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Abstract

Pathogen surface antigens are at the forefront of the viral strategy when invading host

organisms. These antigens, including membrane proteins (MPs), are broadly targeted

by the host immune response. Obtaining these MPs in a soluble and stable form

constitutes a real challenge, regardless of the application purposes (e.g. quantification/

characterization assays, diagnosis, and preventive and curative strategies). A rapid

process to obtain a native‐like antigen by solubilization of a full‐length MP directly

from a pathogen is reported herein. Rabies virus (RABV) was used as a model for this

demonstration and its full‐length G glycoprotein (RABV‐G) was stabilized with am-

phipathic polymers, named amphipols (APols). The stability of RABV‐G trapped in APol

A8‐35 (RABV‐G/A8‐35) was evaluated under different stress conditions (temperature,

agitation, and light exposure). RABV‐G/A8‐35 in liquid form exhibited higher unfolding

temperature (+6°C) than in detergent and was demonstrated to be antigenically stable

over 1 month at 5°C and 25°C. Kinetic modeling of antigenicity data predicted anti-

genic stability of RABV‐G/A8‐35 in a solution of up to 1 year at 5°C. The RABV‐G/

A8‐35 complex formulated in an optimized buffer composition and subsequently

freeze‐dried displayed long‐term stability for 2‐years at 5, 25, and 37°C. This study

reports for the first time that a natural full‐length MP extracted from a virus, com-

plexed to APols and subsequently freeze‐dried, displayed long‐term antigenic stability,

without requiring storage under refrigerated conditions.
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1 | INTRODUCTION

Host antiviral protective immunity is mainly elicited against surface

antigens, generally, glycoproteins embedded in the lipid membrane.

Even though membrane proteins (MPs) are key antigenic targets, only

a few MP‐based subunit vaccines have been developed, for example,

against hepatitis B (Ionescu‐Matiu et al., 1983) or papillomavirus

(Suzich et al., 1995). MPs are expressed naturally at low levels in vivo,

requiring the use of different production strategies such as re-

combinant or cell‐free systems (Blesneac et al., 2012; Dilworth

et al., 2018; Wuu & Swartz, 2008; Zoonens & Miroux, 2010).

Moreover, due to their hydrophobic transmembrane region, MPs are

not soluble in aqueous media, leading to spontaneous aggregation

and loss of activity unless surfactants are used. Removal of the

transmembrane region is a strategy commonly used to facilitate the

production of soluble ectodomains as recombinant proteins. How-

ever, the risks of protein misfolding and loss of antigenicity of

truncated‐MP versions are high. As it has been already observed for

various viral proteins (ebola, rabies, SARS‐CoV, influenza, and para-

myxoviruses), the transmembrane domain has an impact on protein

folding and stability (Ci et al., 2018; Smith et al., 2012, 2013; Webb

et al., 2018). In the case of the rabies virus (RABV), the soluble ec-

todomain of the glycoprotein expressed in eukaryotic cells folds in a

monomeric conformation, which is antigenically distinct from the

complete native membrane‐anchored glycoprotein (Maillard &

Gaudin, 2002). These observations suggest that producing full‐length

MPs is preferable to trigger an antigenic response comparable to that

provided by lived pathogens. Mild extraction of full‐length MPs di-

rectly from viral particles can provide simple access to antigens which

comprise all protein domains (the ecto‐, transmembrane‐, and en-

dodomains) and thus would retain their original antigenic conforma-

tion, even if three‐dimensional conformations of these MPs exist in a

fragile equilibrium of few preferential conformations with close free

activation energies (Qoronfleh et al., 2007). In the aim to preserve the

native conformation of the target MP, mild surfactants can be used as

substitutes for the lipid environment surrounding the transmembrane

domain of MPs.

Detergents constitute a large class of surfactants traditionally

used to solubilize membranes and to maintain MPs in water‐soluble

forms (Alberts & Lewis, 2002; Duquesne & Sturgis, 2010; Orwick‐

Rydmark et al., 2016). The presence of detergents can, however, lead

to MP instability, likely due to the detergent binding to and dispersing

hydrophobic moieties (e.g., lipids or cofactors), resulting in “poison-

ing” hydrophobic pockets in MPs, or partial unfolding of native

conformers (Otzen, 2015; Zoonens et al., 2013). Alternatives to

conventional detergents have emerged. On the one hand, detergent

molecules with original chemical structures have been synthesized

like, for instance, maltoside derivatives (Sadaf et al., 2015) or calix-

arenes (Hardy et al., 2016, 2019; Matar‐Merheb et al., 2011). These

latter have recently been tested in vaccine application against influ-

enza (Mandon et al., 2020). On the other hand, original amphipathic

systems have been developed including fluorinated surfactants, na-

nodiscs, or amphipathic polymers (Popot, 2010). Among the latter,

styrene maleic acid (SMA) co‐polymers (Dorr et al., 2016; Knowles

et al., 2009; Simon et al., 2018; Stroud et al., 2018) and polyacrylic‐

based amphipols (APols) (Marconnet et al., 2020; Popot

et al., 2011, 2018; Tribet et al., 1996) are the most studied and

characterized polymers. Presently, APol A8‐35 is a useful surfactant

substitute to stabilize and preserve the native‐like conformation of

antigens for their use as controls in characterization assays (Feinstein

et al., 2014). APol A8‐35 has been functionalized and constitutes a

useful tool for detection support (Charvolin et al., 2009; Della Pia,

Holm, et al., 2014; Giusti et al., 2015; Le Bon et al., 2014). Further-

more, protection against Chlamydia muridarum in a murine model

using A8‐35 as a delivery vehicle of antigens has been reported (Della

Pia, Hansen, et al., 2014; Tifrea et al., 2011, 2018, 2020).

