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Les enjeux de la vaccination mugueuse
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Quels sont les enjeux de la vaccination muqueuse?

Inhalation Vs IM or SC Vaccine Delivery ™~ Preventing
_ Systemic Infection

/ Secretory IgG
t Neutralizing antibodies

t Protection in upper respiratory tract
} Lung viral burden

X ~5i
ey ""“’lé"iawvm v""\-.?‘/‘?du .

Preventing
Transmission

Les vaccins IM/SC n’induisent pas de réponse muqueuse
(site d’infection)
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L'émergence de virus respiratoires pandémiques est un challenge

Les vaccins COVID-19 réduisent trop faiblement la transmission
Les vaccins mugueux sont trop faiblement immunogenes

L'acceptabilité des vaccins est assez faible (enfant..)




Respiratory
Respiratory route of infection

No approved vaccine

RSV
100-150,000 deaths p.a.
33 million infections p.a.

SARS-CoV-2
>2.6 million deaths p.a.
=115 million infections p.a.

Streptococcus pneumoniae

1.2 million deaths p.a.
=190 million infections p.a.

Bordetella pertussis Q
160,000 deaths p.a.
=24 million infections

48,000 deaths p.a.
>40 million infections p.a.

Enteric
Oral-faecal route of infection

No approved vaccine

Shigella <
200,000 deaths p.a.

ETEC )
>50,000 deaths p.a.

Helicobacter pylori™-
>15,000 deaths p.a. &
50% of world population
infected

HIV ST
700,000 related deaths p.a.
1.7 million new infections p.a.

Hepatitis C virus
400,000 related deaths p.a.
1.7 million infections p.a.

Les mugueuses sont un site majeur d’entrée des pathogenes

Lavelle and Ward, 2022



Les mugueuses sont uniques d’'un point de vue immunologique

Epithelial cell

Pathogens « Major entry site of pathogens
v' Surface (400 m?)

Commensals

« Septic medium: Commensal flora
v High antigen rate

chemokines
anti-microbials_“3 High « Tolerance maintenance / Protection against pathogens

Homeostasis IiamMmaton - Ability to discriminate pathogens / commensal

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4129373/



Les mugueuses sont uniques d’'un point de vue immunologique

Mucosal-associated lymphoid tissues (MALT) contain around 80 % of immune cells : GALT, NALT, BALT, CALT, SALT

a
Specific immune features : _f__,----ff'*“""‘” /9
- non inflammatory DC and i & Oral ) [ Airway epithelium B
Antigen £ epithelium 0000000000000000000008000000000
macrophages are abundant o, :i—j‘ s s
- IgA plasma cells 0 ~L.» S === Smooth muscle
- Treg et Thl7 O\ET}O T Vs %g Tro DC
- Inductive and effector sites ) S MHC | LB B =0 Mast cell
Functions : i < Cervical | \ [ 'O, o8 AMPs b
- - - - Virus f':"epitﬁcra\ll:g; b 'ntesﬁna"?/‘-\.o M -
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Role important de la flore et du microbiote dans la réeponse muqueuse

*Colonisation at Birth

*1014 bacteria (mainly anaerobic)
*Density gradient Colon >>> Small intestine Le microbiote éduque le systeme immunitaire

*Metabolic activity

*Activity on the epithelial barrier
*Competition with pathogens
*Required for MALT development

b intestinal CD4 ¢ Intestinal IgA
(inset: intestinal CDE) (inset: Peyer's-patch IgA)

*In absence of bacteria A - \
-Lymphopenia (mainly CD4) 2 ‘
-No Germinal Centers / No Ig £ s o0 " »
-No ILFs § T

-Immunodeficiency .

-Homeostasy defect of the mucosa

S SRS
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*Mechanisms:
TLR
Nod1 efc....




Une vaccination muqueuse doit stimuler et traverser I'épithélium

Epithelial cells

» Expression of Pathogen-Associated Molecular Patterns (PAMPs)
such as Toll-Like Receptors (TLR), NOD-like receptor (NLR)

Cornemertsal and

L
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TLR mRNA and protein expression in mucosal epithelial cells.

