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ARTICLE INFO ABSTRACT
Keywords: COVID-19 is caused by the infection of the lungs by SARS-CoV-2. Monoclonal antibodies, such as sotrovimab,
Protein delivery showed great efficiency in neutralizing the virus before its internalization by lung epithelial cells. However,
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parenteral routes are still the preferred route of administration, even for local infections, which requires injection
of high doses of antibody to reach efficacious concentrations in the lungs. Lung administration of antibodies
would be more relevant requiring lower doses, thus reducing the costs and the side effects. But aerosolization of
therapeutic proteins is very challenging, as the different processes available are harsh and trigger protein ag-
gregation and conformational changes. This decreases the efficiency of the treatment, and can increase its
immunogenicity.

To address those issues, we developed a series of new excipients composed of a trehalose core, a succinyl side
chain and a hydrophobic carbon chain (from 8 to 16 carbons). Succinylation increased the solubility of the
excipients, allowing their use at relevant concentrations for protein stabilization. In particular, the excipient with
16 carbons (CiTreSuc) used at 5.6 mM was able to preserve colloidal stability and antigen-binding ability of
sotrovimab during the nebulization process. It could also be used as a cryoprotectant, allowing storage of
sotrovimab in a lyophilized form during weeks. Finally, we demonstrated that C;¢TreSuc could be used as an
excipient to stabilize antibodies for the treatment against COVID-19, by in vitro and in vivo assays. The presence of
Cy6TreSuc during nebulization preserved the neutralization capacity of sotrovimab against SARS-CoV-2 in vitro;
an increase of its efficacy was even observed, compared to the non-nebulized control. The in vivo study also
showed the wide distribution of sotrovimab in mice lungs, after nebulization with 5.6 mM of excipient.

This work brings a solution to stabilize therapeutic proteins during storage and nebulization, making pul-
monary immunotherapy possible in the treatment of COVID-19 and other lung diseases.

1. Introduction causative virus infects epithelial cells in the respiratory tract, which
makes it a worldwide major burden causing coronavirus disease-19
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (COVID-19) with severe inflammatory conditions to the lungs
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(Carsana et al., 2020). The viral membrane Spike protein is responsible
for cell entry by interacting with the angiotensin-converting enzyme
ACE2 present on the pneumocyte membrane (Song et al., 2018). To fight
against the infection, anti-SARS-CoV-2 treatments based on monoclonal
antibodies (mAbs) have gained considerable interest, as proteins often
show high efficacy, and few side effects, thanks to their strong specificity
towards their target (Leader et al., 2008). Some of them are able to
neutralize SARS-CoV-2 virus before their entry into pneumocytes. In
particular, S309 - an antibody isolated from a patient infected with
SARS-CoV-1 - showed promising results against SARS-CoV-2 in pro-
phylactic and therapeutic settings in animal models (Corti et al., 2021;
Pinto et al., 2020). This antibody was optimized to obtain sotrovimab,
which was marketed and administered by parenteral route for the
treatment of patients being at high risk of developing a severe form of
COVID-19 (EMA, 2021).

As far as therapeutic proteins on the market are concerned, the
preferred routes of administration are parenteral because it maximizes
bioavailability, as well as rapidity of action (Respaud et al., 2015).
However, in the context of a pulmonary infection such as COVID-19, the
passage of mAbs from the blood to the lung is very limited, requiring
injection of very high doses of antibodies to obtain an effective con-
centration in the lungs (Roifman et al., 1987). The delivery of antibody
drugs directly to the site of action via the pulmonary route is therefore
an attractive alternative (Respaud et al., 2015). Antibody formulations
developed for parenteral administration may not easily be repurposed
for inhalation delivery. Among key parameters that must specifically be
addressed, the formulation must preserve the integrity of inhaled pro-
teins when they undergo mechanical and/or thermal stresses during
aerosolization (Respaud et al., 2014). These different stresses can indeed
trigger aggregation, conformation changes, or even cleavage of the
proteins, resulting in a loss of efficacy and an increase in immunoge-
nicity (Cui et al., 2017).

The amphiphilic properties of proteins can trigger changes in
conformation, after their adsorption to an interface (Lee et al., 2011). As
the bulk liquid is nebulized, the surface is dramatically increased, hence
enhancing the risk of protein unfolding and aggregation following their
adsorption at the air-liquid interface. A commonly used method to
prevent interfacial damage on proteins is the use of nonionic surfactants.
Among them, polysorbates (PS 20 and PS 80), widely used for parenteral
administration of antibodies, have been successfully included in for-
mulations for inhalation delivery of mAbs and proteins (Hertel et al.,
2015; Respaud et al., 2014). However, several limitations of these ex-
cipients have been reported. First, polysorbates impair long-term stor-
age due to the presence of peroxide residuals causing protein oxidation
and enhancing protein degradation (Ha et al., 2002). Finally, it contains
poly(ethylene glycol) (PEG), which is now known to provoke side effects
due to the polymer itself after administration (specific and/or non-
specific immunological response) (Guerrini et al., 2022; Hamad et al.,
2008; Stone et al., 2019; Szebeni et al., 2011; Turecek et al., 2016; Yang
et al., 2016). Finally, even if a number of protein therapeutics have been
stably nebulized as part of chronic treatment regimens, to date, there has
been no report on stable nebulization of a fully human mAb that has
been advanced through late-stage clinical trials (Frohlich and Salar-
Behzadi, 2021). The challenges rely not only on the selection of
appropriated excipients to be added in the formulation to stabilize mAb
during nebulization, but also on the paucity of toxicity data on inhaled
excipients and their potential impact on formulation properties, and
thereby device performances (Liang et al., 2020; Mayor et al., 2021).
Consequently, the nature and the concentration of these stabilisers
should be kept to the minimum possible limit to reduce potential side
effects (Montharu et al., 2010; Respaud et al., 2015).

In this framework, sugar-based surfactants are a good alternative to
polysorbate surfactants. They display low toxicity, good biodegrad-
ability, good biocompatibility and are produced from cheaper and
renewable sources (Naughton et al., 2019). While pharmaceutical, food,
cosmetic, textile, oil, and agricultural applications manifest great
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interest in using biosurfactants for their benefits, their uses in pharma-
ceutical industries are limited due to the risk of endotoxin contamina-
tion when they are synthesized by microorganisms (Kiigler et al., 2014;
Kuyukina et al., 2015). Moreover, this mean of production results in
glycolipids mixtures with different properties leading to inconsistent
and unclear results (Ismail et al., 2021). Nevertheless, sugar-based sur-
factants have been recently synthetically produced circumventing those
limitations. For instance, trehalose lipids that are constituted of treha-
lose attached through an ester bond to a lipid at various positions have
been successfully synthesized (Bird et al., 2018; Jana et al., 2017; Jana
and S. Kulkarni, 2020; Kale and Akamanchi, 2016; Schiefelbein, 2010).
Thus, this work focused on the synthesis and formulation of surfactants
based on natural and safe materials, trehalose, fatty acids, and succinate
functionalities, for the stabilization of antibodies during nebulization.
Trehalose is a two glucose units nonreducing disaccharide found in
many plants, microorganisms, and animals. It is involved in many
metabolism pathways and has been recognized to be very efficient for
the protection and stabilization of cellular membranes and proteins
through different mechanisms (Elbein et al., 2003; Jain and Roy, 2009;
Lerbret et al., 2007; Lins et al., 2004; Moiset et al., 2014; Paul and Paul,
2015; Sudrik et al., 2017). This disaccharide is widely approved in
biomolecules formulations for pharmaceutical development (Ohtake
and Wang, 2011). Yet, to our knowledge, a trehalose fatty acid deriva-
tive with or without succinyl functionalities has never been used for the
delivery of antibodies to the lung through nebulization.

