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Abstract

The success of mMRNA-based vaccines during the Covid-19 pandemic has highlighted the
value of this new platform for vaccine development against infectious disease. However, the
CD8* T cell response remains modest with mMRNA vaccines, and these do not induce mucosal
immunity, which would be needed to prevent viral spread in the healthy population. To address
this drawback, we developed a dendritic cell targeting mucosal vaccination vector, the
homopentameric STxB. Here, we describe the highly efficient chemical synthesis of the
protein, and its in vitro folding. This straightforward preparation led to a synthetic delivery tool
whose biophysical and intracellular trafficking characteristics were largely indistinguishable
from recombinant STxB. The chemical approach allowed for the generation of new variants
with bioorthogonal handles. Selected variants were chemically coupled to several types of
antigens derived from the mucosal viruses SARS-CoV-2 and type 16 human papillomavirus.
Upon intranasal administration in mice, mucosal immunity, including resident memory CD8* T
cells and IgA antibodies was induced against these antigens. Our study thereby identifies a
novel synthetic antigen delivery tool for mucosal vaccination with an unmatched potential to
respond to an urgent medical need.

Keywords

Resident memory T cells - Mucosal immunity - Vaccination — Solid phase peptide synthesis
- Shiga toxin B-subunit

1. Introduction

The COVID crisis has emphasized the need for efficient vaccines and revealed a place for
MRNA formulations in this context. Current mMRNA-based COVID vaccines effectively prevent
severe forms of the disease but not infection [1,2]. These mMRNA vaccines indeed do not (or
only weakly) induce mucosal immunity in the ear-nose-throat area [3,4], which is required to
avoid the transmission of the virus [5,6]. Only 3 nasally administered vaccines against influenza
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and COVID have been approved, all based on viral preparations [7,8]. Two of these encode
SARS-CoV-2 spike protein and have entered the market only in China and India [8]. Of note,
another virus-based vaccine expressing spike protein failed to induce significant mucosal
responses [9]. Thereby, a continued need exists for new classes of mucosal vaccines. These
should induce both IgA and mucosal CD8" T cells, in particular resident memory CD8* T
lymphocytes (TRM) for which our teams and others have identified a major role in controlling
infections and tumor growth in mucosal sites [10—-14].

Shiga toxin B subunit (STxB) is a protein-based antigen delivery tool that targets dendritic
cells. When conjugated to antigens, STxB induces cellular and humoral immunity against
infectious disease or against tumors, leading to protective responses in peripheral tissues and
lung and tongue mucosa [15-21]. STxB has several advantageous characteristics for its
development as a vaccine vector: low intrinsic immunogenicity allowing for repeated
vaccinations, high stability in circulation and ability to cross mucosal barriers (reviewed in [13]).
STxB functions in synergy with adjuvants and immune checkpoint inhibitors by targeting
different subpopulations of dendritic cells, and has no apparent toxicity. In previous vaccination
studies, the homopentameric STxB was purified from bacteria which is time consuming, costly
and plagued with endotoxin contamination [22]. Herein, we present a straightforward approach
to obtain STxB via the synthetic route [23]: linear solid phase peptide synthesis of the 69 amino
acid monomer sequence and highly efficient folding of the protein to obtain fully functional
homopentamers without the need for liquid chromatography purification. We then produced a
large number of STxB variants with functionalization sites at various positions of the protein.
The most promising ones were assessed as fully synthetic vaccination vectors to evaluate their
ability to induce TRM and IgA responses in the mucosa of the respiratory tract of mice.

2. Materials and methods
2.1. HPLC purifications and LC/ESI-MS analyses
2.1.1. HPLC purifications of antigenic peptides

Purifications were done on Water Xbridge BEH 300 Prep C18 5 pm 30 x 150 mm columns
with a Waters 2545 Quaternary Gradient Module, a Waters 2998 Photodiode Array Detector,
and a Waters FlexInject. Solvents were: A - Milli-Q water; B - Acetonitrile. The flow rate was
30 mL/min. Pure fractions were freeze-dried using an ALPHA 2-4 LDplus freeze-dryer from
CHRIST, with a Chemistry-HYBRID pump RC 6 from Vacuubrand.

2.1.2. HPLC/ESI-MS analyses for synthetic and recombinant STxB

STxB samples were solubilized in guanidine hydrochloride (GdnHCI) (for crude peptides)
or were directly injected in PBS (for folded or recombinant STxB) onto Waters XBridge BEH300
C18 3.5 um 4.6 x 150 mm columns with an Agilent 1100 HPLC system coupled on-line to an
ion-trap Bruker Esquire HCT mass spectrometer. Solvents were: A - 0.1 % TFA in Milli-Q water;
B - 0.09 % TFA in acetonitrile. The flow rate was 0.8 mL/min. Gradients were: 5 min at 10 %
B (or 10 min for Figure S10,S11 and S13) for accumulation at the head of the column, followed
by a 20 min linear gradient from 10 % to 70 % B, then within 5 min from 70 % to 100 % B.
Chromatogram was displayed at 214 nm. Mass spectra were acquired in Electron Spray
lonization (ESI) positive mode with high voltage capillary at 4500 V in ultra-scan mode (26000
m/z / sec scan) on an m/z 400-2000 scale and a target mass at m/z 1400. Smoothed multi-
protonated spectra were deconvoluted into averaged mass spectra with Data Analysis
software (Bruker-Daltonik, GmbH).
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2.1.3. UPLC/ESI-MS analyses for antigenic peptides and STxB-antigens conjugates

Samples were analysed with a Waters UPLC-MS comprised of an ACQUITY UPLC H-Class
sample manager, an ACQUITY UPLC PDA eLambda Detector, and a Single Quadrupole
Detector 2 for positive and negative ESI mass analyses. An ACQUITY UPLC BEH C18 1.7 ym
2.1 x 50 mm column was used. Solvents were: A - 0.1 % formic acid in Milli-Q water; B - 0.1
% formic acid in acetonitrile. The flow rate was 0.6 mL/min. Gradients were: 0.2 min 5 % B for
accumulation at the head of the column, followed by 2.3 min linear gradient from 5 % to 95 %
B. Antigenic peptide purities were calculated from surface peak integration at 214 nm from
UPLC analyses.

2.2. STxB synthesis and folding
2.2.1. Solid phase peptide synthesis

The solid phase synthesis of STxB was performed automatically on a Prelude or a Chorus
instrument (Gyros Protein Technologies) in Fmoc/tBu strategy. The following materials were
purchased as indicated: Fmoc-Arg(Pbf)-Wang low-loading resin (0.29 theoretical loading) from
Novabiochem for synthesis of acid C-terminal STxB, Rink Amide low-loading ChemMatrix resin
(0.29 theoretical loading) from Sigma for synthesis of amide C-terminal STxB, amino acids and
pseudoprolines from Novabiochem, Iris biotech or Gyros Protein Technologies, N-
methylmorpholine (NMM), acetic anhydride (Ac20), thioanisole, anisole, triisopropylsilane and
acetic acid from Sigma Aldrich, HCTU (O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate) from VWR, dichloromethane (DCM), diethyl ether,
and piperidine from Carlo Erba, dimethylformamide (DMF) from Merck Millipore, N-Methyl-2-
pyrrolidone (NMP) from BDH chemicals, trifluoroacetic acid (TFA) from Fisher Scientific.
Pseudoprolines were incorporated regularly along the sequence and coupling optimizations
were performed for some difficult positions highlighted in green (Figure 1b). Syntheses were
performed on a 25 umol scale for STxB syntheses in Table 1 and for C-terminal modified STxB
variants presented in Table 2. A 12.5 pmol scale was used for other STxB azido-variants
presented in Table S1.

Fmoc deprotection steps were done with 2 x 2 mL 2 min 20 % piperidine in NMP, followed
by 3 x 3 mL 30 s NMP washes. Coupling steps were done for 5, 10 or 20 min with 1.3 mL 200
mM amino acid in NMP, 1 mL 250 mM HCTU in NMP, and 0.5 mL 1 M NMM in NMP, followed
by 2 x 3 mL 30 s NMP washes. Coupling steps were performed once, or were repeated two to
four times (as specified in Table 1). Systematic N-capping was done for 5 min with 2 mL 250
mM acetic anhydride in NMP and 0.5 mL 1 M NMM in NMP, followed by 3 x 3 mL 30 s NMP
washes.