The RABV transmembrane glycoprotein G (RABV‐G) was

chosen as a model of viral MPs. RABV‐G is a 505‐amino acid long

MP (UniProtKB ‐ P15199) that crosses the viral lipid membrane

with a single transmembrane α‐helix of 21 amino acids

(460–480). RABV‐G is involved in the initial steps of virus binding

to cell receptors and thereafter triggers uncoating and genome

delivery due to low pH‐induced membrane fusion within the

endocytic pathway (Belot et al., 2019). Sequence alignment with

G of vesicular stomatitis virus showed that RABV‐G likely adopts

the typical fold of Class III fusion glycoproteins. The glycosylation

sites are located in the ectodomain exposed at the surface of the

virus and one lipidation site is located close to the transmem-

brane domain. At the surface of the virion, a pH‐dependent

equilibrium has been described between the pre‐ and postfusion

conformations of G protein and monomeric intermediates during

the structural transition (Albertini et al., 2012).

The aim of the present study was to develop a simple and

straightforward method to isolate and stabilize a full‐length MP

from a pathogen that would be antigenically similar to the MP

located at the surface of the pathogen. RABV‐G was used as a

model for this demonstration. The protein was first solubilized in

detergent and subsequently complexed to APol A8‐35. The sta-

bility of the soluble RABV‐G was physically and biochemically

evaluated (e.g., antigen structure and aggregation state) under

various stress conditions such as high temperature (up to 37°C),

agitation, and light exposure. Finally, a formulation development

study was conducted to identify the best buffer composition for a

freeze‐drying process of the RABV‐G antigen to propose a format

that permits long‐term storage.

2 | MATERIALS AND METHODS

2.1 | Rabies virus

Bulk RABV, from the original Wistar Rabies Pitman Moore/WI 38

1503‐3M strain, was produced in Vero cells, inactivated with β‐

propiolactone and purified. RABV was stored frozen below −70°C

and thawed overnight under refrigerated conditions before use.

RABV was chosen as a model in this study.
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2.2 | Extraction, purification, and formation of G
protein/A8‐35 complex

About 500ml of a RABV bulk were 10‐fold concentrated by ultra-

filtration (UF) with a Labscale TFF System (Millipore), using a UF

100 kDa Pellicon XL Biomax type C PES cassette (Millipore). The

concentration of total proteins was estimated at 3.4 mg/ml using the

Bradford assay. The retentate was diafiltrated (DF) with 20mM Tris

and 150mM sodium chloride at pH 7.5. Following the addition of

0.6% w/v CHAPS (3‐[(3‐cholamidopropyl)dimethylammonio]−1‐

propanesulfonate, Sigma‐Aldrich), the solution was incubated over-

night (~16 h) at +5°C under slight agitation. The sample was then

centrifuged for 20min. at 12,000 g. The supernatant was recovered

and poured onto a 5%–20% w/w sucrose gradient. After cen-

trifugation (16 h at 164,100 g), the gradient was fractionated (16–17

fractions), and the fraction content was analyzed by sodium dodecyl

sulfate‐polyacrylamide gel electrophoresis (SDS‐PAGE). Fractions

containing RABV‐G were pooled, submitted to a UF/DF step in

20mM Tris and 150mM sodium chloride at pH of 7.5 and adjusted to

a final concentration of proteins of 0.3 mg/ml. Then, a concentrated

stock solution of A8‐35 (Anatrace) was added under gentle agitation

to the RABV‐G/CHAPS solution at 2:1 w/w amphipol:protein ratio

and incubated at +5°C for 20min. Approximately 2 g of polystyrene

Bio‐beads™ SM‐2 (Biorad) were added to 20ml protein solution and

the samples were incubated for 2.5 h at +5°C, under gentle agitation

to remove the detergent. The polystyrene beads settled out and the

supernatant containing RABV‐G/A8‐35 was collected and stored

at +5°C.

2.3 | Formulation

Di‐hydrate trehalose at 100 g/L (292mM), a lyoprotectant, was in-

tegrated into the RABV‐G/A8‐35 formulation aiming to evaluate

buffer, pH, and ionic strength on antigen stability. Tris (2‐amino‐2‐

(hydroxymethyl)−1,3‐propanediol, THAM, Tris base, Tris(hydro-

xymethyl)aminomethane, Sigma‐Aldrich) and HEPES (4‐(2‐

hydroxyethyl)piperazine‐1‐ethanesulfonic acid, N‐(2‐hydroxyethyl)

piperazine‐N′‐(2‐ethanesulfonic acid, Sigma‐Aldrich) buffers

(20mM) were chosen to respect the basic pH compatibility of A8‐35

and to ensure buffering effect within the pH ranges of 7.5–8.5 and

7.0–8.0, respectively. Ionic strength impact was evaluated by adding

sodium chloride up to 6 g/L (103mM). Central composite designs

(design of experiment [DoE]) combining two continuous factors, pH

and sodium chloride concentrations, and including two central points

were built in JMP (V. 11, SAS Institute Inc.) software, for statistical

analysis. This DoE comprised of 10 Tris/trehalose‐based formulations

and 10 HEPES/trehalose‐based formulations with sodium chloride

ranging from 5mM to 103mM to evaluate impact of pH ranging

7.0–8.5 and ionic strength on RABV‐G/A8‐35 stability (Table S1).

A CM3‐Freeslate (Unchained Labs) robot was used to auto-

matically mix 3–10‐time concentrated stock solutions in 10ml neu-

tral glass vials and to prepare the 20 formulations. Target pH of the

formulations was adjusted by adding chloride acidic (1 N) in Tris‐

based formulations and sodium hydroxide (1 N) in HEPES‐based

formulations, based on volumes determined by using CurTiPot free

software (version 4.2.3, Ivano G. R. Gutz ed.). Buffer exchange of

RABV‐G/A8‐35 at 0.3 mg/ml in Tris/NaCl buffer against these

20 formulations was carried out on Amicon® centrifugal filter units

(50 kDa cut‐off). The 1ml of RABV‐G/A8‐35 solutions were 10‐time

diluted by the formulations in 20 centrifugal filter units, then con-

centrated (centrifugation at 3000 g, 5 min.). Final volumes were ad-

justed to get 1ml of RAVB‐G/A8‐35 at a final protein concentration

of 0.3 mg/ml in each of the 20 formulations.