During this study, trehalose-based excipients of different hydro-
phobic chain lengths were synthesized, and a succinyl moiety was added
on the trehalose polar head. The ability of these excipients to preserve
protein colloidal stability and binding ability was assessed after freeze-
drying and/or nebulization. Biological in vitro efficacy and preliminary
in vivo biodistribution studies were also performed. The proof of concept
was carried out with sotrovimab, nebulized with a commercially avail-
able mesh nebulizer.

2. Material and methods
2.1. Material

D-(4)-Trehalose anhydrous, Succinic anhydride (TCI Europe), O-
(Benzotriazol-1-yl1)-N,N,N’,N’-tetramethyluronium-tetrafluorborat
(TBTU) (Carl Roth GmbH), Pyridine extra dry over molecular sieve
(Thermo Scientific), Benzyl alcohol (Fluka), Myristic acid, Decanoic acid
(Acros Organics), Octanoic acid, Palmitic acid (Fluorochem) were used
as received without further purification.

For antibody formulation, sotrovimab antibody (PM = 146 kDa, pl =
8.42, monomer percentage = 97.1 %, sequence given in Supplementary
Information S3) was synthesized by Evitria (Switzerland). Trehalose
dihydrate and trehalose surfactants (CgTre, C1gTre, C14Tre and CigTre)
were provided by Sigma-Aldrich (Merck, USA). Eumulgin SMO 20
(better known as polysorbate 80, or PS80) was purchased to BASF
(Germany). PBS was provided by ThermoFisher Scientific (USA). Water
was purified (resistivity of 18.2 MQ.cm at 25 °C) using a MilliQ Direct
Type 1 Ultrapure water system (Merck, USA).

For cytotoxicity, NIH-3 T3 cells were provided by American Type
Culture Collection (ATCC) (USA). Cell viability assay (CellTiter 96®
Aqueous Non-Radioactive Cell Proliferation Assay) was purchased from
Promega (USA). For antigen binding assays, SARS-CoV-2 Spike
expressing HEK293 cells, blasticidin and normocin were provided by
InvivoGen (USA), while Cohesion Bioscience (UK) provided mouse anti-
human IgG antibody labelled with Alexa Fluor 488. For in vitro
neutralization assays, Vero E6 cells were provided by ECACC (UK),
while SARS-CoV-2 viral strain n°2020A00935-34 (described by CPP Ile-
de-France III) was from the CRB collection of Centre Hospitalier Uni-
versitaire de Montpellier (France). Control neutralizing antibodies
(rabbit antibody, reference 40592-R001) were bought from Sino Bio-
logical (China), and Viral ToxGlo™ Assay was purchased from Promega
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(USA). Common items such as RPMI and DMEM culture medium, FBS,
penicillin, streptomycin and glutamine were purchased from Thermo-
Fisher Scientific (USA).

For in vivo lung distribution studies, C57BL/6 wild type male mice
were provided by Janvier labs (France). Isoflurane, ketamine and xila-
zine were purchased from Virbac (France), while PBS solution with PFA
4 % was purchased from Thermo Fisher Scientifics (USA), as well as
Normal Fish Serum. Sucrose, Triton X-100 and Rabbit anti-human IgG
were purchased from Sigma-Aldrich (USA). Secondary goat anti-rabbit
coupled with Alexa Fluor 488 were purchased from Abcam (UK),
Optimal Cutting Temperature compound NEG-50 MM was provided by
MM Microm Microtech (France), Dako fluorescent mounting medium
was provided by Agilent (USA), and ELISA kit for human IgG quantifi-
cation was provided by BioRad (USA).

2.2. Characterization of trehalose derivatives

2.2.1. Nuclear magnetic resonance (NMR)

NMR spectra were recorded on Bruker Avance III-400 or Bruker
Avance NEO spectrometers at room temperature (rt) (400 MHz) (Bruker,
Billerica, MA, USA). H frequency is at 400.13 MHz, 13¢ frequency is at
100.62 MHz. Chemical shifts are expressed in parts per million (ppm)
and coupling constants (J) in hertz (Hz). Solvent used for NMR spec-
troscopy was deuterated methanol (CD3OD, Eurisotop).

2.2.2. Mass spectrometry
Mass spectrometry analyses were performed either on:

LTQ Orbitrap FTMS instrument (LTQ Orbitrap Elite FTMS, Thermo
Scientific, Bremen, Germany) operated in the positive ionization
mode coupled with a robotic chip-based nano-ESI source (TriVersa
Nanomate, Advion Biosciences, Ithaca, NY, U.S.A.). A standard data
acquisition and instrument control system was utilized (Thermo
Scientific) whereas the ion source was controlled by Chipsoft 8.3.1
software (Advion BioScience). Samples were loaded onto a 96-well
plate (Eppendorf, Hamburg, Germany) within an injection volume
of 5 pL. The experimental conditions for the ionization voltage was
+ 1.4 kV and the gas pressure was set at 0.30 psi. The temperature of
ion transfer capillary was 275 °C. FTMS spectra were obtained in the
100-1200 m/z range in the reduce profile mode with a resolution set
to 120,000. In all spectra one microscan was acquired with a
maximum injection time value of 1000 ms.

Xevo G2-S QTOF mass spectrometer coupled to the Acquity UPLC
Class Binary Solvent manager and BTN sample manager (Waters,
Corporation, Milford, MA). The sample manager system temperature
was maintained at 10 °C and the injection volume was 5 pL. Mass
spectrometer detection was operated in positive ionization using the
Zspray™ dual-orthogonal multimode ESI/APCI/ESCi® source. The
TOF mass spectra were acquired in the resolution mode over the
range of m/z 50-1200 at an acquisition rate of 0.036 sec/spectra. The
instrument was calibrated using a solution of sodium formate (0.01
mg/L in isopropanol/H20 90:10). A mass accuracy better than 5
ppm was achieved using a Leucine Enkephalin solution as lock-mass
(200 pg/mL in ACN/H30 (50:50)) infused continuously using the
LockSpray source. Source settings were as follows: cone, 25 V;
capillary, 3 kV, source temperature, 150 °C; desolvation tempera-
ture, 500 °C, cone gas, 10 L/h, desolvation gas, 500 L/h. Data were
processed using MassLynx™ 4.1 software.

Waters Acquity-I-UPLC Classsystem (Waters Corporation, Milford,
MA, USA) coupled with a Waters Vion IMs-QTof Mass Spectrometer
equipped with LockSpray (Leucine-enkephalin (200 pg/uL). Nitro-
gen was used as collision gas. The instrument was controlled by
Waters UNIFI 1.9.4 (3.1.0, Waters Corporation, Milford, MA, USA).
Injection volume was 5 pL in bypass mode with a flow rate was 0.1
mL/min. The instrument was operated in positive polarity, sensi-
tivity mode (33,000 FWHM at 556.2766 m/z). Data was acquired in
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HDMSe mode with a scan time of 1 s. The recorded mass range was
from 50 to 1200 m/z for both low and high energy spectra. The
collision energy was ramped from 20 to 40 V. The cone voltage was
set to 30 V, capillary voltage was set to 2 kV and source offset was set
to 50 V. Source temperature was set to 120 oC and desolvation
temperature set to 500 °C. Cone gas flow rate was set to 50 L/h and
desolvation gas flow rate was set to 1000 L/h.

2.2.3. Fourier-transform infrared spectroscopy (FTIR)

IR spectra were recorded on a PerkinElmer Frontier FT/IR spec-
trometer outfitted with a QUEST ATR accessory as neat films com-
pressed onto a Zinc Selenide window. The spectra are reported in cm ™%

s, strong; m, medium, w, weak.