SPPS yield was determined from the last Fmoc deprotection step. Since capping was
performed after each amino acid coupling, the amount of dibenzofulvene-piperidine adduct
formed during piperidine-mediated deprotection of the last amino acid was directly related to
the amount of full-length peptide present on the resin. This quantification was based on the
dibenzofulvene-piperidine adduct absorbance at 301 nm. To do so, the deprotection solutions
from the last amino acid were collected together and completed to 50 mL with DCM, before
absorbance measurement at 301 nm. Yields were then calculated with the following formula
(with a final volume of 50 mL and €&orene = 7,800 M*cm™):
AbS301nm  Final volume
Sfluorene

x 100
Synthesis scale

Yield (%) =
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Resin cleavage was performed with 5 mL TFA/thioanisole/anisole/TIS/H,O (82.5/5/5/2.5/5)
for 2 h under stirring. The cleavage solution was then precipitated in 40 mL cold diethyl ether.
After 3 washes with cold diethyl ether, the precipitate was air dried and dissolved in aquous10
% acetic acid before freeze-drying. HPLC-MS analysis of STxB peptide is shown in Figure 1c.

2.2.2. STxB oxidation and folding

Guanidine hydrochloride (GndHCI) was purchased from Calbiochem, sodium phosphate
monobasic, sodium phosphate dibasic and dimethyl sulfoxide (DMSQO) from Sigma-Aldrich.

In-solution oxidation with DMSO: Crude peptide was dissolved at 0.5 mg/mL in oxidation
buffer (7 M GndHCI, 50 mM sodium phosphate, 2 % DMSO, pH adjusted to 8). The solution
was incubated under stirring (220 rpm) for 24 h at 37 °C to form the disulfide bond (with holes
in the lid to allow air oxidation). This oxidation method was used for all STxB variants described
in the paper.

In-solution oxidation with disulfiram: Crude peptide was dissolved at 0.5 mg/mL in oxidation
buffer (7 M GndHCI, 50 mM sodium phosphate, pH adjusted to 8, with 2 equivalents of
disulfiram per equivalent of peptide). The solution was incubated under stirring (220 rpm) for
24 h at 37 °C to form the disulfide bond.

Ellman’s test procedure for the follow-up of oxidation in solution: 0.05 umol of peptide (~
770 pL of oxidation solution at 0.5 mg/mL of STxB crude peptide) was diluted to 3 mL with 100
mM phosphate buffer pH 8, to which 100 pyL of Ellman's reagent solution (20 mg 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) in 10 mL 100 mM phosphate buffer pH 8) was added.
The resulting solution was mixed and left to stand for 15 min. The absorbance of the solution
was then measured at 410 nm after a blank with 100 pL Ellman’s reagent solution and 3 mL
100 mM phosphate buffer pH 8. Thiol concentration was calculated with the following formula
calculation:

A410 nm sample — A410 nm blank

[-SH] =
13650 M~ 1em™1

On-resin oxidation protocol: STxB was synthesized with STmp protecting groups on the two
cysteines implicated in the intramolecular disulfide bond (Cys 4 and Cys 57), using the
commercially available Fmoc-Cys(STmp)-oH amino acid. After SPPS, STmp was selectively
removed on resin with 3 x 5 min treatments using 3 mL 5 % DTT, 0.1 M NMM in DMF (solution
prepared with 1 g DTT, 220 yL NMM, and completed to 20 mL with DMF). The resin was
washed 6 x 1 min with 3 mL DMF. On-resin oxidation was then performed under stirring for 30
min at room temperature with 3 mL DMF containing 2 egq N-chlorosuccinimide over free
cysteines, thus corresponding to 4 eq over STxB monomer peptide. The resin was then
washed 6 x 1 min with 3 mL DMF.

Few resin beads were collected before and after STmp deprotection and after oxidation to
test for the presence of free thiols, using 2,2'-dithiobis-(5-nitropyridine) (DTNP). These resin
beads were rinsed with ethanol, then incubated for 1-3 min with 200 pL DTNP solution (3 mg
DTNP in 3 mL DMF). The apparition of a yellow color indicated the presence of free thiols (see
Figure S9c).

The oxidized peptide was then cleaved from the resin using the standard cleavage protocol
presented in the Solid phase peptide synthesis section. Oxidized and lyophilized peptide was
dissolved at 0.5 mg/mL in 6 M GndHCI, 50 mM phosphate buffer pH 8 before folding dialyses.

Protein folding: After oxidation, folding occured at 4 °C upon dialyses against the following
solutions with Slide-A-Lyzer™ dialysis cassettes 3500 MWCO from Thermo Scientific:

- 3 M GndHCI, 50 mM sodium phosphate pH 8.0, 5 mM EDTA for 6-10 h.

4
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- 1 M GndHCI, 50 mM sodium phosphate pH 8.0, 1 mM EDTA overnight.
- PBS (0.14 M NacCl, 0.0027 M KCI, 0.01 M Phosphate buffer pH 7.4) for 2 times 4 h, then 1
time overnight.

After removal from the dialysis cassette, the solution was centrifuged for 20 min at 4 °C
4100 g to remove precipitated protein. The supernatant was concentrated at 4 °C, 2,000 g
using Amicon Ultra Centrifugal filters 10,000 MWCO from Merck Millipore. After concentration,
the supernatant was centrifuged again at 17,000 g, 20 min at 4 °C to remove precipitated
protein. Protein concentration in the remaining supernatant was determined by measuring
absorbance at 280 nm with baseline correction at 340 nm using a Nanodrop 2000c (Thermo
Scientific). The Gill and von Hippel molar extinction coefficient [24] was used to calculate the
concentration of STxB conjugates (¢ = 41,850 Mcm™). Except when mentioned otherwise,
concentrations in this paper correspond to STxB pentamers. Small aliquots were flash-frozen
in liquid nitrogen and stored at -20 °C.

STxB nomenclature: sSTxB or rSTxB for synthetic or recombinant STxB, respectively,
followed by the original amino acid in the STxB sequence, its position, and then the new amino
acid. For C-terminal modifications, position 70 is indicated followed by the additional amino
acid. SPPS vyields for sSTxB are detailed in Table 1 in function of coupling conditions.
HPLC/ESI-MS graphs are presented in Figure 1 and in Figures S1-7 (MS m/z
Cs39H528N90010sSs Average MW calculated: 7688.6, found: between 7688.2 and 7688.6;
[M+4H*]* calculated: 1923.1, found: 1923.0, [M+5H*]>* calculated: 1538.7, found: between
1538.6 and 1538.7; [M+6H']®* calculated: 1282.4, found: between 1282.4 and 1282.5;
[M+7H*]"* calculated: 1099.4, found: between 1099.3 and 1099.4; [M+8H*]®* calculated: 962.1,
found: between 962.1 and 962.3). In comparison, HPLC analyse of rSTxB is presented Figure
S8. sSTxB(70C) and sSTxB(70AN3) SPPS yields are detailed in Table 2 and HPLC/ESI-MS
graphs are presented in Figures S10-13. Characterizations are detailed in Supplementary
data. Other STxB-azido variants SPPS yields are presented in Table S1.

2.3. Biophysical characterization of STxB
2.3.1. Circular dichroism

Circular dichroism experiments were performed on a J-815 CD JASCO instrument, using a
1 mm quartz cell. STxB samples at 6 uM concentration in PBS were used. Far-UV (190-250
nm) circular dichroism spectra were recorded at 0.1 nm resolution at 20 °C with a scanning
speed of 50 nm/min and 1 s response time. Background (PBS spectra) was subtracted from
raw data. Three scans were acquired and averaged for each sample. The molar ellipticity was
calculated from the circular dichroism intensity in mdeg.

2.3.2. Detection of DNA contamination at 260 nm and scattering at 340 nm

Protein quantification at 280 nm was carried out by recording a full spectrum between 240
and 340 nm. Measurements were done with 60 puL of PBS and sample at 20 °C ina 1 cm
qguartz cell, reference 105.202-QS.10 (Hellma), using a JASCO V-750 spectrophotometer. A
baseline subtraction at 340 nm was performed with the Spectragryph software
(https:/www.effemm2.de/index.html) to accurately calculate the protein concentration. The
cuvettes were cleaned with 2 % Hellmanex/70 % ethanol/water.

2.3.3. Assessment of the sample homogeneity and quantification

Dynamic light scattering analysis was performed on a DynaPro Plate Reader Il (Wyatt). A
volume of 20 pL of sample at 0.1 mg/mL was loaded in a 384-well microplate (Corning ref
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3540), with 10 acquisitions of 5 s each at 20 °C, monitored with the DYNAMICS version
V7.10.0.21 software (Wyatt). Measurements were performed in triplicate.

2.3.4. Thermal denaturation by nanodifferential scanning fluorimetry (nanoDSF)

Thermal denaturation was performed on the Prometheus NT.48 instrument (Nanotemper)
from 20 to 95 °C with a 1 °C/min heating rate. Tryptophan fluorescence emission was
monitored at 330 nm and 350 nm as a function of increasing temperature. The capillaries were
filled with 10 pl of protein at 0.1 mg/mL and the intrinsic fluorescence signal expressed as the
350 nm/330 nm emission ratio was plotted as a function of temperature. Measurements were
performed in triplicate.