Impact of buffer/pH and ionic strength on RABV‐G/A8‐35 sta-

bility was evaluated at time‐zero by determination of the antigen

unfolding temperature (Tunf.III) by nano‐differential scanning fluores-

cence (nDSF) and, after incubation of samples 24 h at 45°C, through

turbidity measurements at 320 nm absorbance, and antigenicity by

dot blot. In addition, the critical glass transition temperature of the

maximally freeze‐concentrated bulk solution surrounding the ice

crystals (Tg′) was also determined for each formulation. Statistical

analysis of data was performed using JMP software. Differences

were determined to be significant when the probability of chance

explaining the results was reduced to less than 5% (p < 0.05). The

results of the formulation study were used to derive an optimal

formulation for the freeze‐drying process.

2.4 | Buffer exchange and freeze‐drying processes

Diafiltration of 50ml RABV‐G/A8‐35 at 0.3 mg/ml in Tris/NaCl buf-

fer against the selected formulation was carried out using a Labscale

diafiltration unit (Millipore) with a Pellicon XL Biomax 50 kDa cas-

sette. The formulated RABV‐G/A8‐35 samples (0.5 ml) were filled in

3ml TopLyo (Schott) vials which were half‐stoppered and loaded

onto the shelf of the Lyovac FCM 10 (GEA) freeze‐dryer. From room

temperature, samples were initially frozen at −50°C for 1.5 h, fol-

lowed by an isothermal stage for 1 h. For the primary drying step, the

shelf temperature was increased to −30°C over 0.5 h while de-

creasing the chamber pressure to 0.05mbar and then maintained at

−30°C for 33.3 h during primary drying. The secondary drying step

was performed by further increasing the shelf temperature to +33°C

over 5 h while maintaining the chamber pressure to 0.05mbar, fol-

lowed by 10 h drying at +33°C. At the end of the cycle, the vials were

closed under nitrogen at 800mbar, sealed with aluminum caps and

stored at +5°C or incubated at +25°C or +37°C for stress testing.

Freeze‐dried products were reconstituted with 0.5 ml of sterile water

before testing (antigenicity, pH, and turbidity).

2.5 | Thermal stress

Liquid samples were aliquoted in 1.8 ml polypropylene cryotubes

(Nunc) and maintained independently for 7, 14, and 29 days at 5°C or

25°C or for 1, 2, or 7 days at 37°C. Freeze‐dried samples were
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maintained in 3ml type I glass vials (Schott) for up to 2 years at 5°C,

25°C, or 37°C.

2.6 | Mechanical stress

Liquid samples were added to 3ml type I glass vials (Schott) and

submitted to stirring stress using magnetic bars on a CM3‐Freeslate

stirring deck (Unchained Labs). Stirring ensuring a turbulent flow at

550 rpm was used to trigger a progressive and continuous protein

aggregation. This mechanical stress was carried out for 2 h or 6 h at

room temperature.

2.7 | Photostability: Light exposure

RABV‐G/A8‐35 liquid samples in type I glass vials (Schott) were ex-

posed to UVA (320–400 nm, doses: 200 and 400Wh/m²) and visible

light (VIS, 400–800 nm, doses: 708 and 1674 klux‐hour) in a Caron

6540 photoluminescence chamber at 15°C. The experiment total

duration was 4 days. Negative control and lower dose samples were

protected from light exposure with aluminum foil. After each type of

stress, samples were aliquoted, instantly frozen and stored at −70°C

until analysis.

2.8 | Total protein quantification and turbidity of
RABV‐G solution

UV absorbance of the samples (250 μl) was measured with Spec-

traMax M5 UV‐visible spectrophotometer (Molecular Devices®).

Independent wavelength measurements were performed at 280,

320, 350, and 975 nm, using the “pathcheck” function to normalize

measurements. Concentration of the RABV‐G protein was estimated

based on a mass extinction coefficient of 1.4562ml mg−1 cm−1 at

280 nm (estimated with ExPASy Prot Param software), after correc-

tion of light scattering contribution using the samples' absorbance at

350 nm. The presence of insoluble aggregates in formulations of

RABV‐G was estimated through determination of turbidity by mea-

suring the absorbance at 320 and 350 nm.

2.9 | RABV‐G thermal unfolding temperatures

Tertiary structure unfolding temperatures (Tunf.III) were assessed

using intrinsic tryptophan fluorescence of proteins by applying Nano

Differential Scanning Fluorimetry, nDSF (Prometheus NT.48 instru-

ment, NanoTemper Technologies GmbH). Duplicate RABV‐G samples

were analyzed in high sensitivity (HS) capillaries (NanoTemper), after

a 1:2 dilution in their respective formulation buffer. During analyses,

intrinsic fluorescence emission intensities at the single wavelengths

of 330 nm and 350 nm were recorded while samples were heated

from 15°C to 95°C at 1°C/min. The ratio of 350/330 nm intensities

was recorded as a function of temperature to define when thermal

protein unfolding happens: Tunf.III was determined as the temperature

at the maximum first derivative of this thermal trace. Tunf.III was de-

termined at ±1°C, based on experimental reproducibility results.

2.10 | RABV‐G secondary structure

The RABV‐G samples were dialyzed with a Slide‐A‐Lyzer™ cassette

(Thermo Fisher Scientific) against a 20mM Tris, 150mM NaF, pH 7.5

containing 0.6% CHAPS or 0.06% A8‐35 solution. Circular Dichroism

(CD) analysis was performed with a J‐1500 spectropolarimeter

(JASCO, Inc.), and the CD spectra were measured between 190 and

250 nm, with a 0.5 nm interval. The percentage of the structural

conformations was calculated by using the free software package

CDPro. Thermal denaturation of sample was carried out with a ramp

of 1°C/min., between 20°C and 96°C. CD spectra were recorded

every 2min. The melting temperature (Tunf.II) of the RABV‐G was

determined as the temperature at the maximum first derivative of the

change of ellipticity at 222 nm.