Tissue TLR

mRNA Protein

Ginglval TLR1 (£1, 72), TLRZ (23-75), TLR3  TLR1 (£1), TLRZ (Z1 73 75 748), TLR3
(73), TLR4 (73. 75, 76). TLRS {71,72), (71.73,78), TLR4 (71-76), TLRS {71,
TLR6 (74,72). TLR7 (73), TLR8 (71~  77.78), TLR6 (71, 72, 78), TLR7 {71,

£3), TLR? (11, 72) £3), TLRB {£1), TLR? (L1, 73, 75, 79)
Saltvary TLRI-TLR1D (80, 1) TLR1-TLR4, TLR7 (80)
Tonsfliar TLR1-TLRG, TLRY, TLR10O (20, B2) TLR2, TLR3 (82)
Har aplthalla TLR2-TLR4, TLRY (43-5a) TLR2-TLR4, TLR9 (83-86)

Corneal TLR1 (47), TLR2 (6, 87-90), TLR3 TLR1 (92), TLRZ (6, BY, 90, 92-96),
(87-39), TLR4 (6, 87-89), TLR5 (87,  TLR3 (6 87-39,. 92, 23), TLR4 (6, B8,
91), TLR6 (B7), TLR7 (87, 88). TLR® 90, 93, 96-98), TLRS (87, 21-95, 27),

(27-89), TLR10 (2] TLR6 (92), TLRY (87, #9)
Conjuncstval TLR1 (R7), TLRZ, TLR3 (87, 88), TLR4 TLR3 (88), TLR4 (88, 99), TLRY (99)

(82 88, 99), TLR7 (87, §8), TLRI (82
B8, 99). TLR10 (57)

Retinal TLR1-TLR7, TLR9 (100) TLR2-TLR# (100)
Iris TLR# (23) TLR4 (23)

Nasal TLR1-TLR10 (101, 102) TLR2 (102, 103), TLR3 (102), TLR4
(103
Trachaal/bronchtal TLR1 (7,01, 104), TLR2 (7, 61,104,  TLR1, TLR2 (7, 104, 105, 107), TLR3

103), TLR3 (£ 21, 104), TLR4 (Z 21, (Z 104 107), TLR+ (Z 104, 106, 107),

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4129373/



Une vaccination muqueuse doit stimuler 'immunite adaptative

Lamina propria
lyrnphocyte

Ir\traeplthelldl
Iymphocyte

a A
A-c LILafea

Intestinalglurnen

>4

Antimicrobgl and s .;.__ 4 .s
['/9 mﬂammatogyfactors i R

M-cell area

lymphatic

Cryptopatch O\ )|

or ILF RORyt"NKp46* cel - " Afferent lymphatic

Lamina propria (Effector site) Peyer’s patches (Inductive site)

IgA plasma cells (green)
Intraepithelial lymphocytes

CD4 and CDS8 T cells
Macrophages, polymorphonuclear
leukocytes

Subepithelial dome with M cell (blue)
Antigen-presenting cells (e.g. dendritic cells)
Interfolicular regions enriched in naive T cells (red)
Follicles enriched in naive B cells (green)
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L'immunité muqueuse est compartimentée
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Dizpeciasis
Cellular traffic in organized MALT - m«"mno __Q f) &
m\/&v,/&_,_k/—w - \,\F?J
A) Naive/memory LT/LB as iDCs enter the mucosa through HEVSs. . (.\ .__;/7
B) Some LBJ/LT cells migrate into microfold (M)-cell pockets Sl e —
C) iDCs remain in the SED but a few migrate into the FAE. e > T2 ey >
D) Ags/microbes transported by M cells are captured by DCs. —
E) Ag induces DC maturation and movement into interfollicular T-cell f’}j"

areas, the B-cell zone, and perhaps into DLNs as MLN

Adhesion: o4p7/MadCam, aE7/E-Cadherine
Chimiokines: CCL25 et CCL27



Les IgA sont des anticorps pluripotents des muqueuses
iIndispensables a une réponse vaccinale efficace

Immune 'Neutralization' Altered motility ' Modulation of " Niche occupancy Antigen
exclusion | __Flagellar | gene expression uptake
| Direct Indirect

Cell | CPS +Aqti- |
ldivision | Oﬁldants

|
| T N - I l
Luminal | I : K 2 :
retention i Enchained -

growth |Epitope

Potential Functions of IgA Antibodies
Numerous potential functions for IgA antibodies have been suggested that may or may not play a
role in vivo in the context of homeostatic interactions with the commensal microbiota. These
include immune exclusion, neutralization, altered motility, modulation of gene expression, niche
occupancy, and enhanced Ag uptake.




Caracteristiques d’'un vaccin muqueux efficace?