2.2.4. Critical micelle concentration (CMC)

Surfactants solutions in distilled water were made via serial dilution
in the concentration range between 1 M and 100 mM. The solutions
were analyzed by dynamic light scattering (DLS) on a Zetasizer Nano ZS
(Malvern Panalytical, UK). Each dilution was scanned 3 times at 25 °C.
The micellar formation was measured at ~ 10 nm. The recorded scat-
tering intensity (Derived Count Rate expressed in kilo counts per second
[kpes]) was used to describe the quantity of micelles in solution. Critical
micelle concentrations were determined by plotting the log of kpcs
versus the log of surfactant concentration and fitting to two linear re-
gressions at high and low concentration. The intersection of the two
linear regressions correspond to the CMC.

2.2.5. Invitro cytoxicity

NIH-3T3 cell line was cultured at 37 °C in a 5 % CO, atmosphere, in
DMEM growth medium, supplemented with 100 U/mL penicillin and
100 pg/mL streptomycin, and 10 % of fetal bovine serum. In vitro
cytotoxicity of trehalose-based surfactants was then assessed, following
a standardized protocol described in normative documents (Interna-
tional Organization of Standardization, 2009) and publications (Are-
chabala et al., 1999). In a 96-well plate, 5.10° cells were deposited in
each well, and left for 1 day at 37 °Cin a 5 % CO, atmosphere. Surfactant
solutions ranging from 0.0112 to 11.2 mM were prepared by dilution of
the stock solution into the cell culture medium. Those diluted solutions
were then deposited to the wells, and after 48 h of incubation a CellTiter
96® Aqueous Non-Radioactive Cell Proliferation Assay (Promega, Wis-
consin, USA) was used to evaluate the cell viability following manu-
facturer’s instructions. The absorbance was then recorded at 490 nm
using Multiskan™ GO Microplate Spectrophotometer (Thermo Scienti-
fic™, Waltham, Massachusetts, USA). Mean triplicate values of cell
viability were plotted against the surfactant concentration, and the half-
maximal effective concentration (ECsg) was determined by non-linear
regression, using a “sigmoidal dose-response with variable hill slope”
(the bottom was constraint to a constant value of 0 and the top to 100).
This analysis was performed with the software GraphPad Prism 9.2.0
(GraphPad Software, USA).

2.3. Synthesis protocols

All reactions were performed under argon atmosphere (1 atm).
Glassware was dried for 12 hr in an oven (T greater than 100 °C) or
flamed dried under vacuum. Reactions were monitored by TLC (Merck
silica gel 60F254 plates, Merck, Darmstadt, Germany). Detection was
performed by KMnO4 stain. Purifications were performed by flash
chromatography on silica gel (SiliCycle SiliaFlash P60, 230-400 mesh)
or Cyg-reversed phase silica gel (Merck 60757, 230-400 mesh). Solvent
used for flash column chromatography elution: Dichloromethane and
Methanol (Thommen-Furler AG). In this section are described the
characterizations of C1¢TreSuc and its intermediates. Others derivatives
characterizations (CyxTre, CxxTreSucBn and CyyTreSuc for xx =8, 12, 14,
16) are reported in detail in Supplementary Information S5-S23.
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2.4. General procedure for the preparation of CyxIre (xx = 8, 12, 14,
16)

In a flame-dried round-bottomed flask equipped with a magnetic stir
bar, the corresponding fatty acid (1.1 eq.) and TBTU (1.1 eq.) were
dissolved in anhydrous pyridine (2 mL / 0.1 g of Trehalose). Trehalose
(1 eq.) was then poured into the reaction mixture, and stirring was
continued at r.t. for 96 hr under argon atmosphere. Pyridine was then
removed under vacuum, and the resulting residue was purified by flash
column chromatography using a solvent gradient of 5-20 % methanol in
EtOAc:DCM (1:1), yielding the intermediate CyxTre mono esters as
white solids (yield 30-65 %).

Characterization data for Trehalose 6-hexadecanoate (C1gTre):

IHNMR (400 MHz, MeOD) 5 5.10 (dd, J = 8.7, 3.7 Hz, 2H, CHe, e’),
4.38 (dd, J = 11.9, 2.2 Hz, 1H, OOC-CHy"), 4.21 (dd, J = 11.9, 5.1 Hz,
1H, OOC-CH>'"), 4.03 (ddd, J = 10.2, 5.1, 2.1 Hz, 1H, CH a), 3.88 - 3.75
(m, 4H,CHc, ¢’, a’, a’-CHy), 3.69 (dd, J = 12.0, 5.6 Hz, 1H, a’~-CH"),
3.49 (dt, J = 9.8, 3.8 Hz, 2H, CH d, d’), 3.39 - 3.34 (m, 2H, CH b, b’),
2.36 (t, J = 7.4 Hz, 2H, [CH,]-CH,COO), 1.62 (m, 2H, [CH2]-CHo-
CH2COO-), 1.31 (s, 24H, -[CH2]-), 0.96 — 0.88 (m, 3H, CH3). HRMS
(ESI/QTOF) m/z: [M + Na]™ Calcd for CogHs2NaO7 603.3351; Found
603.3356.

2.5. General procedure for preparation of CyxTreSucBn (xx =8, 12, 14,
16)

In a flame-dried round-bottomed flask equipped with a magnetic stir
bar, succinic acid monobenzyl ester (SAMBE, for synthesis procedure,
see Supplementary Information S4) (1.1 eq.) and TBTU (1.1 eq.) were
dissolved in anhydrous pyridine (2 mL / 0.1 g of CxTre). The corre-
sponding intermediate CxTre (1 eq.) was poured into the reaction
mixture, and stirring was continued at r.t. for 96 hr under argon atmo-
sphere. Pyridine was then removed under vacuum, and the resulting
residue was purified by flash column chromatography using a solvent
gradient of 5-20 % methanol in EtOAc:DCM (1:1), yielding the inter-
mediate CyxTreSucBn as white solids (yield 30-40 %).

Characterization data for Trehalose 6-hexadecanoate 6'-benzylsuc-
cinate (C16TreSucBn):

H NMR (400 MHz, MeOD) 5 7.40 — 7.28 (m, 5H, ar.), 5.15 (d, J =
1.6 Hz, 2H, CHjy-ar.), 5.07 (dd, J = 8.8, 3.7 Hz, 2H, CH ¢, €’), 4.39 (ddd,
J=11.9, 6.6, 2.2 Hz, 2H, a-CHy/, a’-CHy'), 4.26 — 4.17 (m, 2H, a-CH,",
a’-CHy'"), 4.04 (tt, J = 5.5, 2.7 Hz, 2H, CH a, a’), 3.80 (td, J = 9.3, 1.7
Hz, 2H, CHc, ¢’), 3.50 (dt, J =9.8, 3.4 Hz, 2H, CH d, d’), 3.40 — 3.36 (m,
2H, CH b, b*), 2.70 (d, J = 1.9 Hz, 4H, OOC-CH>-CH2-C00), 2.34 (t, J =
7.4 Hz, 2H, [CH3]-CH2COO0), 1.66 -1.58 (m, 2H, [CH2]-CH2-CH2COO),
1.30 (s, 24H, -[CH3]-), 0.92 (t, J = 6.8 Hz, 3H, CHs). 3C NMR (101
MHz, MeOD) § 172.5, 128.12, 127.76, 93.60, 73.14, 72.38, 71.84,
70.54, 66.11,33.41, 31.67-28.96, 28.78, 24.63, 22.33, 13.03. HRMS
(ESI/QTOF) m/z: [M + Na]* Calcd for C3oHsoNaO{5 793.3981; Found
793.3979.