2.11 | SDS‐PAGE and western blot RABV‐G
characterization

Sample protein electrophoresis was performed onto tricine‐SDS‐

PAGE 4‐15% gel Criterion™ TGX™ (BioRad), in TGS buffer. Ap-

proximately 3 μg of total proteins were heated 5min. at 100°C be-

fore loading for analysis. In addition, RABV was also analyzed under

reductive conditions in 20mM DTT in Laemmli Sample Buffer

(BioRad), before heating and loading. Precision Protein STD un-

stained kit (BioRad) was used as a molecular weight marker. Proteins

were stained with Bio‐safe Coomassie (BioRad) and analyzed through

GS‐800 imaging densitometer (BioRad) and its dedicated Quanti-

tyOne software. Protein purity was calculated using Un‐Scan‐It (Silk

Scientific. Inc.) software. After the protein gel separation, a western

blot was performed on the polyvinylidene difluoride membrane; the

conformational monoclonal antibody (mAb) D1‐25, specific for a

conformational epitope of antigenic site III of RABV‐ G was used to

detect the different RABV‐G products by using a Li‐Cor Odyssey®

instrument.

2.12 | RABV‐G antigenicity

Anti‐G specific ELISA was performed as previously described

(Chabaud‐Riou et al., 2017), after demonstrating beforehand that

APols have no interfering effect on testing.

For dot blot analyses, 50 ng of samples were spotted onto

0.22 μm nitrocellulose membrane (Invitrogen), using Bio‐Dot™ ap-

paratus (Bio‐Rad). The mAb D1‐25, specific for a conformational

epitope of antigenic site III of RABV‐G was used for primary hy-

bridization of the dot blot membrane and the secondary antimouse
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DyLight800 (Rockland Immunochemicals) antibody for detection.

Fluorescence intensities at infrared 800 nm were measured with an

Odyssey® fluorimeter (Li‐Cor Biosciences) using acquisition software

Odyssey Infrared Imaging System v.3.0.21.

2.13 | Glass transition temperatures of RABV‐G
solutions and freeze‐dried products

A power compensation calorimeter equipped with an Intracooler II

(DSC8500; PerkinElmer) was used to determine critical process

temperatures namely the glass transition temperature of the maxi-

mally freeze‐concentrated bulk solution surrounding the ice crystals

(Tg′) and the glass transition temperature (Tg) of amorphous mate-

rials (freeze‐dried product). The sample (approximatively 10 μl of

solution or 2mg of dried powder) was sealed in an aluminum pan

(with hole for powders) and an empty pan was used as reference.

Liquid samples were cooled to −60°C to ensure temperature stability

and sample equilibration and scanned at 5°C/min. to 25°C. Tg′ de-

terminations were done on the heating scan. Solid samples were

heated from 20°C to 150°C. The first scan removed residual water

and the second heating scan was performed at 5°C/min. was used to

determine Tg of dried powders. Such values were used to estimate

the impact of formulation compositions. All glass transition (Tg′ and

Tg) values were reported as the midpoint temperature of the heat

capacity step associated to the glass transition. The Pyris (Perki-

nElmer) software was used to control the instrument and to re‐

process the thermograms.

2.14 | Residual moisture content of freeze‐dried
product

A few milligrams of freeze‐dried product were insulated from the

ambient atmosphere through crimping of a capsule. A hole was made

at the top of the capsule using a needle just before placement in the

TGA7 thermogravimetric analyzer (PerkinElmer). The sample was

subjected to a temperature increase of 5°C/min. between ambient

temperature and 250°C. The water content was measured as the loss

of mass observed up to about 110°C. The Pyris (PerkinElmer) soft-

ware was used to extrapolate residual moisture from the

thermograms.

2.15 | Advanced kinetics modeling and stability
predictions of RABV‐G

Taking 1‐month stability G‐specific ELISA data sets obtained at 5°C

(standard storage temperature) and also at 25°C and 37°C (ac-

celerated conditions), the AKTS‐Thermokinetics software (version

5.1, Advanced Kinetics and Technology Solutions AG, AKTS) was

used to develop and implement RABV‐G kinetic models and predict

loss of antigenicity of RABV‐G as a function of temperature exposure

in liquid solutions, under isothermal and nonisothermal conditions, as

previously described (Clénet, 2018; Roduit et al., 2014; Roque

et al., 2021). The 95% percentile bootstrapped confidence intervals

were calculated to define the accuracy of predictions which are

graphically included as prediction bands.

3 | RESULTS

3.1 | G protein extraction from rabies virus,
purification, and trapping in amphipols

Viral proteins were extracted with CHAPS from RABV whole parti-

cles. The G protein was purified on sucrose gradient as previously

described (Yves Gaudin et al., 1992). After solubilization, the recovery

yield of G protein was approximately 70%. The oligomeric forms of

the integral G protein in CHAPS (RABV‐G/CHAPS) were separated

on a sucrose gradient (data not shown) and identified by SDS‐PAGE

as previously demonstrated (Yves Gaudin et al., 1992). CHAPS was

then subsequently exchanged for APol A8‐35 as previously reported

(Le Bon et al., 2018; Zoonens et al., 2005). The resulting complexes of

G protein trapped in A8‐35 (RABV‐G/A8‐35) were water soluble and

approximately 90% pure (Figure S1). RABV‐G/CHAPS and RABV‐G/

A8‐35 complexes showed a similar antigenicity consistent with the

original RABV (Figure S1).

3.2 | Characterization of integral RABV‐G protein
in solution

The purified full‐length RABV‐G protein in either CHAPS or A8‐35

was characterized under the same experimental conditions, that is, at

a protein concentration of 0.3mg/ml and in buffer containing 20mM

Tris pH 7.5, 150mM sodium chloride. The protein in the two dif-

ferent surfactants showed similar antigenicity based on G‐specific

ELISA (Table 1). Solutions looked limpid by eye (i.e., without turbidity)

as confirmed by the low absorbance value at 320–350 nm (data not

shown). RABV‐G exhibited folded secondary structures in both for-

mulations, with approximately 24% of α‐helices, 30% of β‐sheets, and

12% of β‐turns (Table 1). The thermal stability of RABV‐G was as-

sessed with the determination of the unfolding temperature values of

secondary (Tunf.II) and tertiary (Tunf.III) structures using CD and nDSF,

respectively (Table 1). Unfolding temperature values were higher for

the RABV‐G/A8‐35 formulation as compared with the RABV‐G/

CHAPS formulation, indicating higher thermal stability of the APol‐

associated G protein.