*Block adherence of microorganism

to host

*Facilitate clearance from host
*Neutralize toxin

*Must recognize “virulence” epitopes
*Must be immunogenic

*Must not induce autoimmune disease
*Should induce long-lasting immunity
*Activate mucosal APCs or epithelial cells
*Must induce the type of response that is
effective to eliminate pathogen (eg. Thl or Th2)




Quels sont les benéfices d’'une vaccination mugueuse?

1) Immune responses: induction of local immune responses (mucosal silgA, mucosal cellular

responses; mucosal memory immune responses)

2) Needle-free strategies:

() Ease of administration

(i) Non-invasiveness

(i) High-patient compliance

(iv) Suitability for mass vaccination
(v) High safety

TABLE I. Theoretical advantages of mucosal immunization

Aesult
af miseamal Bpacific immung
immanization miechanisms Result of immene activation Diseases where potentally valwasble Exarnplos
Tisvans: Liductivn of inmune  Feeusing of the imnsune ® Respiratory acd penital virsl infections @ Rotasins, COVID-14 15
TEAQONSE cells with mucesal- respense e areis af nesl # Fnrena infections # Fnrerapathapenic £ oali'™""
hrmes 1 tnrgeting malecules & Mucnsnl epithelinl cimesrs & Tung and colon cancer™
musal
surfaces
Umigoe oypes  [gA, IL-17, amd Sterile irmmumicy ol macosal # Respirntory virl and hacrerial infectivrs @ Influenza, COVIDOIE
ol imnily C ppmnumnity sfacos, cleammos of vigally  ® Scxopally tmnsmitied dsscase ® Hirpos ::I:I!I.[.IH‘!. 2l
produsad an infecied or amstonned ells @ Mucosal epithelial cancers # Portossis
maksal & Lung and colan cancer™
surfuves
lidoetan of Tz illa Laong-Tenm prodaction againss & Becumenl mesphoatory infeetions w Infnenza, OOV g9 2020
lomy-term recument dissass & [ntemic infections - 1Y
imnmuniy @ Urological infecions @ Urinary rract infections
Ripulstocy Tissui-rosident Donwnregulation ol dmamuns ® Alborgics ® Allergiv mibma, ood allergy ™
imnmaine repulitnry T cells irflammarion and shifting tn & Auraimmmne dissese & Topie 1 dinheres, mislriple
respuases protective immunity sclerveis
liuconsi sustace Vaccine with antigens < Shaccatsl Suetonis
Specific antibody from prior infection/exposure @ °. - Antigen encapsulstion, epithelial
RNAase, proteass and mucous adbhesives and mucolytics
Mucosal epithelium
Tight junctions, poor DC
uptske and activation : Lym
Mucosal epithelium
Toxins 1o disrupt epithelium, PAMP
agonists to activate DCs, target
M celis for antigen sampling and
uptake
Mucosal-associated Mucosal-assoclated
Ilymphoid tissue lymphoild tissuo

Poor activation of
lymphocytes,
Immunosuppressive
regulatory mechanisms, 1
wrong immune phenotype
(hypersensitivity rather
then protection)

Inclusion of cytokinegs to
augment immune
response, drive specific
immune phenatype



Quels sont les challenges pour la vaccination mugqueuse?

1) Vaccine uptake (delivery of antigens) gastric acid, mucus, enzymes, device

2) Local tolerance

3) Induction of long-term responses and long-term memory

4) Criteria to approve a vaccine are currently based on systemic immune responses

Different oral vaccine delivery strategies

=> Only few licensed mucosal vaccines A.solution  B.Virusdike particle  C.Watern-Oll  D.Oilin-Water . ISCOM

y T8 F. Liposome " G. Particle-based H. Capsule
| £y -
. ‘ vibratile cilia ' ®
R ! 2 ... ..-_Yé‘.
Qoll>llol ..... J ! ' J J |t J ‘ i X i ®
; J =" ?
) of / !

Nas=al Epithelium



Vaccination muqueuse

*Oral (buccal, sublingual and gingival)

Cutaneous immunization Mucosal immunization

*
Nasal Ocular immunization
(Drops)
Nasal immunization
* (Sprays and drops containing
Pulmon ary Epidermal powder immunization adjuvants plus liquid formulations,
(DNA-coated gold particles B liposomes or microspheres)
o vach'nne ild: :jet: E. r?ectn Pulmonary immunization
. quid-jet in on (Aerosols or powders)
*Vaginal (Off-the-shelf vaccine
formulations)
Topical application
(Adjuvant patches, colloidal . e
*Rectal carriers, ultrasound or Oral immunization
microneedies) (Liquid formulations and pills
containing adjuvants plus
liposomes, microspheres
or bacterial ghosts)

~ Vaginal or rectal immunization
(Creams containing adjuvants)

*Mucosal immunization, is further classified into ocular, nasal, oral, pulmonary, and vaginal or rectal routes.