2.6. General procedure for the preparation of Cy,TreSuc (xx = 8, 12,
14, 16)

The intermediate CyxTreSucBn (1 eq.) was dissolved in MeOH (1 mL
/ 0.1 g of intermediate) in a 3 necks flask and the solution was placed
under argon atmosphere before adding 10 % Pd/C (0.1 eq.). Argon was
removed from the reactor and the reaction mixture was back flushed
with hydrogen (1 atm, 3 times). The reaction was vigorously stirred atr.t
for 4 hr (monitored by TLC) under hydrogen atmosphere. After
completion of the reaction, the solution was filtered through a Celite pad
and the filter cake was washed with MeOH. The filtrate was concen-
trated under reduced pressure and the residue was purified by reversed
phase flash chromatography (H,O:MeOH 20:80 with 0.1 % TFA). The
fractions corresponding to the product were collected, concentrated in
vacuo and lyophilized to yield the desired ionic surfactants as white
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solids (yield 58 — 64 %).

Characterization data for Trehalose 6-hexadecanoate 6’-succinate
(C16TreSuc):

TH NMR (400 MHz, MeOD) 6 5.06 (dd,J=5.1,3.8 Hz, 2H,CH e, e’),
4.38 (ddd, J = 16.3, 11.8, 2.1 Hz, 2H, a-CHy/, a’-CHy'), 4.21 (dt, J =
11.8,4.8 Hz, 2H, a-CHy'’, a’-CH3"*), 4.04 (ddd, J=10.1, 4.3, 2.2 Hz, 2H,
CH a, a’), 3.79 (td, J = 9.3, 2.6 Hz, 2H, CH ¢, ¢’), 3.50 (dt, J = 9.8, 3.8
Hz, 2H,CH d, d’), 3.39 - 3.34 (m, 2H, CH b, b’), 2.72 — 2.56 (m, 4H, 2 x
0OO0C-CHy), 2.35 (t,J = 7.4 Hz, 2H, [CH;]-CHC0O0), 1.61 (q, J = 7.2 Hz,
2H, [CH2]-CH3-CH,COO-), 1.29 (s, 24H, -[CH5]-), 0.90 (t, J = 6.8 Hz,
3H, CH3). 13C NMR (101 MHz, MeOD) 5 174.16, 173.18, 93.98, 73.09,
72.98, 71.72, 71.61, 70.49, 70.19,70.07, 63.44, 63.01, 33.65,
31.67-29.03, 31.67-29.00, 28.81, 24.66, 22.33. HRMS (ESI/QTOF) m/
2: [M + Nal™ Calcd for C3oHs¢NaO75 703.3511; Found 703.3497.

2.7. Preparation of antibody solution

The surfactant was weighed and dissolved in PBS, whose pH was
adjusted to 5.8 by use of the suitable amount of HCl 0.67 M prior the
dissolution. The solution of surfactant was then mixed with the solution
of antibody 6.3 mg/mL, for a final concentration of antibody set at 1 mg/
mL.

2.8. Nebulization and retrieving of antibody solution

A volume of 500 pL of antibody solution was placed in the atomizing
cup of a vibrating mesh nebulizer NEB-001, provided by Briutcare
(China), and a 15-mL tube was fixed at the exit of the nozzle. The
nebulizer was started, and the nebulization rate was set at 0.4 mL/min
(“medium rate”). After the whole volume was nebulized, the aerosol was
left to coalesce and fall to the bottom of the tube during 2 min. Then the
solution could be retrieved and antibody stability could be assessed.

2.9. Freeze-drying of antibody solution

A storage stability study was performed on freeze-dried antibody.
Shortly, antibody solutions were frozen by dipping them in liquid ni-
trogen, and then placed in a freeze-drier (Heto Powerdry LL3000,
Thermo Fisher Scientific, US) overnight. The tubes were then hermeti-
cally sealed and kept at 4 °C until further stability assays.

2.10. Stability assays

2.10.1. Aggregation monitoring

The solutions were analyzed by dynamic light scattering (DLS) on a
Malvern Zetasizer Nano ZS (Malvern Panalytical, UK) operating at 25 °C
with a 633-nm He-Ne laser and 173° scattering angle. A sample volume
of 75 uL was transferred undiluted to a polymethyl methacrylate sub-
microcuvette. ZetaSizer software was fed with the characteristics of
particle material (“protein”, refraction index = 1.45 and absorption =
0.01) and dispersant (water, viscosity = 0.8872 cP and refraction index
= 1.330). The data processing setting was set as “General Purposes”.
Each sample was analyzed three times, to determine the total area under
curve (AUC) of the peaks corresponding to antibody aggregates on the
non-negative least-square distribution. All the peaks whose distribution
mean was higher than the one of the monomer peak (around 10 nm)
were considered to represent aggregates.

2.10.2. Binding efficiency by antigen recognition assays

The stability of the antibody was evaluated by studying its ability to
bind antigen expressed at the surface of a stably transfected cell line.
Shortly, SARS-CoV-2 spike (D614)-expressing Human Embryonic Kid-
ney (HEK) cells were cultured in RPMI medium, with 10 % of fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Blasticidin (10 pg/mL) was added to select the transfected cells only.
After distributing 250 000 cells per well in a 96-well plate, cells were
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incubated with 50 uL of formulations at 500 ng/ml of antibody, for 15
min at 4 °C. Cells were washed in PBS, and Alexa Fluor 488-conjugated
mouse monoclonal anti-human Fc IgG (Cohesion Bioscience) diluted at
1/500 in PBS was added. After 15 min of incubation in the dark, at 4 °C,
cells were washed again and analyzed by flow cytometry using FACS
CANTO II (BD Bioscience, USA). Each condition was done in triplicate.
Data treatment was then performed using FlowJo software. Live cells
were gated, and the percentage of fluorescent-labelled cells (i.e. cells
interacting with the antibody of interest) was estimated among those
latter. A negative control was performed without the antibody of interest
and used to set the baseline at 0.

2.10.3. In vitro neutralization assay

Vero E6 cells were seeded in culture in DMEM medium, with 10 % of
fetal bovine serum, 1 % penicillin, and 1 % streptomycin. In a 96-well
plate, 30,000 cells were deposited in each well, and left for 1 day at
37 °Cin a 5 % CO, atmosphere. Antibody solutions were prepared, and
diluted in DMEM 0 % FBS at concentrations ranging from 6.8 ng/mL to
5 pg/mL. A SARS-CoV-2 viral suspension was also prepared at 100-fold
its TCIDsg (i.e. 5.10° PFU/mL). It was then mixed to the antibody solu-
tions, and incubated for 1 h at 37 °C. These mixtures were then added to
the Vero cells, in the corresponding well, before incubating for 96 h at
37 °C. Each plate contains negative controls (cells infected with no
antibody) and positive controls (cells not infected, cells in contact with
virus and control neutralizing antibody from 5 pg/mL to 40 ng/mL). Cell
viability was quantified using Viral ToxGlo™ Assay kit (Promega) ac-
cording to the manufacturer’s recommendations. The signal was read
with an EnVision microplate reader (Perkin Elmer). For each condition,
an average of the 3 replicates was calculated, and the data were pro-
cessed with GraphPad Prism software (GraphPad Software, USA). The
neutralizing titer NT5o was calculated using [Inhibitor] vs response
model (variable slope, four parameters).

To confirm the trends observed with luminescence values, the cells
were also observed in brightfield with Evos FL Microscope (Thermo-
Fisher Scientific, USA). An image of each well was recorded for quali-
tative assessment of the cytopathic effect of the virus on the cells in the
presence or absence of the antibody. Those results were shown in Sup-
plementary Information S27 only, with only 1 image for each triplicate
(as they were always similar).