3.3 | Stability of RABV‐G in solution

The thermal stability of RABV‐G in solution was assessed with the

evolution of the antigenicity response and the turbidity of samples

incubated over one month at two temperatures, 25°C and 37°C. The
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data were compared with the samples kept under standard re-

frigerated storage condition at 5°C (Figure 1).

Irrespective of the incubation temperature, a significant loss

of RABV‐G antigenicity with a concomitant increase of turbidity

was observed for the CHAPS‐based formulation. After one month

at 5°C and 25°C, approximately 50% of RABV‐G/CHAPS anti-

genicity was lost, whereas the highest incubation temperature

(37°C) induced a complete loss of RABV‐G/CHAPS antigenicity

after 1 day (Figure 1). Conversely, the RABV‐G/A8‐35 anti-

genicity was fully preserved over one month at 5°C and 25°C.

TABLE 1 RABV‐G protein characteristics in solution in the presence of either detergent (CHAPS) or amphipol (A8‐35)

Antigenicity (UI/ml)
±95% CI

Secondary struc.
by CD

Unfolding
temp.Tunf.II by
CD (°C)

Unfolding
temp.Tunf.III by
nDSF (°C)

RABV‐G/CHAPS 835 [735–935] α‐helix 24% 49 ± 1 44 ± 1

β‐sheet 31%

Turn 12%

other 33%

RABV‐G/A8‐35 764 [672–856] α‐helix 23% 67 ± 1 50 ± 1

β‐sheet 28%

Turn 12%

other 37%

Note: Physical characteristics of RABV‐G protein (secondary structures and unfolding temperatures) were measured at a protein concentration of 0.3 mg/
ml and in buffer containing 20mM Tris pH 7.5, 150mM sodium chloride.

Abbreviations: CD, circular dichroism; CHAPS, 3‐((3‐cholamidopropyl) dimethylammonio)‐1‐propanesulfonate; CI, confidence interval; nDSF, nano
differential scanning fluorimetry; RABV‐G, rabies virus glycoprotein G.

F IGURE 1 Thermal stability of RABV‐G/CHAPS (left) and RABV‐G/A8‐35 (right) formulations: Impact of incubation temperature (5°C in
blue, 25°C in red, 37°C in green) on G antigenicity (top) and solution turbidity (bottom). G‐specific ELISA timepoints were normalized to initial
value (time‐zero). Error bars represent 95% CI for ELISA and ±1 ʼ for turbidity based on experimental reproducibility results. CHAPS, 3‐((3‐
cholamidopropyl) dimethylammonio)‐1‐propanesulfonate; CI, confidence interval; ELISA, enzyme‐linked immunosorbent assay; RABV‐G, rabies
virus glycoprotein G; SD, standard deviation

6 | CLÉNET ET AL.



Under such storage conditions, increase of turbidity is moderate

and is approximately half of that observed in the CHAPS‐based

formulation (Figure 1). However, significant and rapid loss of

RABV‐G/A8‐35 antigenicity was observed at 37°C with an in-

crease of turbidity, indicating a protein aggregation phenomenon

(Figure 1). It is worth noting that the loss of RABV‐G specific

antigenicity observed at 37°C arose less rapidly in the formula-

tion containing APol than the one with detergent. These data

obtained at 5°C, 25°C, and 37°C were used to build a kinetic

model enabling to predict the evolution of RABV‐G antigenicity at

any storage temperature. With this approach, a steady state of

the APol‐based formulation was predicted over one year at 5°C

without significant loss of RABV‐G antigenicity, whereas under

the same storage conditions, around 70% of RABV‐G antigenicity

was lost for the formulation containing CHAPS (Figure S2). It

should be noted that stability modeling predictions indicated a

complete loss of RABV‐G antigenicity for both formulations after

1 year when samples are stored at 25°C (Figure S2). It is worth

noting that such kinetic models only depict phenomenological

models applied for fitting the experimental reaction progress.

Nonetheless, it was demonstrated that long‐term stability pre-

dictions can be done with accuracy since an appropriate kinetic

model, that is, describing the degradation progress as a function

of time and temperature, was used (Roque et al., 2021), thus

reinforcing the best thermal stability predicted for RABV‐G for-

mulated with amphipol. Furthermore, simulations from the ELISA

kinetic model describing the loss of RABV‐G antigenicity upon

temperature highlighted an increase of the transition tempera-

ture for the APol‐based formulation (+5°C) compared to the

CHAPS‐based formulation, confirming the results observed by

nDSF (Figure S3).

The stability of RABV‐G/A8‐35 in solution was further assessed

using either mechanical stress or light exposure. Stirring induced a

progressive loss of RABV‐G antigenicity as determined by ELISA

(~50% of antigenicity was lost after 6 h) with a significant increase of

turbidity (Figure 2). Exposures of APol‐based formulations to

UV‐visible wavelengths for several days led to a loss of approxi-

mately 50% of RABV‐G/A8‐35 antigenicity, but without protein ag-

gregation (Figure 2). Note that similar results were obtained for RABV

viral particle suspension (data not shown).

Finally, the presence of APol A8‐35 improved the thermal sta-

bility of RABV‐G as compared with the detergent‐based formulation,

but RABV‐G was still sensitive to mechanical or light stress. With the

aim of preventing stability issues inherent to MPs in aqueous solu-

tions, a solid form obtained by a freeze‐drying process was

considered.

3.4 | Ultra‐stable amphipol‐G protein complexes
under freeze‐dried form

RABV‐G/A8‐35 formulation was first optimized through screening of

buffer composition (pH and ionic strength). A surface response DoEs

(central composite) was built with Tris and HEPES buffers to cover a

pH range from 7.0 to 8.5, in the presence of increasing concentra-

tions of sodium chloride (from 5mM to 103mM). Trehalose, at a

fixed concentration, was systematically added as a common bulking

agent to the buffers, yielding 20 different formulations (Table S1).

Glass transition temperatures of the maximally freeze‐concentrated

solutions (Tgʹ) as well as unfolding temperatures of tertiary structure

(Tunf.III) of RABV‐G/A8‐35 were determined in each formulation by

DSC and nDSF, respectively. Furthermore, after incubation at 45°C

for 2 days of the 20 formulations, the turbidity (at 320 nm) and loss of

RABV‐G/A8‐35 antigenicity were monitored.