*Ocular immunization can be carried out using eye drops.

*Nasal immunization is carried out using sprays that comprise liquid formulations, liposomes or microspheres.

*VVaccines can be delivered orally in the form of liquid doses or pills, both of which can consist of various formulations: for example,
microspheres.

*Vaccines can also be delivered to the vaginal or rectal mucosal membrane, using topical creams, or to the lungs, using aerosols or powders.



Compartimentation de la réponse immunitaire muqueuse....

Nasal Subling Oral Rectal Vaginal Trans-dermal
Upper respiratory + 4+ ++ + - - - o o
Lower respiratory + 10 +++ ++ + - - - + + +
Stomach - +/++ + +/+4++ - - ?
Small intestine - + 4+ ++ + - - +
Colon - ? + + + - +
Rectumn - ? (+) + + + - ?
Reproductive tract + + + + + + - - + 4+l ++ 7
Blood + + + + 4+ + +(+) +(+) +(+) + 4+

Nasal and Sublingual vaccination are highly attractive routes of vaccination

[Wntranasat

R '/ﬂ'“-\,i _ Intranas_al vaccination is preferred for targeting the respiratory, gastric
o s *:.:;."f.:".“ :-;';":" LAY b and genital tracts

e | Eoa S N -y

gl ("" 2 Oral vaccination is effective in the gut and for induction of mammary

2 bywpsh rodes 1_.1'

. . ran ) -
GALT | ot n perphukd foll clen f-—J
o e

A Rectal

Contad var: | lngainad /
asiociated | hnph nodes —

.r “ gland Abs (secreted in milk)

immunization is best for the induction of colon and rectal
W immunity and to some extent genital tract immunity

Intravaginal vaccination is the most effective for antibody and T cell
immunity in the genital tract.
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Playing with compartimentation



Quels sont les vaccins muqueux licenciés?

COVID-19 BBV154 NASAL VACCINE TRIAL

Inactivated ted
26 . xS
@ Dukoral Oral — agucous Blopollo (bOPV) Oral — agucous PRt Ethanszeny
N... Composition: Cl)lllpl)‘,ll")ll- HOCFIED AARULENT SONE HOTEHY
% ‘\.\ . heat and formaldehyde cullure passage atlenuated « £
D inactivated 1 serogroups oy poliovicuses 1and 3 serotypes ’ - l ;
", ilnsba - Ogawa) + CTB 5 (5" non-coding region -
attenuation) crme e PRENO
e Euvichol, Shanchol Oral — aqueous man ] ‘; ‘o ;\7 O> . N i S
an ral — aqueous oRIND
x Compusizion: e : q FYEPUIION BTASIUZED,
(__\ heat and fermaldehyde L .l Compesition:
) inactivated O1 seroygroups ~ culture passage attenuated WYUISE CEA% TSL5T
\C’;:._:’»\,\ Hnabi + Ogavest = 0134 pelioviruses 1, 2 and 3 AL i
1 serotypes (5° nen coding
region attenuation) b
Live attenuated { =

Vaxchora Oral — aqueous

:
Composition:

..\_\ live attenuated 01 serogroup & r

{Inabal - ctxA attenuation

Bharat Biotech: Chimpanzee adenovirus-based vaccine

OB R approved in India for emergency use (2022)

Compasition:
pentavalent — hve
human-bovine
reassortant rotaviruses
lexpression of C1. G2, G3,
G4, G5 with P7 and G6

Influenza A and influenza B viruses

FluMist/Fluenz asal —_ spray

with P14}

Compaosition:
quadl ivalent antigens trom -.J,- §
circulating strains Live attenuated
incorporated into live ]
attenuated, cold adapted Rotarix Oral — aqueous
donerinfluenza vector ‘

Composition:

manpvalenl — culture

passage attenuated (G1

. - with F1A expression)
Salmonella typhimurium P &

CanSino: Inhaled vaccine against COVID-19

i i based on Adenovirus 5 approved in China (2022)
Typhi Vivotif Oral — capsule

——

Composition: e
* Live attenuated Ty2 La strain G
* Mutagenesis in LPS

synthesis and Vi

palysaccharicle genes

Most mucosal vaccines are based on live attenuated viruses/bacteria: advantages
for the delivery and immunogenicity but not suitable for everybody !