2.4. Cell culture

HelLa cells were cultured at 37 °C under 5 % CO; in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen), supplemented with 10 % fetal bovine serum, 0.01 % penicillin-
streptomycin, 4 mM glutamine and 5 mM pyruvate (complete medium).

2.5. Intracellular trafficking assay

The day before the experiment, cells were seeded on glass lamellae in 4-well dishes, 80,000
cells/well. On the day of the experiment, cells were incubated for 30 min at 4 °C in 500 pL of
40 nM STxB in ice-cold complete medium for binding, followed by 3 washes with PBS*™ (PBS,
0.5 mM MgCl,, 1 mM CacCl,). Complete medium at 37 °C was added to cells, which were then
incubated for 50 min at 37 °C for synchronized internalization. Cells were washed 3 times with
PBS*, fixed with 4 % paraformaldehyde (PFA) in PBS for 15 min, washed once with 50 mM
NH4Cl, and incubated with 50 mM NH4CI for 30 min to quench the PFA. Cells were washed 3
times with PBS/BSA/saponin (PBS/0.2 % w/v bovine serum albumin/0.02 % w/v saponin) and
permeabilized at room temperature for 30 min in PBS/BSA/saponin. Lamellae were incubated
on 30 uL of antibody dilution into PBS/BSA/saponin for 30 min at room temperature, then
washed 3 times with PBS/BSA/saponin. Primary antibodies were a homemade mouse
monoclonal anti-STxB antibody (13C4, used at 1/250 dilution), and a homemade rabbit
polyclonal antibody against the Golgi marker giantin (used at 1/100 dilution). The secondary
antibodies were Cy3-coupled anti-mouse and Alexa488-coupled anti-rabbit IgGs, used at
1/100 dilution each. Lamellae were washed in water and then deposited onto slides with 6 uL
of Fluoromont G with Hoechst (2.5 pg/mL). Polymerization was performed for 30 min at 37 °C.

2.6. Microscopy
2.6.1. Retrograde trafficking

Slides were observed on microscopes of the Cell and Tissue Imaging platform (PICT-IBiSA)
at Institut Curie:
- Upright Leica DM6000 microscope with a CCD 1392x1040 CoolSnap HQ2 (pixel size: 6.45
pm) camera from Photometrics with illumination by a Lumen 200 lamp from Prior Scientific and
a 63x HCX Plan Apo objective.
- Upright Leica DM6B microscope with a SCMOS Orca Flash 4.0 V2 camera (pixel size: 6.5
pm) from Hamamatsu with illumination by Metal-Halide EL 6000 lamp from Leica and a 100x
HCX PL APO objective.

2.6.2. Colocalization
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Images were captured using the inverted Eclipse Ti-E (Nikon) with spinning disk CSU-X1
(Yokogawa) and 60x CFI Plan Apo. Stacks of 16 images at 0.2 um depth were integrated with
Metamorph software by Gataca Systems. Single cells were analysed using the colocalization
threshold tool in Fiji ImageJ software (National Institutes of Health) [25].

2.7. Preparation of STxB-antigen conjugates

For each conjugation, the concentration of recombinant or synthetic STxB was between 40
and 50 uM. The concentration of STXB conjugates was determined by measuring absorbance
at 280 nm with baseline correction at 340 nm using a Nanodrop 2000c (Thermo Scientific). Gill
and von Hippel molar extinction coefficients [24] were used to calculate the concentration of
STxB conjugates (¢ = 41,850 Mcm™ for STxB-SL8 and STxB-G15F conjugates, and ¢ =
75,700 Mcm for STxB-RBD conjugates).

2.7.1. RBD production

The receptor binding domain (RBD; residues 331-528) from SARS-CoV-2 was cloned in a
vector suitable for expression in Schneider's Drosophila Line 2 cells (ATTC CRL-1963). In
detail, a synthetic codon-optimized gene was cloned into a modified pMT/BiP plasmid resulting
in the translation of the protein in frame with an enterokinase cleavage site and double strep-
tag at the C-terminus. Stable clones were generated as previously reported [26]. Cells were
amplified and protein production was induced by adding 4 uM CdCl.. After 6 days of incubation,
cell supernatant was collected, centrifuged and purified on a Streptactin column. The eluted
fractions were pooled and run on a Superdex 75 column equilibrated with 10 mM Tris-HCI (pH
8.0), 100 mM NacCl. The peak corresponding to monomeric protein was harvested, quantified
and incubated with enterokinase (Biolabs) overnight at 4 °C in the presence of 2 mM CacCls.
To separate cleaved from uncleaved protein, the mixture was then purified on a Streptactin
column, the flow through was collected and run on Superdex 75 in 10 mM Tris-HCI (pH 8.0),
100 mM NacCl. The peak corresponding to the monomeric, untagged protein was collected,
concentrated, quantified and kept at -80 °C until further use.

2.7.2. Conjugation between sSTxB(70C) and RBD

The RBD protein was incubated for 30 min at 21 °C and 750 rpm with a 10 molar equivalent
of sulfo-m-maleimidobenzoyl-N-hydoxysuccinimide ester (Sulfo-MBS) (Thermo Scientific; MW
416.30). The excess crosslinker was removed by passing the protein through a PD-10 column
using a PBS, 10 mM EDTA buffer. sSTxB(70C) was mixed with one molar equivalent of the
activated RBD protein. The conjugation reaction was performed overnight at 21 °C and 750
rpm. The formation of sSTxB(70C)-RBD conjugates was verified by western blotting using
rabbit anti-STxB polyclonal antibody (produced upon request by Covalab) and rabbit anti-
SARS-CoV-2 spike protein (RBD) polyclonal antibody (Thermo Fisher Scientific; catalog #
PA5-114451).

2.7.3. Conjugation between recombinant and synthetic STxB(70C) and bromoacetyl-SL8 or
bromoacetyl-G15F

Recombinant rSTxB(70C) was produced as previously described [27]. Recombinant and
synthetic STxB(70C) were dialyzed against 50 mM borate buffer, 150 mM NaCl pH 9. The
conjugation reaction was performed overnight at 21 °C and 750 rpm with 3 equivalents of Br-
CH>CO-OVAs7-264 peptide (SL8) or Br-CH,CO-E7.357 peptide (G15F) (both produced by
Polypeptide Group) per STxB monomer with 10 % DMSO to keep the peptides soluble. Of
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note, three additional amino acids were added at the N-terminus of OVA2s7.264 peptide to enable
efficient processing of the antigen after conjugation to STxB (leading to the sequence
QLESIINFEKL). Conjugates were purified from excess of free antigenic peptides by several
dialysis steps at 4 °C against PBS using Slide-A-Lyzer 20,000 MWCO dialysis cassettes
(Thermo Scientific). STxB(70C)-SL8 and STxB(70C)-G15F conjugate formation and the
absence of remaining free SL8 or G15F after purification were validated by UPLC-MS.

2.7.4. DBCO-SL8 and DBCO-PEG4-SL8 syntheses

Cys-SL8 (H-CQLESIINFEKL-oH) was synthesized on a Prelude instrument at a 25 pmol
scale using the conditions described in the Solid phase peptide synthesis section, with 2
coupling repetitions of 10 min per amino acid. 10 mg crude was reacted with 1.1 equivalent of
commercial DBCO-Mal (Iris biotech; CAS: 1395786-30-7; MW 427.45 g/mol) or DBCO-PEG4-
Mal (Iris biotech; CAS: 1480516-75-3; MW 674.74 g/mol) in 4 mL 40 % acetonitrile, 60 % 50
mM ammonium bicarbonate buffer pH 7 for 1 h, prior to freeze-drying. The products were
purified by HPLC with a 30 min gradient from 5 to 100 % acetonitrile in water yielding 2.1 mg
DBCO-SL8 in powder form (yield 16 %, purity 93 %, MS m/z CggHi26N18024S [M+H']*
calculated: 1865.15, found: 1864.7; [M+2H']** calculated: 933.1, found: 932.9; [M-HT
calculated: 1863.15, found: 1863.2) and 2.5 mg DBCO-PEG4-SL8 (yield 17 %, purity 78 %,
MS m/z Cio0H147N16020S [M+H*]* calculated: 2112.4, found: 2112.4; [M+2H*]?** calculated:
1056.7, found: 1056.6; [M+3H*]** calculated: 704.8, found: 704.8; [M-H] calculated: 2110.4,
found: 2110.9).