According to modeling of results in JMP software, appropriate

fits were obtained to describe the impact of pH and sodium chloride

concentration onTgʹ temperatures (−37°C to −32°C), Tunf.III unfolding

temperatures (40–55°C), turbidity and antigenicity recovery

(Figure S4). In Tris/trehalose‐based formulations, increasing pH va-

lues significantly enhanced the Tunf.III from 37°C to 51°C and anti-

genicity recovery from 25% to 48%, whereas no significant impact of

sodium chloride was observed in the tested concentration range

F IGURE 2 Impact of external stresses on RABV‐G/A8‐35 stability in solution. Mechanical stress (stirring, 550 rpm) and light exposures (dose
0: control, without light exposure; dose 1: UVA 200Wh/m² + VIS 708 klux·hour for 4 days at 15°C; dose 2: UVA 400Wh/m² + VIS 1674
klux·hour for 4 days at 15°C) on G antigenicity (blue) and solution turbidity (red). Error bars represent 95% CI for ELISA and ±1 SD for turbidity
based on experimental reproducibility results. ELISA, enzyme‐linked immunosorbent assay; RABV‐G, rabies virus glycoprotein G; SD, standard
deviation; UVA, ultraviolet radiation; VIS, visible light
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(Figure S4). For HEPES/trehalose‐based formulations, antigenicity

recovery and Tunf.III were both improved by pH and reached more

than 60% and 58°C, respectively at pH 8 (Figure S4). Nevertheless,

an increase of the sodium chloride concentration induced significant

negative impact on Tgʹ temperature that reached −37°C at pH 8

(Figure S4). Overall, according to statistical results, RABV‐G/A8‐35

formulated in HEPES/trehalose buffer (F11–F20) showed better

stability attributes than those formulated in Tris/trehalose buffer

(F1–F10), especially in terms of Tunf.III and antigenicity recovery, for

which the maximum was predicted at 48% in Tris/trehalose for-

mulation (pH 8.5, sodium chloride 5 g/L) compared with 62% in

HEPES/trehalose formulation (pH 8, sodium chloride 3 g/L, Figure 3).

Based on the combination of both high antigenicity recovery and

highTunf.III, the best formulation for RABV‐G/A8‐35 was identified as

HEPES buffer pH 8, sodium chloride 3 g/L (51.4mM). This formula-

tion showed a Tgʹ at −35°C which is compatible with classical lyo-

philization process, without additional turbidity of the solution

(Figure S4). From the optimized formulation in HEPES buffer, freeze‐

dried products of RABV‐G/A8‐35 were prepared with the following

characteristics: a residual moisture content of 1.3% and a high glass

transition temperature (Tg = 106°C). After re‐solubilization of the

solid product with water, the RABV‐G/A8‐35 solution was clear and

the antigenic titer was determined at 495 UI/ml. Compared to the

initial titer measured before lyophilization (601 UI/ml), a loss of

RABV‐G antigenicity was assessed to 17 ± 12% during the freeze‐

dried/re‐solubilization process.

RABV‐G/A8‐35 antigenicity of this freeze‐dried formulation

remained stable over 2 years at 5°C, 25°C, and 37°C (Figure 4).

Regardless of the incubation temperature, no significant loss of

RABV‐G/A8‐35 antigenicity was observed, demonstrating high

thermal stability of lyophilized RABV‐G/A8‐35 complex.

4 | DISCUSSION

The present study investigated the antigenic stability of a viral full‐

length MP, the rabies virus surface glycoprotein, once extracted with

CHAPS and subsequently transferred in APol A8‐35 (RABV‐G/A8‐

35). The results demonstrated that the purified RABV‐G/A8‐35 was

folded and antigenically stable. While the thermal stability of RABV‐

G/A8‐35 was enhanced compared with CHAPS, the stability of

RABV‐G/A8‐35 was significantly improved when the complexes

were stored under a freeze‐dried form compared to a liquid for-

mulation. The freeze‐dried form of RABV‐G/A8‐35 exhibited strong

stability for at least 2 years when stored at 5°C and up to 37°C.

To better preserve the protein features and native‐like struc-

tures, especially in the case of moving antigens, direct extraction of

the antigen from the pathogen surface using an accelerated process

was considered. This process was performed following three main

steps, which are (i) extraction of the full‐length G protein from the

whole virus by using CHAPS as a mild zwitterionic detergent (Yves

Gaudin et al., 1992), (ii) purification of the G protein by sucrose

gradient, and then (iii) transfer of the detergent‐solubilized G protein

to APols using polystyrene beads (Le Bon et al., 2018; Zoonens

et al., 2005).

When complexed to APols, MPs are generally more stable than

their detergent‐solubilized counterpart, as already described for both

α‐helical MPs like G protein‐coupled receptors (Dahmane

F IGURE 3 Screening of pH‐buffer and salt concentration. G‐specific dot blots (left) of RABV‐G/A8‐35 formulations inTris (top, F1–F10) and
HEPES (bottom, F11–F20) buffers after incubation of solutions for 2 days at 5°C and 45°C are presented. Antigenicity recoveries of all
formulations (from F1 to F20) are indicated in % as ratio of values at 45°C and 5°C. Prediction profilers (right) for pH and sodium chloride (g/L)
were generated from statistical data analysis in JMP. Gray areas depict confidence intervals (95% CI) predictions. The dotted lines indicate
the optimized formulation composition considering a set of parameters (antigenicity, Tunf, Tgʹ, and turbidity, see Figure S4). HEPES,
(4‐(2‐hydroxyethyl)piperazine‐1‐ethanesulfonic acid, N‐(2‐hydroxyethyl)piperazine‐N′‐(2‐ethanesulfonic acid); RABV‐G, rabies virus
glycoprotein G; Tris, Tris(hydroxymethyl)aminomethane)
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et al., 2009), and β‐barrel MPs like the outer membrane protein A

(OmpA) from E. coli (Pocanschi et al., 2013) or the native major outer

membrane protein (nMOMP) purified from lived Chlamydia infected‐

cells (Tifrea et al., 2011). Unsurprisingly, APol A8‐35 also improved

the stability of the viral bitopic MP RABV‐G.