Lavelle and Ward, 2022




Comment améliorer la délivrance des antigenes par voie mugueuse?

Challenge: cross the epithelium barrier for inactivated vaccines, subunit vaccines or acid nucleic-based vaccines

B
A Type L mucosa Type I nucosi Corarrrem AT
& 2 : * -4 \. H
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pH, mucus, proteases at the mucosal surfaces (e.g. intestinal
surfaces, pH differs based on intestinal region)
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ucosal '\‘ ¥
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\\

« Avoid damaging antigen .:

« Make sure the antigen will be delivered

https://www.sciencedirect.com/science/article/pii/S2211383522003136#fig2



Comment améliorer la délivrance des antigenes par voie mugueuse?

Mucosal vaccine delivery

Oral mucosa Ocular mucosa

Il est nécessaire de designer

des nouveaux vecteurs ou :
systemes de délivrance
h p_hySISriolglq_LJe VOI[AV Respiratory tract Vaginal mucosa
physlopathologique ( ) Mt Gastrointestinal
mucosa

https://www.sciencedirect.com/science/article/pii/S2211383522003136#undfigl



Comment améliorer la délivrance des antigenes par voie mugueuse?

- ‘?i\.
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Optimum formulation

Effective delvery and sdjuvant inclusion =
targeting and activation ol APC: and enhanced
trafTaKing elantigen o deaining lyooph nodes

Activation, exoansion and mebilization of adaotve

immunge cells to eftector sites

Lavelle and Ward, 2022



Intéréts de la voie orale

Delivery strategies Examples Responses nsadel

PLA or PLCA PLG-encapsulated C56 antigen from E coli - lgA antibody-secreting cell responses .~ Human

nanoparticles - Serum [gG responses A
Lotus tetragonolobus from Winged or - Mucosal and systemic response .~ house
Asparagus pea anchored PLGA nanoparticles

: Flasmid DNA pRc/CMY HBS encoding the small - lgA responses .~ Mouse lIVE .

Lipasames regian of hepatitis B surface antigen (HESAG) ATTENUATED RECOMBIN- szUTS LIKE PLANT YEAST BASED
into Lipodine liposomes ANT A ! !(’.LE: VACCINES VACCINES
L-BLP25 {liposomal formulation of BF2S — Median survival time of 4.4 months langer Human VACCINES VACCINES VACCINES
lipopeptide, MPL® and three lipids)

Bacterial ghost Escherichiz colt 0157 :H7 bacteria ghosts - Cellular and humoral immunity -~ oS

Plant lectins/ad iuvants Mistletoe lectin 1, tomato lectin, Phoseslus - Serum and mucosal antibody responses < Mbouse NANO- LIPOSOMES SUBUNIT CARBOH\‘{D- EUEHO RS

e JIVARE vulgaris, wheat germ agglutinin (WGA), and PARTICLE VACCINES PEPTIDE RATE BASED BASED

Ulex europagus 1 VACCINES VACCINES VACCINES VACCINES
Rice-based vaccine that expressed cholera - Production of specific serum IgG and igA antibody Mouse
toxin B subunit after three intra nasal o oral doses »

Transgenic plants Plant-based rotavirus VPG High titers of anti-WPs mucosal Igh and serum igG -~ Migise

[hinpeactors) Recombinant LT-B in transgenic corn - Both serum |gG anti-LT and numbers of specific Human

antibody secreting cells #

b

Infant receiving an oral polio vaccine
(Image courtesy of PAHO/WHO)

*Strong gut IR (IgA, 1gG, feces..)

*Particulate Ags or Ag delivery systems which target the GALT

*Highly acceptable but with low immunogenicity.