2.11. Droplet size measurement

A volume of 3.6 mL of antibody solution was deposited in the
nebulizing cup of a vibrating mesh nebulizer NEB-001 (Briutcare,
China). The nebulizer was then mounted on a Spraytec laser diffraction
system (Malvern Panalytical, UK): the distance between the laser and
the detector was of 8 cm, while nebulizer outlet was placed at 2 cm from
the laser. The nebulization flow rate was set at 0.4 mL/min, and the
experiment was performed at room temperature and ambient relative
humidity. Six measurements were performed on the same sample: four
measurements with a duration of 1 min, and two measurements with a
duration of 4 min, in order to analyze the totality of the solution. Note
the last analysis was stopped before the end of the measurement, due to
the lack of solution. Data were then analyzed using Spraytec software
(Malvern Panalytical, UK). An average value of d;q, dsg, dgg was given
for the six measurements.

2.12. In vivo lung distribution studies

Four C57BL/6 wild type mice were treated with a solution of
sotrovimab at 1 mg/mL, formulated with 5.6 mM of CgTreSuc in PBS and
one untreated mouse as a control was used in this study. The laboratory
procedures comply with French legislation, which implements the Eu-
ropean Directives (Reference Number: D3417223, APAFIS#23920-
2020020320279696v3). Mice from the treated group were anaes-
thetized individually using 5 % of isoflurane for 2 min. A nebulization
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mask was homemade by setting the finger of a latex glove at the tip of a
vibrating mesh nebulizer NEB-001 (Briutcare, China), and piercing it
gently. The 4 mice were then individually treated by placing the muzzle
in the nebulization mask and aerosol was administered during 1 min at a
flow rate of 0.4 mL/min. Blood and lung were collected from 2 mice at
30 min (n = 2) and from the 2 other mice at 24 h (n = 2) after treatment
for IgG quantification in blood and qualitative biodistribution assess-
ment by histopathology.

2.12.1. Blood sampling and ELISA human IgG analysis

At each time point, the animals were anaesthetized using ketamine/
xilazine mixture (100 and 10 mg/kg respectively) administered by
intraperitoneal injection at 10 mL/kg. In anesthetized animals, 1 mL of
blood was sampled by cardiac puncture and collected in a tube con-
taining heparine-Na as anticoagulant. Samples were centrifuged for 15
min at 1000 x g (or 3000 rpm) at 2-8 °C within 30 min of collection.
200 L of supernatant (plasma) was stored at —20 °C for ELISA analysis.
Human IgG quantification of undiluted samples (100 pL/well) was
performed in duplicated by ELISA method.

2.12.2. Lung sampling and immunohistology analysis

After blood sampling, mice were sacrificed by cervical dislocation.
Then, each animal was transcardially perfused using PBS solution with
PFA 4 % during 2 min. After perfusion, the chest was opened and both
lungs were sampled. Lungs were collected in a fresh tube and fixed
overnight with PFA 4 % at 4 °C. Following fixation, samples were
incubated 24-48 h in two successive baths of 6 % and 30 % sucrose,
embedded in Optimal Cutting Temperature and stored at —80 °C. Cor-
onal sections (10 pm of thickness) were cut using cryostat apparatus
(LEICA CM3050). Proximal, central and distal lung sections (three seg-
ments) were cut. For immunolabeling, three cryosections were blocked
with 5 % Normal Fish Serum (NFS) and 0.1 % triton X-100 in PBS,
incubated overnight at 4 °C with rabbit anti-human IgG diluted 1/500 in
NFS/Triton/PBS (5 % NFS and 0.05 % Triton in 100 mL PBS 1X pH 7.4),
washed with PBS and then incubated 1 h at RT with green secondary
goat anti-rabbit Alexa Fluor 488 diluted at 1,/10,000 in NFS/Triton/PBS
(5 % NFS and 0.05 % Triton in 100 mL PBS 1X pH 7.4). After several PBS
washes, cryosections were mounted in Dako fluorescent mounting me-
dium (S3023) with DAPI (1/10,000). Confocal laser scanning micro-
scope (CLSM) (SP8-UV confocal microscope, Leica, Germany) was used
to obtain images. The fluorescence intensity, corresponding to the IgG
concentration was quantified for each lung section using ImageJ
software.

3. Results and discussion
3.1. Preparation and analysis of the excipients

The ionic surfactants were synthesized by desymmetrization of D-
(+)-Trehalose via mono esterification of its primary alcohols with a fatty
acid (n =6, 8, 12, 14) in the presence of TBTU as coupling agent (Fig. 1).
The resulting CxxTre mono esters were obtained in 30 to 65 % yield
(Table 1). Purification of these intermediates by flash chromatography,
using a slow gradient of eluent (MeOH 5 to 20 % in EtOAc:DCM 1:1),
allowed to efficiently remove the side products resulting from the
esterification of secondary alcohols. The second esterification was car-
ried out in the presence of succinic acid mono benzyl ester (SAMBE) and
TBTU, leading to the functionalization of the second primary alcohol in
30 to 49 % yield. The benzyl group was removed by Pd catalyzed
hydrogenolysis to afford the ionic surfactants CxTreSuc, presenting a
carboxylate moiety and aliphatic chains of various lengths. An alterna-
tive pathway involving temporary protection of the secondary alcohols
as trimethylsilyl ethers, followed by sequential esterification of the
remaining primary alcohols, was investigated. However, the higher
number of synthetic steps led to drastically lower yields and this route
was consequently discarded.
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Fig. 1. Synthesis of Trehalose derived ionic surfactants. Reagents and conditions: i- Fatty acid (n = 6, 8, 12, 14), TBTU, pyridine 96 hr. ii- SAMBE, TBTU pyridine 96 hr.

iii- Hz Pd/C, MeOH 3 hr.

Table 1
Yields of intermediates and final surfactants with respect to the length of the
fatty acid used (n = 6, 8, 12, 14).

Fatty acid CyxTre CxxTreSucBn CxxTreSuc
Octanoate (n = 6) 40 % 49 % 60 %
Decanoate (n = 8) 30 % 40 % 63 %
Tetradecanoate (n = 12) 35% 34 % 58 %
Hexadecanoate (n = 14) 65 % 30 % 64 %

As observed in Table 1, the yield varied between 39 and 65 % for the
first step, 30 to 49 % for the second step and 58 to 64 % for the final step.
These yields were reproducible throughout the numerous batches pro-
duced during this study. Also, there is no correlation between the yield
of the reactions and the length of the fatty acid used but it is dependent
on the type of reaction and purification strategy.

The critical micelle concentration (CMC) of the excipient can bring
important insight on the behaviour of trehalose-based surfactants in
aqueous medium, and provide valuable clues for the formulation. As a
population of micelles must appear from CMC and at higher concen-
trations, CMC was assessed by DLS, measuring the derived count rate
(correlated to the number of particles in suspension) as a function of the
concentration for the different excipient solutions (graphical de-
terminations are shown in the Supplementary Information, Figures S1,
S2, S3). The results are shown in Table 2. First, it must be noticed that
the derived count rate increase was mainly caused by the apparition of a
peak at 5-10 nm (data not shown), which corresponds to spherical mi-
celles of monoalkyl trehalose as described in the literature (Schiefelbein
et al., 2010). However, CgTreSuc did not seem to form this type of
micelles, and the increase of scattering intensity was caused by larger
structures (from few tens to few hundred nanometers). No further

Table 2
Critical Micellar Concentration of succinylated trehalose-based excipients,
determined by DLS (n.d.: not determined).