2.7.5. Conjugation between sSTxB(70AN3) and DBCO-SL8 or DBCO-PEG4-SL8

sSTxB(70ANs3) was dialyzed for 4 h against 50 mM borate buffer, 150 mM NaCl pH 9 using
a Slide-A-Lyzer 0.5 - 3 mL 10,000 MWCO dialysis cassette (Thermo Scientific). The
conjugation reaction was performed overnight at 21 °C and 750 rpm with 2 equivalents of
DBCO-SL8 or DBCO-PEG4-SL8 per STxB monomer and 10 % DMSO to keep the peptides
soluble. The excess of free SL8 peptides was removed on Zeba™ Spin Desalting Columns,
7,000 MWCO, 2 mL (Thermo Scientific), followed by an overnight dialysis step against PBS
using Slide-A-Lyzer 0.5 - 3 mL 10,000 MWCO dialysis cassettes (Thermo Scientific).
sSTxB(70AN3)-SL8 conjugates formation and the absence of remaining free SL8 after
purification were validated by UPLC-MS. Characterization of conjugates is detailed in
Supplementary data.

2.7.6. DBCO-G15F and DBCO-PEG4-G15F syntheses

Cys-G15F (H-CGQAEPDRAHYNIVTF-oH) was synthesized on a Chorus instrument at a 25
pmol scale using the conditions described in the Solid phase peptide synthesis section, with 2
coupling repetitions of 10 min per amino acid. 20 mg crude was reacted for 1 h with 1.2
equivalent of commercial DBCO-Mal (Iris biotech; CAS: 1395786-30-7; MW 427.45 g/mol) or
DBCO-PEG4-Mal (Iris biotech; CAS: 1480516-75-3; MW 674.74 g/mol) in 6 mL 40 %
acetonitrile, 60 % 50 mM ammonium bicarbonate buffer pH 7, prior to freeze-drying. The
products were purified by HPLC with a 25 min gradient from 10 to 70 % acetonitrile in water
yielding in powder form 7.8 mg DBCO-G15F (yield 31.5 %, purity 85 %, MS m/z
C104H138N26020S [M+H*]* calculated: 2249.4, found: 2248.6; [M+2H"]?** calculated: 1125.2,
found: 1125.2; [M+3H']** calculated: 750.5, found: 750.5; [M-H] calculated: 2247.4, found:
2246.7) and 6.4 mg DBCO-PEG4-G15F (yield 23.3 %, purity 83 %, MS m/z C115H150N27034S
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[M+H*]* calculated: 2496.7, found: 2493.9; [M+2H*]** calculated: 1248.9, found: 1248.9;
[M+3H*]® calculated: 832.9, found: 832.7; [M-H calculated: 2494.7, found: 2493.8).

2.7.7. Conjugation between sSTxB(70ANz) and DBCO-G15F or DBCO-PEG4-G15F

The conjugation reaction was performed overnight at 21 °C and 750 rpm with 3 equivalents
of DBCO-G15F or DBCO-PEG4-G15F per STxB monomer and 10 % DMSO to keep the
peptides soluble. The excess of free G15F peptide was removed by overnight dialysis against
PBS using Slide-A-Lyzer 0.5 - 3 mL 20,000 MWCO dialysis cassettes (Thermo Scientific). The
formation of sSTxB(70AN3)-G15F conjugates and the absence of remaining free G15F
peptides after dialysis were validated by UPLC-MS. Characterization of conjugates is detailed
in Supplementary data.

2.8. In vivo crosspriming
2.8.1. Mice and vaccination

Female BALB/cJ and C57bl/6J mice were purchased from Janvier Labs and used at 8-10
weeks of age. All mice were housed in INSERM U970-PARCC animal facility under specific
pathogen-free conditions. Experimental protocols were approved by Université Paris Cité
ethical committee (approval n°29315) in accordance with European guidelines (EC2010/63).
Anesthetized mice were immunized twice at day 0 and day 14 by intranasal vaccination with
0.5 nmol of various vaccines associated with alpha-galactosylceramide (a-GalCer)
(Funakoshi, Tebu-bio) or c-di-GMP (InvivoGen) as an adjuvant.

On day 21, mice were sacrificed, bronchoalveolar lumen fluid (BAL) was obtained by
flushing the lungs with PBS-EDTA 0.5 mM via a cannula inserted in the trachea (5 washes x 1
mL).

Lungs were perfused with PBS-EDTA 0.5 mM, and digested in RPMI-1640 medium
supplemented with 1 mg/mL collagenase type IV (Life Technologies/Thermofisher) and 30
pg/mL DNase | (Roche). Lung cells were dissociated using the GentleMACS (Miltenyi Biotec)
lung programs 1 and 2, with gentle shaking for 30 min at 37 °C in between both steps. Then,
the obtained single-cell suspensions were filtered through a 70-um strainer, washed with PBS-
FBS 2 %, suspended in 40 % Percoll solution, layered over 75 % Percoll solution (Sigma-
Aldrich), and centrifuged for 20 min at RT and 600 g. Interface cells were collected and
washed.

2.8.2. Flow cytometry

After FcR blocking with CD16/32 Ab (clone 93, ebioscience/Life Technologies), cells were
first incubated for 30 min at room temperature with PE-conjugated KPOVAzs7.264 OF DPE749-57
tetramers (Immudex, Bredevej 2A, 2830 Virum). Cells were then washed and stained for 20
min at 4 °C with the following antibodies: anti-mouse CD8a APC-efluo780 (clone 53-6-7,
ebioscience/ Thermofisher), anti-mouse CD8B AF700 or BUV495 (clone YTS156,
eBioscience), CD3 PercpCy5.5 (clone 145 2C11, ebioscience/Life Technologies), CD103
Pacific Blue (clone 2E7, Biolegend), and CD49a APC (Miltenyi Biotec). Acquisitions were
performed on BD Fortessa X20 (Becton Dickinson), and data were analyzed on live single cells
with FlowJo Software (BD), as recently described [28].

2.8.3. Ex vivo ELISpot assays

CD8* T lymphocytes were enriched from lung cell suspensions prepared according to the
manufacturer’s instructions with the CD8* T cell isolation kit (Stem Cell Technologies). Purified
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CD8* T cells were incubated in ELISpot plates in the presence of medium or a pool of S1
peptides (1 yg/mL) covering the spike receptor binding domain (RBD) sequence of SARS-
CoV-2 (Wuhan strain), or a pool of S2 peptides (1 ug/mL) derived from spike outside the RBD
sequence. These S1 and S2 pools were purchased from JPT peptide technologies.

ELISpot plates were incubated for 18 to 21 hours at 37 °C with 5 % CO.. The IFNy spots
were revealed following the manufacturer’s instructions (Gen-Probe Diaclone). Spot-forming
cells were counted with the C.T.L. Immunospot system (Cellular Technology Ltd.).

2.8.4. Measurement of RBD-specific IgA and IgG

Recombinant SARS-CoV-2 spike RBD protein (R&D Biotechne,#10534-CV-100) in sodium
carbonate buffer pH 9.6 was coated at 2 ug/mL (75 pL/well) overnight at 4 °C onto 96-well
Maxisorp clear plates. All the following steps were done at room temperature. The coating
buffer was removed, plates were washed 3 times with PBS-Tween 20 0.05 %, and blocked for
1 hin PBS-BSA 1 % (200 uL/well). 50 uL of diluted BAL were added and incubated for 90 min
with gentle shaking. Plates were washed 3 times with PBS-Tween 20 0.05 %, followed by the
addition of 1/10,000 goat anti-mouse IgA-biotin (Southern Biotech, #1040-08) or 1/10,000 goat
anti-IlgG-biotin (Southern Biotech #1030-08) diluted in PBS-BSA 1 % (100 pL/well). After
incubation for 1 h, plates were washed 4 times with PBS-Tween 20 0.05 %, and 1/5,000 HRP-
Steptavidin (100 pL/well) was added for 1 h (Southern Biotech, #7105-05). Plates were washed
4 times again with PBS-Tween 20 0.05 %, and 50 uL of 3,3',5,5'-Tetramethylbenzidine (TMB)
substrate (Eurobio Scientific, # 5120-0050) was added. After 10 min of incubation, reactions
were stopped with 50 uL of TMB stop solution (KPL, #50-85-05). The absorbance at 450 nm
was immediately measured on a Spectrostar microplate reader (BMG Labtech).

2.9. Data analysis and figures

Prism software (GraphPad) was used for statistical analysis and graph plotting, Fiji ImageJ
software (National Institutes of Health) [25] for microscopy, Chemdraw software to design
molecules and reaction schemes, and Affinity Publisher software to draw figures.