Once purified in CHAPS and detergent exchanged for APol A8‐

35, RABV‐G secondary structure remained unchanged with a mix of

α‐helices and β‐sheets, whose content is in agreement with pre-

viously published structures (Fernando et al., 2016). Furthermore, the

G‐specific antigenicity responses observed before and after surfac-

tant exchange, that is, for RABV‐G/CHAPS and RABV‐G/A8‐35,

were both similar to native G glycoprotein found on RABV particle

surface, suggesting that the CHAPS solubilization and surfactant

exchange processes did not impact the antigen tertiary structure.

Using APols can be a simple means of circumventing truncation of

transmembrane domain, often used to maintain the solubility of MPs,

but requiring time for molecular engineering and protein production

processes. This could be of major interest, knowing that truncated

MPs can adopt a folded, stable structure different to a certain extent

from the ectodomain structure in the complete MPs (Godet

et al., 1991; Singh et al., 1990; Vanlandschoot et al., 1996). In the

case of RABV‐G, membrane anchorage of the protein through the

transmembrane domain is involved in the correct folding of the G

ectodomain, implying that the transmembrane domain is required to

obtain the ectodomain native form (Y. Gaudin et al., 1999; Maillard &

Gaudin, 2002). Previous studies reported that APols spontaneously

form a belt surrounding the transmembrane region of the protein

and, if available, protein‐bound lipids (Popot, 2018). Regarding the

glycosylation sites, which are located far from the transmembrane

domain, they should remain accessible in RABV‐G/A8‐35.

The temperatures of protein denaturation determined by nDSF

were around 6°C higher in A8‐35 compared to the CHAPS condition

(Table 1). Interestingly, losses of antigenicity predicted by kinetic

models were in agreement with loss of tertiary structure

experimentally observed by nDSF, showing a gap of approximately

+5°C between the two formulations (Figure S3). This strengthens the

confidence in the kinetic models and opens up a wide field of ap-

plications of protein stability predictions (Clénet, 2018; Roduit

et al., 2019). Based on a kinetic modeling approach, it was predicted

that RABV‐G/A8‐35 samples should be stable at least for 1 year at

5°C, whereas RABV‐G/CHAPS samples could lose more than 50% of

antigenicity under the same storage conditions, confirming the sta-

bilizing effect of A8‐35 as observed experimentally during one month

at 5°C and 25°C (Figure 1). Moreover, the thermal stability of G‐

specific antigenicity from the whole RABV virus (Clenet et al., 2018)

and after trapping into A8‐35 seemed to be similar. Regarding other

antigenic MPs, the nMOMP from C. muridarum was antigenically

more stable in A8‐35 (for at least 100 days at room temperature) than

in zwittergent Z3‐14 (Feinstein et al., 2014). Many other studies have

reported that APol A8‐35 significantly increases the lifetime of MPs

(Popot, 2018). Together, these results suggest that the stability of

protein formulations is heightened by A8‐35 regardless of the MP

topology. Additionally, A8‐35 mixed with dodecylmaltoside (DDM)

has recently helped to solve the crystal structure of the full‐length

glycoprotein B from Herpes virus (Cooper et al., 2018), which adopts

a trimeric arrangement like RABV‐G. Furthermore, the structure of

the full‐length trimeric HIV‐1 envelope glycoprotein was obtained in

a mixture of APol A8‐35 and cyclohexyl‐hexyl‐β‐D‐maltosid (CYMAL‐

6) glycosidic surfactant with single‐particle electron cryo‐microscopy

(Zhang et al., 2018).

From a pharmaceutical production point of view, different types

of stresses on bioproducts can occur before usage, affecting the

product integrity. For instance, temperature excursions, light ex-

posure, and agitation through shaking during transport are of major

concern. Thus, to determine the magnitude of the damage which

RABV‐G solutions may undergo under such conditions, light ex-

posure as well as mechanical stress were tested in parallel to the

RABV‐G thermal stability characterization. Evaluation of the effect of

these stresses is commonly performed during formulation develop-

ment of vaccines with the aim of identifying the main degradation

pathways (Ausar et al., 2013). This allows one to anticipate impact of

postproduction handling and unintentional mishandling of biopro-

ducts (Grabarek et al., 2020; Nejadnik et al., 2018). As recommended

by international conference harmonization (ICH) Q1B guidelines (ICH

Topic Q1B—Photostability Testing of New Active Substances and

Medicinal Products, 1998) about photostability testing of drug sub-

stances and products, photolytic susceptibility of proteins has to be

estimated using light providing an overall illumination of not less than

1.2 million lux·hour and an integrated near ultraviolet energy of not

less than 200W h/m2. It was pointed out that these conditions

specified in ICHQ1B were first implemented for active pharmaceu-

tical ingredients and may not be appropriate for all proteins because

it may be too destructive (EBE, 2015). The loss of 50% of G‐specific

antigenicity after ICH high‐level light exposures of RABV‐G/A8‐35

solution exemplified the photodegradation of G protein (Figure 2).

Considered as forced degradation testing studies, more moderated

light exposure conditions have been recommended as “confirmatory

F IGURE 4 Antigenic stability of RABV‐G/A8‐35 recovered after
storage of the protein under a freeze‐dried product from 1 month
and 2 years at 5°C, (green), 25°C (blue), and 37°C (orange).
Antigenicity recoveries determined in % were normalized to the initial
value (t = 0). Error bars represent 95% CI. CI, confidence interval;
RABV‐G, rabies virus glycoprotein G
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testing studies” to predict the stability of the product. For instance,

some authors adjusted light exposure at 50% of ICH recommended

light exposure for a photosensitive enveloped attenuated virus (Ausar

et al., 2013). Generally, the exposure of protein solutions to ICH light

conditions led to the generation of aggregates (Kerwin &

Remmele, 2007; Sreedhara et al., 2016). In the case of RABV‐G/A8‐

35 solution, the turbidity remained unchanged under light stress,

suggesting that G protein lost its antigenicity under light exposure

through mechanisms other than aggregation.