Surfactant Ci6TreSuc C14TreSuc CyoTreSuc CgTreSuc

CMC (mM) 0.07 0.67 0.96 n.d.

analysis of those structures was performed, but they might correspond to
merged vesicles as suggested by another team working with non-
succinylated CgTre (Kanemaru et al., 2012). Therefore, the DLS data
were not exploitable for the CMC determination of CgTreSuc. For the
other surfactants, CMC results showed that the longer the alkyl chain,
the lower the CMC, increasing from 0.07 mM for C;¢TreSuc to 0.96 mM
for C1oTreSuc. This is in good agreement with results obtained with
other surfactants (Hanson et al., 2020). More interestingly, other groups
have studied the CMC of non-succinylated trehalose monoalkyl de-
rivatives (Chen et al., 2007). They showed the same increase of the CMC
while reducing the length of the alkyl chain (30 mM for CgTre, 2.2 mM
for C10Tre, 0.21 mM for C14Tre and 0.045 mM for C1¢Tre). The influ-
ence of the succinylation could also be studied through CMC values.
However, the direct comparison of CMC values between succinylated
and non-succinylated trehalose surfactants is not relevant, as several
publications showed that CMC values could be significantly different
depending on the measurement method used (Hanson et al., 2020). For
example, the CMC of non-succinylated CgTre was measured at 30 mM by
the drop weight method (Chen et al., 2007), when another group who
confronted tensiometry and pyrene fluorescence method obtained a
CMC of 2.14 and 1.92 mM respectively (Schiefelbein et al., 2010).

The cytotoxicity of all trehalose-based surfactants (succinylated or
not) was assessed on NIH-3T3 cells after 48 h with a MTS cell viability
test. C1¢Tre could not be studied, due to its very low solubility (less than
5 mM for C;¢Tre whereas C1gTreSuc was still soluble at a concentration
of 800 mM in milli-Q water). ECsy were calculated by fitting dos-
e-response models with experimental data, as shown in Supplementary
Information §25) (Table 3). First, CgTre showed an ECs value higher

Table 3
ECsp of the different excipients depending on the length of their carbon chain
and the presence of a succinyl moiety, determined on NIH-3 T3 cells after 48 h of
contact.

Carbon chain Cg Cio Cy4 Cie
Trehalose greater than 11.2 mM 1.91 mM 0.21 mM n.e.
Succinyl trehalose 3.61 mM 1.75 mM 0.34 mM 0.24 mM

n.e.: not evaluated.
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than 11.2 mM, while C;¢Tre and C14Tre had ECsg of 1.91 mM and 0.21
mM respectively. This trend suggests that the longer the alkyl chain, the
higher the cytotoxicity. This was confirmed by the ECs of succinylated
compounds, progressively decreasing from 3.61 mM (for CgTreSuc) to
0.34 mM (for C14TreSuc). Also, succinylation of the trehalose appeared
to slightly increase the toxicity, as EC50 decreased from more than 11.2
mM to 3.61 mM after succinylation of CgTre. The same trend was
observed for C;Tre, although less pronounced (from 3.91 to 1.75 mM
after succinylation). Indeed, succinyl group was probably negatively
charged in the conditions of the experiment, as cells were maintained at
pH = 7.4 (which is higher than the pK; of most carboxylic acid). Yet, it is
well known that anionic surfactants are more toxic than non-ionic sur-
factants, as they can generate electrostatic interactions with proteins
(Lémery et al., 2015). However, if succinylation and long carbon chains
seemed to increase cell toxicity, it was noticed that the chains of 14 or 16
carbons had very similar ECsp (0.21-0.34 mM), whether the trehalose
was succinylated or not. In other words, there might be a toxicity
threshold, above which increased number of carbons and succinylation
have no more influence on the cytotoxicity of the compound. Interest-
ingly, four of the trehalose-based surfactants studied were less toxic than
PS80 (ECs9 = 0.96 mM, which is close to other values found in the
literature for similar experiments (Arechabala et al., 1999)), known it-
self for its low acute toxicity (Lansdown and Grasso, 1972). The three
other surfactants were more toxic than PS80, but their respective ECsq
remained in the same order of magnitude.

3.2. Trehalose-based excipients as antibody stabilizers during
nebulization process

A first screening of the stabilizing conditions was made by moni-
toring the formation of antibody aggregates during nebulization of
freshly prepared formulations. The nebulized mixture always contained
1 mg/mL of antibody, solubilized in PBS to have an isotonic medium,
which avoids post-inhalation coughing reflex (Bonvini et al., 2016;
Sahakijpijarn et al., 2020). The pH was adjusted to 5.8, thus remaining
in the range of pH of commercial products (Wang and Ohtake, 2019;
Warne, 2011). Depending on the samples, a trehalose-based excipient
was also present, in various amounts. In the range of surfactants
described in this study, we focused on the ones with the shortest and the
longest carbon chain, respectively 8 and 16 carbons. This choice was
made to show significant differences of behavior, depending on the
chain length. However, as Cy¢Tre was not sufficiently soluble to be used,
we worked mainly on the new succinylated trehalose-based surfactants,
CgTreSuc and C;¢TreSuc.

The stability of the antibody during nebulization was assessed by
DLS, following the area under the curve of aggregate peaks on the
volume-weighed size distribution. As shown in Fig. 2, the presence of
trehalose-based excipients can prevent the formation of aggregates, and
their effect is proportional to their concentration. Indeed, when no
excipient was used, antibody aggregates represented 0.6 % of the AUC in
the fresh solution, while reaching 9.7 % after nebulization. When
CgTreSuc was added to the mixture (Fig. 2A), aggregation was
dramatically restrained; aggregates increased from 2.1 to 4.6 % after
nebulization with only 1 mM of CgTreSuc. C;¢TreSuc showed similar
protective abilities, with aggregates proportion of 0.6 % before nebuli-
zation versus 4.9 % after nebulization with 1 mM of surfactant. If the
excipient concentration was increased to 5.6 mM, a full protection of
antibody against aggregation was achieved, whatever the carbon chain
length (for CgTreSuc and C;¢TreSuc, shown in Fig. 2, but also for
C14TreSuc shown in Supplementary Information S26). The screening of
the excipient concentration was performed once to select the best con-
centration of excipient in the formulation. Complete assessment of the
formulations submitted to successive stress conditions (freeze-drying,
storage and nebulization) can be found in triplicates in the next part of
this study (see section 3.3).

Noticeably, the effective concentration was not related to the
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Fig. 2. Effect of nebulization on mAb aggregation in the presence of different
concentrations of (A) CgTreSuc or (B) Ci¢TreSuc (n = 1). Aggregation was
monitored following the AUC of the aggregate peaks, relative to the total AUC
of the volume-weighed size distribution obtained by DLS.

excipient CMC. Indeed, other excipients studied stabilized the antibody
during nebulization when their concentration was set at 5.6 mM (see
Supplementary Information S26), even if their CMC values were very
different, ranging from 0.07 to 0.96 mM (Table 2). This absence of
correlation between effective concentration and CMC is in good agree-
ment with other results found in the literature (Cui et al., 2017; Mahler
et al., 2009). This phenomenon arises from the fact that the optimal
concentration for protein stabilization depends greatly on the in-
teractions between the protein, the surfactant, and the interfaces.
Indeed, the optimal concentration is reached when the surfactant mol-
ecules are numerous enough to cover all the interfaces and/or all the
protein surface. This concentration can be considered as the CMC of the
surfactant in solution containing proteins (Lee et al., 2011). It differs
from the classical CMC, measured in pure water, hence the absence of
correlation between the CMC measured in this work and the optimal
stabilizing concentration for sotrovimab nebulization.

