & Kronenberg, S. Distribution of FcRn across species and tissues. J.
Histochem. Cytochem. 65, 321-333 (2017).

22. Kram, K. E. & Finkel, S. E. Rich medium composition affects escherichia coli survival, glycation, and mutation frequency during
long-term batch culture. Appl. Environ. Microbiol. 81, 4442-4450 (2015).

23. Kiinzi, L. et al. Responses of lung cells to realistic exposure of primary and aged carbonaceous aerosols. Atmos. Environ. 68, 143-150
(2013).

24. Kiinzi, L. et al. Toxicity of aged gasoline exhaust particles to normal and diseased airway epithelia. Sci. Rep. 5, 11801 (2015).

25. Schmid, A. et al. Decreased soluble adenylyl cyclase activity in cystic fibrosis is related to defective apical bicarbonate exchange
and affects ciliary beat frequency regulation. J. Biol. Chem. 285, 29998-30007 (2010).

26. Fulcher, M. L., Gabriel, S., Burns, K. A., Yankaskas, J. R. & Randell, S. H. Well-differentiated human airway epithelial cell cultures.
Methods Mol. Med. 107, 183-206 (2005).

27. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676-682 (2012).

28. Jonsdottir, H. R. et al. Molnupiravir combined with different repurposed drugs further inhibits SARS-CoV-2 infection in human
nasal epithelium in vitro. Biomed. Pharmcother. https://doi.org/10.1101/2022.01.10.475377 (2022).

29. Matsuyama, S. et al. Enhanced isolation of SARS-CoV-2 by TMPRSS2-expressing cells. Proc. Natl. Acad. Sci. 117, 7001-7003
(2020).

30. Nao, N. et al. Consensus and variations in cell line specificity among human metapneumovirus strains. PLoS ONE 14, 0215822
(2019).

31. Spearman, C. The method of right and wrong cases (Constant Stimuli) without Gauss’s formulae. Br. J. Psychol. 2, 227-242 (1908).

32. Kérber, G. Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Naunyn-Schmiedebergs Arch. Fiir Exp. Pathol.
Pharmakol. 162, 480-483 (1931).

Acknowledgements

Barbara Kupferschmid for cell culture assistance. The research support by Molecular Partners AG, 8952 Ziirich-
Schlieren, Switzerland. The Centre for AIDS Reagents (National Institute for Biological Standards and Con-
trol, Herts, UK) for providing VeroE6/TMPRSS2 cells. Dr. Sylvie van der Werf for supplying of 2019-nCoV/
IDF0372/2020 (National Reference Centre for Respiratory Viruses hosted by Institute Pasteur, Paris, France).

Author contributions

M.G. and O.E. designed and supervised the study. N.B. isolated the airway epithelial cells from the donor lung.
N.B. und M.S. provided the cells. L.K. prepared the cell cultures, performed the cell exposures for the transepi-
thelial transport experiments including sample collection for analysis by ELISA, and performed the microscopic
analyses. Z.L. prepared cell cultures and performed initial tests for staining and imaging of HBE on their mem-
brane support. A.C. generated the DARPins including Atto-488 and molecules for microscopy, and developed
and performed the ELISA assays. S.R. carried out the protection experiments. A.C., S.R., LK., M.W,, O.E. and
M.G. contributed to writing the manuscript, which was read, reviewed, and approved in its entirety by all authors.

Competing interests
LK, SR, ZL,N.B,, M.S,, O.E. and M.G. declare no competing financial interest. M.W. and A.C. are employees
of Molecular Partners and own performance share units and/or stock of the company.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-32269-1.

Correspondence and requests for materials should be addressed to M.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:5537 | https://doi.org/10.1038/s41598-023-32269-1 nature portfolio


https://doi.org/10.1101/2022.01.10.475377
https://doi.org/10.1038/s41598-023-32269-1
https://doi.org/10.1038/s41598-023-32269-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transport of Designed Ankyrin Repeat Proteins through reconstituted human bronchial epithelia and protection against SARS-CoV-2
	Results and discussion
	Quantitative transepithelial transport of DARPin molecules. 
	Microscopic analysis of transepithelial migration. 
	Protection from SARS-CoV-2 infection. 

	Conclusions
	Methods
	Summary of experimental procedure. 
	DARPin generation (ALE058, MWA010, PSC078). 
	Generation of monoclonal anti-spike IgG1 antibody Casirivimab (REGN10933). 
	Cell cultures. 
	Quantification of the transepithelial migration of DARPin candidates and a control antibody by ELISA. 
	Confocal laser scanning microscopy. 
	Protection assay. 
	Statistics. 

	References
	Acknowledgements