Agitation was used to evaluate RABV‐G/A8‐35 sensitivity during

handling, transportation and unintentional mishandling of vials. Under

agitation stress conditions (stirring), a loss of G‐specific antigenicity

of RABV‐G was progressively observed as a function of time with a

concomitant increase of turbidity indicating emergence of protein

aggregates in solution (Figure 2). Among mechanical stress condi-

tions, it has been shown that stirring is one of the more stressful,

leading to aggregation of proteins and/or flocculation and a sig-

nificant increasing of turbidity of solutions (Gandhi et al., 2017;

Ghazvini et al., 2016; Kiese et al., 2008; Koepf et al., 2018; Schack

et al., 2018). This suggests that vaccine subunit antigen such as

RABV‐G may be sensitive to stirring in the same way that monoclonal

antibodies in solution, hence requiring stabilization efforts. This major

physical instability exhibited by proteins in solution could also pro-

mote inappropriate biological responses and unwanted im-

munogenicity related to aggregates present in protein‐based

pharmaceuticals (Freitag et al., 2015; Schellekens, 2005).

For many proteins, which are sensitive to mechanical agitation in

solution, solid forms can be an appropriate alternative, especially for

transportation issues and long‐term storage of products (several

years at 5°C). Freeze‐dried, spray‐dried, or foam‐dried products, as

well as micro‐needles and potentially freeze‐dried micropellets are

examples of solid forms of biotherapeutics and vaccines (Abdul‐

Fattah et al., 2007; Clenet et al., 2019; Ohtake et al., 2010). Among

them, freeze‐drying process is regularly used to maintain the stability

of bioproducts in a solid‐state for years under refrigerated storage

conditions (Gervasi et al., 2018; Hansen et al., 2015). The formulation

composition of RABV‐G/A8‐35 complex was optimized for freeze‐

drying process, first by adding trehalose as a lyoprotectant, bulking

agent and glass transition enhancer (Jain & Roy, 2009; Starciuc

et al., 2020) and second, through screening pH and ionic strength

using designs of experiments. The solubility of A8‐35 is conferred by

the carboxylate groups, which are ionized above neutral pH, but

begin to protonate at pH below 7.0, resulting in polymer precipitation

(Gohon et al., 2006). In the present study, pH ranges varying from 7.0

to 8.5 were tested in formulations using either Tris or HEPES buffers,

while the ionic strength of RABV‐G/A8‐35 formulations was mana-

ged by adding sodium chloride at concentrations ranging from 5 to

103mM. Our study demonstrated that HEPES buffer was more ef-

fective thanTris buffer. RABV‐G/A8‐35 formulated in 20mM HEPES

(pH 8.0) with trehalose (292mM) and sodium chloride (50 mM) re-

sulted in the highest recovery of G‐specific antigenicity (Figure 3),

unfolding temperature enhancement and resistance to aggregation

(Figure S4). To our knowledge, this is the first report of a G‐specific

antigenic RABV‐G/A8‐35 freeze‐dried product shown to be experi-

mentally highly stable for 2 years at 5°C, 25°C and 37°C (Figure 4).

The highest incubation temperature (i.e., 37°C) was far below the

glass transition temperature of the product (Tg = 106°C). As a result,

at 37°C, RABV‐G was still under a glassy state which strongly blocks

cooperative molecular mobility and potential associated instabilities.

It is commonly assumed that the storage temperature should be at

least 20° below the glass transition temperature (Carpenter

et al., 1997). This certainly contributes to explain the long‐term sta-

bility and low thermal sensitivity of this freeze‐dried product, sug-

gesting that storage of RABV‐G/A8‐35 freeze‐dried product at

ambient temperature could be considered. This could be of high in-

terest for bioproducts such as vaccines, which can be exposed to

elevated ambient temperatures (e.g., few days at around 40°C) during

the latter stages of transportation, especially in endemic zones in

Sub‐Saharan Africa and South America (Kartoglu & Milstien, 2014).

Previous studies demonstrated the ability of polymers like Dextran,

carboxymethyl cellulose and polyethylene glycol to prevent protein

deterioration during lyophilization and after freeze‐dried product

rehydration (Costantino et al., 1995; Liu et al., 1991). Based on the

results presented here, A8‐35 showed its compatibility with freeze‐

drying process and can also join the list of polymers that have de-

monstrated a stabilizing effect for proteins stored in solid form.

The biodistribution and elimination rate of A8‐35 when injected in

mice via three different delivery routes (intravenous, intraperitoneal,

and subcutaneous) was characterized using a fluorescent version of

A8‐35 (Fernandez et al., 2014). The absence of APol toxicity was also

demonstrated by the absence of antibody response raised against

APols (Popot et al., 2003). Previous studies showed immunogenicity

results in a murine model using trimeric beta‐barrel MOMP purified

from C. muridarum, with improved protection observed when the de-

tergent was exchanged for plain or adjuvant‐functionalized A8‐35

(Tifrea et al., 2011, 2014, 2018, 2020). Since full‐length RABV‐G was

solubilized and stabilized in an A8‐35 containing formulation, as illu-

strated by the results presented herein, the level of protection in

vaccinated mice will deserve further investigations.

5 | CONCLUSION

The present study reports the improved stability of full‐length G

protein from rabies virus in the presence of A8‐35, confirming the

ability of APols to stabilize pathogen surface MPs. RABV‐G/A8‐35

exhibited high thermal stability of G‐specific antigenicity in a defined

freeze‐dried formulation for at least 2 years under storage conditions

from 5°C to 37°C. Finally, to the best of our knowledge, this is the

first demonstration of long‐term antigenic stability of natural full‐

length MP directly extracted from a virus, and then complexed to

APols. These results describe a simple process implemented to obtain

the antigen of interest, purified and stabilized under its native‐like

conformation, directly from a pathogen (reference or circulating

strains), which is of high interest for diagnosis (quantification/char-

acterizations assays), therapeutic and vaccine strategies. Following
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this protein physical characterization, identification of RABV‐G/A8‐

35 neutralizing epitopes is underway before conducting in vivo

evaluation.
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