Then, the ability of the excipients to preserve the antibody func-
tionality during nebulization was assessed in vitro. The antibody was
solubilized with an effective concentration of excipient (5.6 mM of
CgTreSuc or Cy¢TreSuc), and nebulized. Nebulized and non-nebulized
samples were then incubated with SARS-CoV-2 spike-expressing
HEK293 cells. The proportion of antibodies that bind to cells was then
assessed by FACS thanks to an AlexaFluor488-labelled secondary anti-
body. The binding of excipient-stabilized antibody, nebulized or not,
was compared to the binding of non-stabilized antibody, in PBS only
(Fig. 3). The results first show that 5.6 mM of trehalose-based excipient
does not prevent the non-nebulized antibody from binding to Spike
protein, as antibodies bound to 78 + 1.6 % and 84 + 1.2 % of cells when
protected by CgTreSuc or C;¢TreSuc respectively, versus 80 + 2.8 % of
labelled-cells when no excipient was used. After nebulization, the
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Fig. 3. Effect of nebulization on mAb binding to Spike-expressing HEK cells,
depending on the presence or not of CgTreSuc or Ci¢TreSuc at 5.6 mM. mAb
binding was assessed by measuring the percentage of cells labelled by a fluo-
rescent secondary antibody, by FACS and is expressed as the mean + SD
(3 independent experiments).

proportion of positive cells dramatically dropped to 32 + 3.2 % when no
excipient was used whereas in presence of trehalose-based excipient
(5.6 mM) the proportion of positive cells remained unchanged (73 + 3.2
% with CgTreSuc, 82 + 1.4 % with CygTreSuc). Those results confirmed
the stabilizing role of both CgTreSuc and C;¢TreSuc when used at 5.6
mM to protect antibodies against the different stresses occurring during
nebulization.

3.3. Trehalose-based excipients as a cryoprotectant

While trehalose-based excipients were proven to be good stabilizers
for nebulized antibodies in solution, we also investigated the interest of
our synthesized excipients for long-term storage of the proteins in a dry
form. Indeed, lyophilization is a common method to guarantee the sta-
bility of antibody formula stored for a long period of time. However, this
process requires a freezing step and a drying step, that can trigger pro-
tein instability leading to a change of its conformation and thus its ef-
ficacy (Cui et al., 2017; Wang and Ohtake, 2019). Addition of sugar-
based compounds (e.g. sucrose, trehalose) or surfactants (e.g PS 80)
have shown promise for preservation of protein structure during freeze-
drying, the former acting as remarkable lyoprotectants and the latter as
protein stabilizers during freezing (Wang, 2000). To demonstrate the
cryopreservative property of our trehalose surfactants, antibody solu-
tions with 5.6 mM of CgTreSuc or CjgTreSuc were lyophilized and
stored for 28 days at 4 °C, before assessing both the aggregation and the
antigen-binding ability of the antibody. As shown in Fig. 4A, the
formulation containing CgTreSuc presented some aggregation (0.4 +
0.1 % of aggregates on the volume weighed distribution before lyophi-
lization, 3.6 £ 2.7 % after lyophilization and 28 days of storage) similar
to the results obtained with formulation in PBS only (0.1 + 0.1 % of
aggregates before lyophilization, and 4.4 + 2.7 % after lyophilization
and 28 days of storage). Notably, the standard errors were high for those
two conditions. Due to the non-quantitative value of DLS results, the
proportion of detected aggregates was highly variable, when present in
large amounts. This variability led us to consider the aggregation results
with caution, despite the apparently high level of aggregation. Thus,
antigen-binding assays were performed on the same samples, and the
results were confirmed (Fig. 4B). A dramatic decrease of the cell binding
was observed when antibody was solubilized in PBS alone (from 84 +
0.6t0 9 + 4 % after the process) or in the presence of 5.6 mM of
CgTreSuc (from 76 + 0.6 % to 11 + 9 %). On the contrary, C;¢TreSuc
prevented antibody from aggregating (Fig. 4A, 0.2 & 0.1 % in the initial
solution, and 0.1 + 0.1 % after lyophilization and storage) and pre-
served its antigen-binding ability (Fig. 4B, 75 £+ 1.6 % in the initial so-
lution, versus 63 + 7 % after lyophilization and storage). Thus, fatty acid
chain length positively correlates with the antibody protection during
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lyophilization and storage. This can be explained by the stabilization
mechanism itself. During lyophilization, protein conformation can
change, and hydrophobic regions can be exposed to the outer surface,
inducing destabilization of the proteins and increasing aggregation. The
surfactant hydrophobic chain interacts with newly exposed hydrophobic
regions of the protein, which prevents protein hydrophobic regions from
interacting with each other, limiting irreversible conformation changes,
and aggregation (Lee et al., 2006). Thus, CgTreSuc might be less cryo-
protective than CjgTreSuc because its shorter carbon chain confers
lower hydrophobicity, hence decreased interaction with proteins during
lyophilization.

Then, we challenged the cryoprotective performance of Cj¢TreSuc
against other excipients commonly used in protein formulation. The
cryoprotective performances of this innovative excipient were compa-
rable to a formula containing 5 % of trehalose, commonly used for
protein lyophilization (Kaushik and Bhat, 2003). However, trehalose
alone had no protective effect during nebulization (data not shown),
which made it less versatile than CjeTreSuc. More interestingly,
Cy6TreSuc was compared to PS80, recognized as a gold standard for
protein stabilization, in liquid-form storage (Warne, 2011), but also
during nebulization (Respaud et al., 2014; Sécher et al., 2022) or
lyophilization (Ji et al., 2014). We studied the influence of C1¢TreSuc
and the reference PS80 surfactants on antibody aggregation and antigen-
binding over the whole lifecycle of the drug. Thus, the antibody solution
was prepared, lyophilized, stored for 28 days before being resuspended
in purified water and nebulized. It appeared that PS80 did protect the
antibody during its whole lifecycle. Antibody aggregates did not exceed
0.1 % of the total volume-weighed particle size distribution (Fig. 4A),
and antigen-binding ability of antibody remained stable, between 68 +
2 % before lyophilization, and 71 + 4 % at the end of the lyophilization/
storage/nebulization cycle (Fig. 4B). On the other hand, the novel
excipient CigTreSuc which previously showed great cryopreservation
capacity also demonstrated its ability to preserve antibody colloidal
stability (0.3 £ 0.2 % of aggregates) and binding ability (70 + 2 %) after
the whole lyophilization/storage/nebulization cycle. Thus, C1¢TreSuc
equals PS80 as a versatile excipient for antibody stabilization. But it also
showed some advantages compared to polysorbates. Indeed, C1¢TreSuc
was conceived to be biodegradable, with hydrolysable ester bounds.
After cleavage, the three released compounds are trehalose, succinic
acid and palmitic acid, which are naturally present in the environment.
It does not contain any PEG, unlike PS80, which is clearly an advantage
regarding the issues recently highlighted by several groups about
massive PEG use (Guerrini et al., 2022; Hamad et al., 2008; Stone et al.,
2019; Szebeni et al., 2011; Turecek et al., 2016; Yang et al., 2016).

3.4. Therapeutic potential of the antibody after nebulization in the
presence of trehalose-based excipients

3.4.1. In vitro neutralization assays

After demonstrating that trehalose-based excipients could help pre-
serving antibody colloidal stability and antigen-binding ability, we
aimed to show the interest of stabilizing Sotrovimab with these excipi-
ents for the treatment of COVID-19 by pulmonary way. To do so, we first
demonstrated the potential of the formula to neutralize SARS-COV-2
virus in vitro after being nebulized. Wuhan variant virus was first
mixed with nebulized antibody formulations, and then incubated with
Vero E6 cells. The cytopathic effect caused by viral infection was
measured and NTsg values were calculated (Table 4) (obtained from cell
viability curves showed in Supplementary Information S25). The results
indicated that, in the conditions of the experiment, at a concentration of
2.90 pg/mL, the non-nebulized antibody in PBS prevented half of the
cells lysis. In the presence of 5.6 mM of nebulized CgTreSuc formulation,
the NTs slightly decrease (NTsg = 2.02 ug/mL) and was divided by 3
with C1¢TreSuc (NT5o = 0.95 pg/mL). The reliability of these surprising
results was supported by the NTsq of the control neutralizing antibody,
that was found to be 0.38 pg/mL in the conditions of this experiment,
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Table 4

NTso of the antibody after nebulization in the presence of CgTreSuc or
C16TreSuc 5.6 mM, measured in the conditions of the in vitro infection of Vero
E6 cells by SARS-CoV-2. The control was a solution of antibody in PBS, with no
excipient and no nebulization stress.