3. Results and discussion
3.1. Linear full-length STxB synthesis

STxB monomer syntheses were performed at room temperature or 50 °C, on automated
Prelude or Chorus peptide synthesizers, respectively. In room temperature conditions, Fmoc
synthesis and folding yields were 16.5 % and 9 %, respectively, leading to a total yield of only
1.5 % (Table 1, Synthesis A with the sequence presented Figure 1a). In a first step of
optimization, pseudoprolines were regularly incorporated along the sequence to diminish
peptide chain aggregation during elongation (Figure 1b). For positions known to be difficult for
coupling, coupling temperatures (room temperature, 50 °C or 70 °C), time (5, 10 or 20 min)
and the number of couplings (between 1 and 4) were also optimized. The best overall yield
(26%) was obtained with 2 x 10 min couplings at RT or 50 °C for difficult positions (Table 1,
Synthesis E) and is over 17-fold compared with STxB synthesis without optimization (Table 1,
Synthesis A).
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The crude peptide obtained after the TFA cleavage corresponded mostly to full-length STxB
monomer, with only a few truncated products (Figure 1c).

Each monomer of STxB contains an intramolecular disulfide bond. We explored different
conditions for its oxidation before folding. In a first approach, synthesized monomers were
dissolved at 0.5 mg/mL in 7 M guanidine hydrochloride (GndHCI) solution at a slightly alkaline
pH (50 mM phosphate pH 8) in the presence of atmospheric oxygen or oxidizing compounds
(DMSO or disulfiram) [29,30]. Oxidation was followed by absorbance using Ellman’s reagent
(DTNB) (Figure S9a). Disulfiram effectively accelerated the reaction, with half times of 1 h,
whereas the addition of 2 % DMSO had no effect over air oxidation alone with half times of 4
h. In an alternative approach, oxidation was directly performed on the synthesis resin. For that,
we used cysteines with the trimethoxyphenylthio (STmp) protecting group, which after
synthesis was selectively removed with 5 % DTT. Then, N-chlorosuccinimide (NCS) was used

Table 1: Synthesis and folding yields for STxB on two different synthesizers at a 25 umol scale. The best yields
were obtained with double coupling for 10 min and heating at 50 °C for difficult positions. Coupling at 70 °C did not
yield further improvement (data not shown).

' ‘ Use of Coupling . .Coupling. . Fmocl Cruge Fo.lding O\{erall

Synthesis Synthesizer ) " conditions for difficult synthesis peptide yield yield
pseudoprolines conditions positions yield (%) mass (mg) %) %)

A Prelude No 2x10 min RT 2x10 min RT 16.5 151.6 9+0.1 15

B Prelude Yes 2x10 min RT 2x10 min RT 47.1 165.1 39+9.9 18.4

C Prelude Yes 2x10 min RT 4x10 min RT 45.9 141.8 405+7.8 18.6

D Chorus Yes 2x5 min RT 2x5 min 50 °C 19.4 147.8 15+14 29

E Chorus Yes 2x10 min RT 2x10 min 50 °C 53.1 147.9 49+1.4 26.0

F Chorus Yes 1x 20 min RT 1x20 min 50°C 49.9 158.6 39+85 19.5
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for on-resin oxidation, which was complete after 30 min (Figure S9b), as shown by free thiol
detection using 2,2’-dithiobis-(5-nitropyridine) (DNTP) (Figure S9c). The on-resin oxidation
strategy took in total only 1 h and was thereby much faster than in-solution oxidation.

For folding of oxidized STxB monomers into functional homopentamers, the former were
solubilized in 7 M GndHCI in phosphate buffer pH 8. GndHCI was then removed by sequential
dialyses, reducing its concentration in a stepwise manner from 7 M to 0 M in PBS. Of note, this
dialysis scheme concomitantly allowed to remove the oxidizing agent and peptides that had
failed to fold correctly and that therefore precipitated. The homogeneity that was obtained after
dialysis and centrifugation was such that no further purification was needed (Figure 1d and
Figure S1-6). Furthermore, the contaminant glutathione adducts that are found on recombinant
STxB purified from bacteria were absent altogether. In contrast, t-butyl adduct traces were
detected in synthetic STxB. Assuming that t-butyl-derivatives of STxB had the same electron
spray ionization behaviour as fully deprotected STxB, t-butyl-STxB represented 16% and 8%
of reduced or refolded STxB monomers, respectively (Figures 1lc-d). We therefore tested
whether the conformational stability and functionality of synthetic STxB were preserved despite
these adducts.

3.2. Synthetic STxB is very similar to recombinant STxB

The biophysical properties of recombinant and synthetic STxB homopentamers were
compared. Circular dichroism analysis revealed very similar secondary structures for the two
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Figure 2: Biophysical analysis of recombinant and synthetic STxB. a) Circular dichroism revealed that recombinant
and synthetic STxB had similar secondary structure contents. b) Analysis of the heterogeneity of recombinant STxB
in PBS. The major population represented pentameric STxB with a radius of 2.9 nm. The other populations between
10 and 100 nm were attributed to soluble aggregates of STxB. ¢) Analysis of the heterogeneity of synthetic STxB
in PBS. The behavior of the synthetic STxB was similar to that of recombinant STxB with the main population at 2.5
nm which represented more than 98% in mass. The other populations were aggregates. d) Thermal denaturation
of STxB was measured by nanoDSF. The analysis of the first derivatives of fluorescence count ratios at 350 nm/330
nm in function of temperature revealed that the melting temperatures (Tm) of recombinant and synthetic STxB were
very similar.
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Figure 3: Retrograde trafficking of synthetic and recombinant STxB in HelLa cells. 40 nM STxB was bound to cells
for 30 min at 4 °C, followed by PBS washes and incubation for 50 min at 37 °C for synchronized internalization. a)
Immunofluorescence images of recombinant and synthetic STxB. Merge: STxB in green, Golgi in magenta, and
DNA dye Hoechst in blue. Scale bars: 20 um. b) Quantification of colocalization of STxB with giantin in the indicated
conditions and at the indicated time points. ****P < 0.0001, ns: non-significant.

proteins, demonstrating that the synthetic protein folded correctly (Figure 2a). The size
distribution was determined by dynamic light scattering (DLS), revealing that both proteins had
hydrodynamic radii between 2.5 and 2.9 nm in solution (Figure 2b, c), corresponding to the
expected size of STxB [31]. Two other populations with radii between 10 and 100 nm (peaks
2 and 3) were present at very low mass percentages and likely corresponded to soluble
aggregates (Figure 2b, c). The most striking difference was a 4™ peak of 1.4 % in mass that
was present only for synthetic STxB (Figure 2c¢). With a radius of around 1 ym, this material
likely corresponded to non-soluble aggregates. Finally, thermal denaturation was monitored
by nanodifferential scanning fluorimetry (nanoDSF). A small difference of 1.1 °C for the melting
temperatures (Tm) of both proteins was measured (Figure 2d). Taken together, the biophysical
properties of recombinant and synthetic STxB were very similar.

A key characteristic of STxB is its capacity to undergo retrograde trafficking from the plasma
membrane to the Golgi apparatus, which depends entirely on the binding to its cellular
receptor, the glycosphingolipid Gb3 [32]. To test the functionality of synthetic STxB, we
compared its retrograde trafficking to that of recombinant STxB. For this, Gb3-expressing HelLa
cells were incubated at 37 °C with recombinant or synthetic STxB. Cells were then fixed and
labeled for STxB and the Golgi marker giantin. Both types of STxB proteins were detected in
a perinuclear location (Figure 3a) where they colocalized to the same extent with giantin
(Figure 3b). Very clearly, both synthetic and recombinant STxB were indistinguishable in their
capacity to undergo retrograde trafficking to the Golgi.

3.3. Chemical synthesis opens new possibilities for bioorthogonal conjugations with STxB

The capacity to obtain STxB in a highly efficient linear chemical synthesis scheme opened
the possibility of producing STxB variants with defined functionalization sites. Two types of
modifications were chosen: unnatural azide-containing amino acids for conjugation via copper-

Table 2: Synthetic STxB variants with C-terminal modifications.

Fmoc synthesis Crude peptide Oxidation and folding ~ Overall yield Retrograde

Variant yield (%) mass (mg) yield (%) (%) trafficking
sSTxB 47.1 165.1 39 18.4 Functional
sSTxB(70C) 42.8 111.3 28.4 12.2 Functional
SSTxB(70ANz3) 47.7 120.9 175 8.3 Functional
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free click chemistry, and the addition of a cysteine on the C-terminus for coupling via sulfhydryl-
specific chemistries. Positions for unnatural azide-containing amino acid substitutions were
selected based on the analysis of the STxB structure in complex with an analogue of its
receptor (Protein Data Bank: 1BOS). Key criteria were exposure at the surface of the
homopentamer and non-engagement in Gb3 binding sites.