Sample Non nebulized Nebulized mAb Nebulized mAb with
mADb in PBS with CgTreSuc C16TreSuc
NTso (ug/ 2.90 2.02 0.95
mL)

which is in the same order of magnitude as the provider’s claims (0.29
ug/mL with WT SARS-CoV-2 Spike Pseudovirus). To explain the
remarkable increase of neutralizing capacity of the antibody when
nebulized in presence of C;¢TreSuc, we first considered that the sotro-
vimab solution in PBS could have undergone instabilities during the
incubation time with the virus (1 h at 37 °C). However, for all samples,

no aggregation was detected by DLS after the incubation period (see
Supplementary Information S28). A second hypothesis would be a
favorable conformation change of sotrovimab, that could have been
induced by the presence of CjgTreSuc, thus improving neutralization
effect. Indeed, it was shown that PS80 and 20 can change the antibody
conformation, without triggering aggregation (Singh et al., 2017).
Further studies are needed to confirm this result.

3.4.2. In vivo lung biodistribution studies

Finally, a preliminary in vivo study was conducted to assess the
antibody distribution in the lungs. C57BL/6 wild type mice were treated
with a formula containing 1 mg/mL of antibody in PBS pH 5.8, stabilized
with 5.6 mM of trehalose-based surfactant. Lung distribution was
determined by labelling the human antibody of interest by immuno-
histochemistry in lung superior, middle and inferior lobes collected after
30 min or 24 h. As shown by CLSM images (Fig. 5A) and Mean Fluo-
rescence Intensity measurements (MFI) (Fig. 5B), the nebulized
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24 h. Images shown in A are representative of what was observed on mice receiving the same treatment, and scale bar represents 100 pm. They were used to evaluate
the mean fluorescence intensity of Alexa488, shown in B (1 value for the negative control, 2 independent values for the other conditions; mean + SD). (C) Blood
levels of human IgG determined by ELISA on blood samples, collected after 30 min or 24 h (1 value for the negative control, 2 independent values for the other
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antibody reached the superior and middle lobes and remained there in
significant amounts after 30 min (93 AU in the superior lobe, 58 AU in
the middle lobe). Comparatively, the inferior lobe contained very few
antibodies, even though the MFI was higher than for the control mouse.
This phenomenon was already observed for mice, and was explained by
a preferential ventilation of the superior lobes in small rodents (Gu and
Darquenne, 2021).

In superior and middle lobes, the antibody was homogenously
distributed all over the cross section: this might mean the aerosolized
formulation did not only deposit in the larger airways, but also in the
alveoli (Bivas-Benita et al., 2005). This assumption was supported by the
droplet size measurements, performed with Briutcare nebulizer by laser
diffraction (Table 5). Nebulization of a solution of sotrovimab, at 1 mg/
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Table 5

Droplet size distribution of aerosols containing the antibody 1 mg/mL in PBS pH
5.8, alone or stabilized with C;¢TreSuc at 5.6 mM. Nebulization was performed
with a vibrating mesh nebulizer NEB-001 (Briutcare) at a 0.4-mL/min flow rate.
Six measurements were done on each sample, using a Spraytec laser diffraction
system (Malvern Panalytical). Values are expressed as the mean + SD (6 repli-
cate measurements).

Sample dyo (um) dso (pm) dgo (um)
Sotrovimab in PBS 2.28 + 4.82 + 9.10 +
0.02 0.05 0.12
Sotrovimab in PBS + Cy¢TreSuc 5.6 241 + 4.78 + 8.92 +
mM 0.13 0.04 0.18
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mL concentration, with or without the presence of excipient generated
particles of median diameter dso around 4.80 um. This droplet size
distribution was not influenced by the presence of trehalose-based
excipient, the djo and dgg being similar with or without C¢TreSuc at
5.6 mM (remaining respectively around 2.3 ym and 9.0 ym). According
to recent reports, particles with a diameter below 5 pM deposit in the
deep lungs, by diffusion, which means more than 50 % of the droplets
would be able to reach the alveoli, while the rest would deposit in the
bronchi and bronchioles (Carvalho et al., 2011). A more cautious
threshold is sometimes proposed, considering that only particles smaller
than 3 um can deposit in the alveoli (Carvalho et al., 2011). This would
still allow more than 10 % of the produced aerosol to reach the deeper
lung (dyo = 2.41 um), which supports the assumption that the aerosol
was distributed in the whole airways. Considering that SARS-CoV-2
infection is characterized, in part, by alveoli injuries (Upadhya et al.,
2022), such aerosol depth deposition might be useful in the perspective
of a treatment for COVID-19 disease.

Beside the antibody distribution 30 min after the treatment admin-
istration, it is noteworthy that the antibody remained in the lung after
24 h, with MFI values of 62 AU in the superior lobe and 42 AU in the
middle lobe (Fig. 5B). It is generally acknowledged that free antibody is
eliminated from airways in less than 24 h by mucociliary clearance and
by macrophages (Freches et al., 2017; Todoroff and Vanbever, 2011).
However, other publications showed the presence of antibody several
days after the nebulization treatment by immunochemistry assays
(Guilleminault et al., 2014). We assumed that the antibody detected on
CLSM images during immunohistochemistry assays was actually inter-
nalized by the lung epithelium.

Finally, the presence of the antibody in the plasma was quantified by
ELISA, 30 min and 24 h after nebulization (Fig. 5C). The results showed
a slow absorption of the antibody: antibody level was too low to be
detected 30 min after nebulization, and it reached 3.8 ng/mL after 24 h.
However, this level was still very low, compared to the concentration
that would be obtained if the totality of the aerosolized antibody
reached the lung and was absorbed through the alveoli walls (around
0.2 mg/mL for a mouse with 1.8 mL of blood). This suggests that a
significant portion of the deposited antibody remained in the lung for at
least 24 h, which is the targeted organ for COVID-19 treatment.

4. Conclusion

We developed new excipients that preserve antibody stability during
nebulization process, allowing the administration of sotrovimab in
lungs, for the treatment of COVID-19. Indeed, we synthesized a series of
novel excipients composed of a succinylated trehalose polar head and a
hydrophobic carbon chain of various length (from 8 to 16 carbons).
Those excipients showed a higher solubility than their non-succinylated
counterparts, allowing their use at relevant concentrations for protein
stabilization. In particular, C1¢TreSuc was proven to be an excellent
candidate to preserve colloidal stability and antigen-binding ability of
an antibody during the nebulization process. It also showed great ad-
vantages as a cryoprotectant, allowing to store antibodies in a lyophi-
lized form for one month, at least. Finally, we demonstrated that
Ci6TreSuc could have potential uses in immunotherapy against COVID-
19. The presence of Cj¢TreSuc during nebulization preserved the
neutralization capacity of sotrovimab against SARS-CoV-2 in vitro; an
increase of its efficacy was even observed, compared to the control. A
preliminary in vivo study also showed the wide distribution of sotrovi-
mab in mice lung, after nebulization with 5.6 mM of trehalose-based
excipient. This study demonstrates the potential of trehalose-based ex-
cipients to stably nebulize human mAbs with no loss in binding and no
aggregation. This opens the road for alternative excipients to replace
usual stabilizers, such as polysorbates, for protein lung delivery.
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