17 azido variants were synthesized with overall yields between 7 and 24 % (detailed in
Table S1). For the majority of these, azidolysine (KNs) was used. For two positions located
close to the membrane interaction surface of STxB, a shorter azidoalanine (AN3z) was preferred
to reduce the risk of interfering with receptor binding. At position 11, 4-
azidomethylphenylalanine was used as it was structurally most closely related to the natural
tyrosine. Their functionality in retrograde trafficking were also tested (Table S1). Overall, the
incorporation of azide-containing amino acids turned out to be feasible at most positions
chosen of the STxB sequence, which again documented a high degree of structural robustness
of the protein. For C-terminal modifications involving the addition of a natural cysteine (termed
sSTxB(70C)) or of non-natural azidoalanine (termed sSTxB(70ANs)), total yields were reduced
compared to wild-type STxB. (Table 2). However, both STxB variants had excellent purity after
folding (Figure S10-13) and were fully functional (Figure S14).

3.4. Synthetic STxB: an efficient delivery tool for mucosal vaccination

To address the potential clinical interest of synthetic STxB as an antigen delivery vector,
sSTxB(70C) and sSTxB(70ANs) were chemically coupled to different types of antigens. The
first one was the receptor binding domain (RBD) of the SARS-CoV-2 spike protein (Figure 4a
for the chemical coupling scheme, and Figure S15 for conjugate analyses), which is required
for virus entry into target cells by binding to the ACE2 receptor [33]. After intranasal
immunization, sSTxB(70C)-RBD induced functional CD8" T cells against RBD in the lung, as
detected by Elispot with a pool of peptide that covered the entire S1 domain, including RBD
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Figure 4: sSTxB(70C)-RBD induced higher RBD-specific CD8* T cell and mucosal IgA responses in the lung than
non-vectorized RBD. a) Conjugation of RBD to sSTxB(70C) through thiol-maleimide reaction. b-d) Balb/c mice (3-
4 per group) were immunized at DO and D14 via the intranasal route with 0.5 nmol of sSTxB(70C)-RBD or RBD,
both combined with c-di-GMP as an adjuvant. Mice were sacrificed on day 21. Naive non-immunized mice were
used as controls. After perfusion, the lungs were collected, and cells dissociated. CD8* T cells were then purified
and submitted to an IFNy Elispot assay in which cells were sensitized or not (medium) with the S1 peptide pool
encompassing the RBD sequence of SARS-CoV-2 (b). Bronchoalveolar lavage was also collected at day 21, diluted
to %2, upon which specific anti-RBD IgA (c) and IgG (d) were measured. One out of 3 representative independent
experiments is shown. Mean+SEM Mann-Whitney t-test. *P < 0.05.
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Figure 5: Various synthetic STxB conjugates induced mucosal-specific CD8* T cells after vaccination in the
C57BI/6J mice model. a) Conjugation between rSTxB(70C), sSTxB(70C), or sSTxB(70ANz) and the antigenic
peptides SL8 and G15F. b-c) Mice were immunized via the intranasal route at DO and D14 with the indicated
conjugates combined with the adjuvant a-GalCer (2 pg). On day 21, mice were sacrificed, and the broncho-alveolar
lavage (BAL) was collected. Cells were labelled with anti-CD8 and specific KP-OVAzs7.264 (b) or DP-E74957 (C)
tetramers. Results from 3-5 mice per group of one out of two representative experiments are shown. Background
obtained from isotype control (DP-non-relevant peptide) was deduced (in general less than 1%). Mean=SEM Mann-
Whitney t-test. *P < 0.05, ** P < 0.01.

(Figure 4b). With sSTxB(70C)-RBD, the frequency of IFNy-producing CD8* T cells was 4 times
higher than that observed after mucosal vaccination with non-vectorized RBD (Figure 4b). No
response was detected when the pool of S1 peptides was replaced with a pool of S2 domain-
derived peptides that did not include RBD, reinforcing the specificity of the cellular response
(data not shown). Importantly, sSTxB(70C)-RBD also induced 7 and 8-times higher
concentrations of, respectively, IgA and IgG in bronchoalveolar fluid than non-vectorized RBD
(Figure 4c-d). To benchmark synthetic STxB as an antigen delivery vector, we compared its
immunomodulation efficiency to that of recombinant rSTxB(70C) that was used in previous
anticancer vaccination studies with antigens from a model protein, i.e., the SL8 peptide from
ovalbumin [34], and the G15F peptide from the E7 protein of HPV16 [17,20,21,35]. The
chemical coupling schemes for sSTxB(70C)-SL8, sSTxB(70C)-G15F, sSTxB(70AN3)-SL8 and
sSTxB(70AN3)-G15F are shown in Figure 5a, and their chemical analyses and retrograde
trafficking in Figures S16-19.

For both antigenic peptides (SL8 and G15F), the induction of specific CD8* T cells, as
detected by flow cytometry analyses using specific tetramers, was as efficient or even better
with synthetic STxB than with recombinant STxB (Figure 5). Between sSTxB variants, the
performance levels were similar, except the sSTxB(70C)-G15F conjugate that stood out in its
capacity of inducing high levels of anti-E749.57 CD8* T cells. Of note, CD8" T cells that were
induced in the lung had a memory resident phenotype (TRM), as characterized by CD103
expression alone or in combination with CD49a (Figure 6).
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Figure 6: sSTxB(70C)-G15F induced resident memory CD8* T cells in the lung. C57BI/6J mice were immunized
via the intranasal route at DO and D14 with synthetic or recombinant STxB(70C)-G15F conjugates combined with
the adjuvant a-GalCer (2 pg). At day 21, mice were sacrificed and the broncho-alveolar lavage (BAL) was collected.
Cells were labeled with anti-CD8a, anti-CD8, anti-CD103, anti-CD49a and DP-E749.57 tetramers. a) Cells were first
gated on CD8B*CD8a negative to eliminate NK and dendritic cells expressing CD8a. Then the CD8B* tetramer* T
cells were analyzed for the expression of CD103 and CD49a which are biomarkers used to define resident memory
T cells (TRM). Results from one out of five representative mice are shown. b) C57BI/6J mice (n = 5) were immunized
as described in Figure 5¢ with rSTxB(70C)-G15F or the indicated synthetic STXB conjugates with G15F. Means of
subpopulations of specific resident memory CD8"* T cells defined by the expression of CD103 and/or CD49a are
shown.

4. Conclusion

In this study, we have developed conditions for the linear synthesis of STxB without LC
purification steps. STxB variants were synthesized and shown to be performant in inducing
mucosal immunity in mice. The robustness of synthetic STxB as a mucosal vaccination vector
was highlighted by its efficiency when coupled to different types of antigens, i.e., peptides
(SL8, G15F) or full-size proteins (RBD), in different genetic backgrounds (Balb/c or C57bl/6J
mice), and associated with different adjuvants (c-di-GMP, aGalCer). FDA legislation has
recently evolved concerning synthetic peptides longer than 40 amino acids that are now
classified as biologicals, which facilitates regulatory issues for projects that aim at developing
synthetic proteins like STxB towards the clinics. The possibility of introducing several handles
into STxB opens new avenues for the engineering of this protein, e.g., by site-specific
modification by hydrophobic patches to further foster membrane translocation [36] and/or by
concomitant coupling to antigens and adjuvants on the same STxB molecules for optimal
cross-priming. Our study identifies a novel synthetic vaccine scaffold with multiple biomedical
applications and development opportunities. The induction of functional CD8" T cells with
resident memory phenotype and mucosal IgA supports the development of STxB to address
the still unmet medical need for a fully synthetic mucosal vaccine platform.

Credit author statement

Anne Billet: Conceptualization; Data curation; Formal analysis; Writing - review & editing.
Justine Hadjerci: Data curation; Formal analysis; Writing - original draft; Writing - review &
editing. Thi Tran: Data curation; Formal analysis; Writing - review & editing. Pascal Kessler:
Conceptualization; Data curation; Formal analysis; Writing - review & editing. Jonathan Ulmer:
Data curation; Formal analysis. Gilles Mourier: Conceptualization; Data curation; Formal

16


https://doi.org/10.1101/2023.05.15.540756

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540756; this version posted May 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

analysis. Marine Ghazarian: Data curation; Formal analysis. Anthony Gonzalez: Data curation;
Formal analysis. Robert Thai: Data curation; Formal analysis. Pauline Urquia: Data curation;
Formal analysis. Anne-Cécile Van Baelen: Data curation; Formal analysis. Annalisa Meola:
Data curation; Formal analysis. Ighacio Fernandez: Data curation; Formal analysis. Stéphanie
Deville-Foillard: Provided technical guidance on peptide synthesis; Writing - review & editing.
Ewan MacDonald: Formal analysis. Léa Paolini: Data curation; Formal analysis. Frédéric
Schmidt: Conceptualization. Félix A. Rey: Project administration; Resources; Supervision;
Writing - review & editing. Michael S. Kay: Provided technical guidance on STxB synthesis.
Eric Tartour: Conceptualization; Funding acquisition; Investigation; Project administration;
Supervision; Writing - review & editing. Denis Servent: Conceptualization; funding acquisition;
Investigation; Project administration; Supervision; Writing - review & editing. Ludger Johannes:
Conceptualization; Funding acquisition; Investigation; Project administration; Supervision;
Writing - original draft; Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgments

This study was supported by grants from Mizutani Foundation (reference n° 200014 to L.J.),
Institut National du Cancer (INCa contract n°2019-1-PLBIO-05-1 to L.J., E.T. D.S., and INCa
Contract PLBIO22-147 to E.T.), La Ligue Nationale contre le Cancer (convention N° AAPARN
2021.LCC/ChP to L.J. and E.T.), Equipes Labellisées Fondation pour la Recherche Médicale
(EQU202103012926 to L.J.) and Ligue contre le Cancer (EL 2020 to E.T.). F.A.R. received
funding from the Institut Pasteur Coronavirus Task Force (Allospike project), the CNRS and
grant ANR-10-LABX-62-IBEID. A.B. was funded by the French Ministry of Higher Education
and Research (AMX funding) and La Ligue Nationale Contre le Cancer, and received support
from “Frontiéres de I'lnnovation en Recherche et Education” (FIRE) Doctoral School —
Bettencourt Program. J.H. was funded by the Fondation pour la Recherche Médicale. This
work was also funded by the Agence Nationale de la Recherche (Labex Immuno-Oncology to
E.T.) and the Institut National du Cancer (Grant SIRIC CARPEM to E.T.). This work was
supported by a Curie Innov grant from Institut Carnot Curie Cancer (ANR 18 CARN 0009 01)
to LJ. We acknowledge Raphaél Rodriguez’s team from Institut Curie for the use of various
instruments and the Cell and Tissue Imaging (PICT-IBiSA) and Nikon Imaging Centre, Institut
Curie, member of the French National Research Infrastructure France-Biolmaging (ANR10-
INBS-04). We greatly acknowledge Patrick England and Sébastien Bralé from the Biophysics
Platform at Institut Pasteur for their help in the biophysical characterization of STxB.

Supplementary data
Supplementary data to this article can be found online.
Data availability

Data will be made available on request.
References

[1] D.W. Eyre, D. Taylor, M. Purver, D. Chapman, T. Fowler, K.B. Pouwels, A.S. Walker,
T.E.A. Peto, Effect of Covid-19 Vaccination on Transmission of Alpha and Delta Variants,
N Engl J Med. 386 (2022) 744—756. https://doi.org/10.1056/NEJM0a2116597.

17


https://doi.org/10.1101/2023.05.15.540756

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540756; this version posted May 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[2] B. Lange, M. Gerigk, T. Tenenbaum, Breakthrough Infections in BNT162b2-Vaccinated
Health Care Workers, N Engl J Med. 385 (2021) 1145-1146.
https://doi.org/10.1056/NEJMc2108076.

[3] O. Nickel, A. Rockstroh, J. Wolf, S. Landgraf, S. Kalbitz, N. Kellner, M. Borte, C. Pietsch,
J. Fertey, C. Lubbert, S. Ulbert, S. Borte, Evaluation of the systemic and mucosal immune
response induced by COVID-19 and the BNT162b2 mRNA vaccine for SARS-CoV-2,
PLoS One. 17 (2022) e0263861. https://doi.org/10.1371/journal.pone.0263861.

[4] S. Longet, A. Hargreaves, S. Healy, R. Brown, H.R. Hornsby, N. Meardon, T. Tipton, E.
Barnes, S. Dunachie, C.J.A. Duncan, P. Klenerman, A. Richter, L. Turtle, T.l. de Silva,
M.W. Carroll, mRNA vaccination drives differential mucosal neutralizing antibody profiles
in naive and SARS-CoV-2 previously-infected individuals, Front Immunol. 13 (2022)
953949. https://doi.org/10.3389/fimmu.2022.953949.

[5] A.O. Hassan, S. Shrihari, M.J. Gorman, B. Ying, D. Yuan, S. Raju, R.E. Chen, I.P.
Dmitriev, E. Kashentseva, L.J. Adams, C. Mann, M.E. Davis-Gardner, M.S. Suthar, P.-Y.
Shi, E.O. Saphire, D.H. Fremont, D.T. Curiel, G. Alter, M.S. Diamond, An intranasal
vaccine durably protects against SARS-CoV-2 variants in mice, Cell Rep. 36 (2021)
109452. https://doi.org/10.1016/j.celrep.2021.109452.

[6] F.E. Lund, T.D. Randall, Scent of a vaccine, Science. 373 (2021) 397-399.
https://doi.org/10.1126/science.abg9857.

[7]1 1. Shannon, C.L. White, J.L. Nayak, Understanding Immunity in Children Vaccinated With
Live Attenuated Influenza Vaccine, J Pediatric Infect Dis Soc. 9 (2020) S10-S14.
https://doi.org/10.1093/jpids/piz083.

[8] E. Waltz, China and India approve nasal COVID vaccines - are they a game changer?,
Nature. 609 (2022) 450. https://doi.org/10.1038/d41586-022-02851-0.

[9] M. Madhavan, A.J. Ritchie, J. Aboagye, D. Jenkin, S. Provstgaad-Morys, |. Tarbet, D.
Woods, S. Davies, M. Baker, A. Platt, A. Flaxman, H. Smith, S. Belij-Rammerstorfer, D.
Wilkins, E.J. Kelly, T. Villafana, J.A. Green, |. Poulton, T. Lambe, A.V.S. Hill, K.J. Ewer,
A.D. Douglas, Tolerability and immunogenicity of an intranasally-administered
adenovirus-vectored COVID-19 vaccine: An open-label partially-randomised ascending
dose phase I trial, EBioMedicine. (2022) 104298.
https://doi.org/10.1016/j.ebiom.2022.104298.

[10] M. Hassert, J.T. Harty, Tissue resident memory T cells- A new benchmark for the
induction of vaccine-induced mucosal immunity, Front Immunol. 13 (2022) 1039194.
https://doi.org/10.3389/fimmu.2022.1039194.

[11] M.O. Diniz, E. Mitsi, L. Swadling, J. Rylance, M. Johnson, D. Goldblatt, D. Ferreira, M.K.
Maini, Airway-resident T cells from unexposed individuals cross-recognize SARS-CoV-2,
Nat Immunol. 23 (2022) 1324-1329. https://doi.org/10.1038/s41590-022-01292-1.

[12] S. Yenyuwadee, J.L. Sanchez-Trincado Lopez, R. Shah, P.C. Rosato, V.A. Boussiotis,
The evolving role of tissue-resident memory T cells in infections and cancer, Sci Adv. 8
(2022) eabo5871. https://doi.org/10.1126/sciadv.abo5871.

[13] E. Tartour, L. Johannes, STxB as an Antigen Delivery Tool for Mucosal Vaccination,
Toxins (Basel). 14 (2022) 202. https://doi.org/10.3390/toxins14030202.

[14] N. Mabrouk, T. Tran, I. Sam, I. Pourmir, N. Gruel, C. Granier, J. Pineau, A. Gey, S.
Kobold, E. Fabre, E. Tartour, CXCR6 expressing T cells: Functions and role in the control
of tumors, Front Immunol. 13 (2022) 1022136.
https://doi.org/10.3389/fimmu.2022.1022136.

[15] O. Adotevi, B. Vingert, L. Freyburger, P. Shrikant, Y.-C. Lone, F. Quintin-Colonna, N.
Haicheur, M. Amessou, A. Herbelin, P. Langlade-Demoyen, W.H. Fridman, F. Lemonnier,
L. Johannes, E. Tartour, B subunit of Shiga toxin-based vaccines synergize with alpha-
galactosylceramide to break tolerance against self antigen and elicit antiviral immunity, J
Immunol. 179 (2007) 3371-3379. https://doi.org/10.4049/jimmunol.179.5.3371.

[16] B. Vingert, O. Adotevi, D. Patin, S. Jung, P. Shrikant, L. Freyburger, C. Eppolito, A.
Sapoznikov, M. Amessou, F. Quintin-Colonna, W.H. Fridman, L. Johannes, E. Tartour,
The Shiga toxin B-subunit targets antigen in vivo to dendritic cells and elicits anti-tumor
immunity, Eur J Immunol. 36 (2006) 1124-1135. https://doi.org/10.1002/eji.200535443.

18


https://doi.org/10.1101/2023.05.15.540756

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540756; this version posted May 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[17] C. Badoual, S. Hans, N. Merillon, C. Van Ryswick, P. Ravel, N. Benhamouda, E.
Levionnois, M. Nizard, A. Si-Mohamed, N. Besnier, A. Gey, R. Rotem-Yehudar, H. Pere,
T. Tran, C.L. Guerin, A. Chauvat, E. Dransart, C. Alanio, S. Albert, B. Barry, F. Sandoval,
F. Quintin-Colonna, P. Bruneval, W.H. Fridman, F.M. Lemoine, S. Oudard, L. Johannes,
D. Olive, D. Brasnu, E. Tartour, PD-1-expressing tumor-infiltrating T cells are a favorable
prognostic biomarker in HPV-associated head and neck cancer, Cancer Res. 73 (2013)
128-138. https://doi.org/10.1158/0008-5472.CAN-12-2606.

[18] M. Mondini, M. Nizard, T. Tran, L. Mauge, M. Loi, C. Clémenson, D. Dugue, P. Maroun,
E. Louvet, J. Adam, C. Badoual, D. Helley, E. Dransart, L. Johannes, M.-C. Vozenin, J.-
L. Perfettini, E. Tartour, E. Deutsch, Synergy of Radiotherapy and a Cancer Vaccine for
the Treatment of HPV-Associated Head and Neck Cancer, Mol. Cancer Ther. 14 (2015)
1336-1345. https://doi.org/10.1158/1535-7163.MCT-14-1015.

[19] F. Sandoval, M. Terme, M. Nizard, C. Badoual, M.-F. Bureau, L. Freyburger, O. Clement,
E. Marcheteau, A. Gey, G. Fraisse, C. Bouguin, N. Merillon, E. Dransart, T. Tran, F.
Quintin-Colonna, G. Autret, M. Thiebaud, M. Suleman, S. Riffault, T.-C. Wu, O. Launay,
C. Danel, J. Taieb, J. Richardson, L. Zitvogel, W.H. Fridman, L. Johannes, E. Tartour,
Mucosal imprinting of vaccine-induced CD8" T cells is crucial to inhibit the growth of
mucosal tumors, Sci Transl Med. 5 (2013) 172ra20.
https://doi.org/10.1126/scitransimed.3004888.

[20] M. Nizard, H. Roussel, M.O. Diniz, S. Karaki, T. Tran, T. Voron, E. Dransart, F. Sandoval,
M. Riquet, B. Rance, E. Marcheteau, E. Fabre, M. Mandavit, M. Terme, C. Blanc, J.-B.
Escudie, L. Gibault, F.L.P. Barthes, C. Granier, L.C.S. Ferreira, C. Badoual, L. Johannes,
E. Tartour, Induction of resident memory T cells enhances the efficacy of cancer vaccine,
Nature Communications. 8 (2017) 15221. https://doi.org/10.1038/ncomms15221.

[21] S. Karaki, C. Blanc, T. Tran, I. Galy-Fauroux, A. Mougel, E. Dransart, M. Anson, C.
Tanchot, L. Paolini, N. Gruel, L. Gibault, F. Lepimpec-Barhes, E. Fabre, N. Benhamouda,
C. Badoual, D. Damotte, E. Donnadieu, S. Kobold, F. Mami-Chouaib, R. Golub, L.
Johannes, E. Tartour, CXCR6 deficiency impairs cancer vaccine efficacy and CD8+
resident memory T-cell recruitment in head and neck and lung tumors, J Immunother
Cancer. 9 (2021) e001948. https://doi.org/10.1136/jitc-2020-001948.

[22] R. Cid, J. Bolivar, Platforms for Production of Protein-Based Vaccines: From Classical to
Next-Generation Strategies, Biomolecules. 11 (2021) 1072.
https://doi.org/10.3390/biom11081072.

[23] J.M. Fulcher, M.E. Petersen, R.J. Giesler, Z.S. Cruz, D.M. Eckert, J.N. Francis, E.M.
Kawamoto, M.T. Jacobsen, M.S. Kay, Chemical synthesis of Shiga toxin subunit B using
a next-generation traceless “helping hand” solubilizing tag, Org Biomol Chem. 17 (2019)
10237-10244. https://doi.org/10.1039/c90b02012h.

[24] S.C. Gill, P.H. von Hippel, Calculation of protein extinction coefficients from amino acid
sequence data, Anal Biochem. 182 (1989) 319-326. https://doi.org/10.1016/0003-
2697(89)90602-7.

[25] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S.
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V. Hartenstein,
K. Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform for biological-image
analysis, Nat Methods. 9 (2012) 676-682. https://doi.org/10.1038/nmeth.2019.

[26] M. Backovic, T. Krey, Stable Drosophila Cell Lines: An Alternative Approach to
Exogenous Protein Expression, Methods Mol Biol. 1350 (2016) 349-358.
https://doi.org/10.1007/978-1-4939-3043-2_17.

[27] D. Philpott, F. Ebel, E. Coli: Shiga Toxin Methods and Protocols, Springer Science &
Business Media, 2003.

[28] N. Benhamouda, |. Sam, N. Epaillard, A. Gey, L. Phan, H.P. Pham, N. Gruel, A.
Saldmann, J. Pineau, M. Hasan, V. Quiniou, C. Nevoret, V. Verkarre, V. Libri, S. Mella,
C. Granier, C. Broudin, P. Ravel, E. De Guillebon, L. Mauge, D. Helley, B. Jabla, N.
Chaput, L. Albiges, S. Katsahian, J. Adam, A. Mejean, O. Adotevi, Y.A. Vano, S. Oudard,
E. Tartour, Plasma CD27, a Surrogate of the Intratumoral CD27-CD70 Interaction,

19


https://doi.org/10.1101/2023.05.15.540756

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540756; this version posted May 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Correlates with Immunotherapy Resistance in Renal Cell Carcinoma, Clin Cancer Res.
28 (2022) 4983-4994. https://doi.org/10.1158/1078-0432.CCR-22-0905.

[29] S. Laps, F. Atamleh, G. Kamnesky, H. Sun, A. Brik, General synthetic strategy for
regioselective ultrafast formation of disulfide bonds in peptides and proteins, Nat
Commun. 12 (2021) 870. https://doi.org/10.1038/s41467-021-21209-0.

[30] S. Laps, H. Sun, G. Kamnesky, A. Brik, Palladium-Mediated Direct Disulfide Bond
Formation in Proteins Containing S-Acetamidomethyl-cysteine under Aqueous
Conditions, Angew  Chem Int Ed Engl. 58 (2019) 5729-5733.
https://doi.org/10.1002/anie.201900988.

[31] P.E. Stein, A. Boodhoo, G.J. Tyrrell, J.L. Brunton, R.J. Read, Crystal structure of the cell-
binding B oligomer of verotoxin-1 from E. coli, Nature. 355 (1992) 748-750.
https://doi.org/10.1038/355748a0.

[32] L. Johannes, Shiga Toxin-A Model for Glycolipid-Dependent and Lectin-Driven
Endocytosis, Toxins (Basel). 9 (2017). https://doi.org/10.3390/toxins9110340.

[33] W. Li, M.J. Moore, N. Vasilieva, J. Sui, S.K. Wong, M.A. Berne, M. Somasundaran, J.L.
Sullivan, K. Luzuriaga, T.C. Greenough, H. Choe, M. Farzan, Angiotensin-converting
enzyme 2 is a functional receptor for the SARS coronavirus, Nature. 426 (2003) 450—
454, https://doi.org/10.1038/nature02145.

[34] N. Haicheur, E. Bismuth, S. Bosset, O. Adotevi, G. Warnier, V. Lacabanne, A. Regnault,
C. Desaymard, S. Amigorena, P. Ricciardi-Castagnoli, B. Goud, W.H. Fridman, L.
Johannes, E. Tartour, The B subunit of Shiga toxin fused to a tumor antigen elicits CTL
and targets dendritic cells to allow MHC class I-restricted presentation of peptides derived
from exogenous antigens, J Immunol. 165 (2000) 3301-3308.
https://doi.org/10.4049/jimmunol.165.6.3301.

[35] M. Thoreau, H.L. Penny, K. Tan, F. Regnier, J.M. Weiss, B. Lee, L. Johannes, E.
Dransart, A. Le Bon, J.-P. Abastado, E. Tartour, A. Trautmann, N. Bercovici, Vaccine-
induced tumor regression requires a dynamic cooperation between T cells and myeloid
cells at the tumor site, Oncotarget. 6 (2015) 27832-27846.
https://doi.org/10.18632/oncotarget.4940.

[36] P. Lonn, A.D. Kacsinta, X.-S. Cui, A.S. Hamil, M. Kaulich, K. Gogoi, S.F. Dowdy,
Enhancing Endosomal Escape for Intracellular Delivery of Macromolecular Biologic
Therapeutics, Scientific Reports. 6 (2016) 32301. https://doi.org/10.1038/srep32301.

20


https://doi.org/10.1101/2023.05.15.540756