Imnrnung Qukzzmas

& Gonbreliad wnd Targetes
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*Needs of strong mucosal adjuvant.
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*Needs to target M cells.
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Intéréts de la voie nasale

Delivery strategies Examples Responses Madel Box 1. Advartages versus disadvantages of nasal vaccinas
Influenza, pertussis, and diphthena - Serum IgG responses similar to and secretory IgA Animals{Human Acvaniages
) levels (influenza) .
Chitosan N-trimethyl chitosan {TMC) nanoparticles - Protection against the appropriate challenge Mouse Simple ta administer
Thie nasal diphtheria vaccine with chitosan - Systemic T cell responses .~ Human Appropriate Tor seli-administration
- ?t'g'gf:“?;gﬁ;zﬁmm production = Mo nead for the Involvement of healthcane professionals
- Protective levels of toxin-neutralizing antibodies = # Mo rsed far a stesile ermironment
Aminated gelatin microspheres [AGMS) - Masal absorption of insulin # Rat T TR e ————
Cyclodextrins Dimethyl-beta-cyclodextrin as adjuvants - Specific serum IgG titres # Mouse Naadie-fnaa and ranimesis
for nasally appled DT and TT - _ _
= Mo injection-asenciated pain o fear
Liposomes Liposomes incorporated insulin and coated - Plasma glucose level up to 2 days -, Rat - .
with chitnean and carhaped Incluce both mucosal and Sysbemic immunily
Activale ymphocyle-haming sysiem
Nanoparticles Coated palylanhydride) nanoparticles with - Serum titers of 1gG2a and 1gG1 » Mouse
either flagellin from Salmonedlo enteritidis = TH1 and Th2 response .~ Disadvantages
of Mannosamine
MNanoencapsulated reporter plasmid - Antibody levels -~ Mouse Rapid clearancs by mucoclisry bamer and protessses
[encoding B-galactosidase protein) - _
Limited inoculation wolums
Modified vaccinia virus ~ MVA expressing HIV-1 Env IIIE Ag - Immune response o the HIV Ag .~ Mouse

Ankara (MVA) vector

- Mucosal CD&(+) T cell response in genital tissue

and draining lymph nodes .~

- Mucosal IgA and IgG Abs in vaginal washings .~

- Specific secretion of beta-chemokines .~

Afursant anclion othar dedvery systerm may be requirecd
Polantal sce-effects an the cantral nervaus system via dssemmatian through the olfactony bulbleptbeium

*Nasal vaccine strategies focussed on particulate Ags or Ag
delivery systems which target the NALT.

*Nasal vaccines induces both respiratory & vaginal immunity
*Possibility to pass the blood-brain barrier? Toxicity?
*Needs of strong mucosal adjuvant

*Acceptability




Vaccins par voie nasale et aerosol (besoin de devices+++)

Delivery systems Delivery devices
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Cahan et al., Nat. Rev. Bioeng. 2023



Spray ou nebulization ? Tout depend ce qu’on cible...

Generation

number (G) X Mol Jovomad of Contralled Reloaw 153 (M023) 645674

Mesh nabulizer
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Superior turbinate
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Les devices actuels ne ciblent pas ™7 [(j/E NN —— respmn Recnpharm
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we put patients first
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Intranasal vaccines for COVID-19 better as a booster (hybrid)
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Intranasal spike and nucleoprotein fusion

protein-based vaccine provides cross-
protection and reduced transmission
against SARS-CoV-2 variants
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Higher IgA response
Higher cross-class Nabs
Higher Spike-specific CD4 and CD8

Better memory

Mao et al., Science 2023
Lakhrif et al., NPJ Vaccine 2025

Meilleure protection
Bloque la transmission

Premier vaccin nasal francais IQ_VCI 'TeC h

For a pandemic-free warld



Interét de la voie sublinguale?

Ag delivery and presentation by sublingual vaccination.
*Epithelial cells express high levels of chemokines.
*Langerhans cells and submucosal DCs are abundant
*DCs migrate into cervical LN to present Ag

Gingivae

Cheeks »

Ventral side of the tongue
Inner lip

Floor of the mouth «

BUCCAL AND SUBLINGUAL VACCINE DELIVERY

& Subingual region + Langerhang Cels (LC3) ® cocTon
&= BDuctal region #  Vicioid Dengnitic Celis (mDCs) ® cosTCeb
| « Amsgen ® 50
Patch vaccinal
Administration Dosage Miain Feature Antigen/Model Antigen Used — "
Route Fom Brovims Vacome
Crally diinlegraling film koaded vith microparbiaulabe . . ' ) i
Buccal Film Live attenuated Measies microparficulate vaccing —
vasdng
Monolayer Edayer Multibayer
Euccal Film Bilayer mucoadhasive tim B-palactosdasspasmed DNA-sxpressng B-oalactosidase (DOF)
CGrean usfescent prolein loaded nanapanicle and
Buccsd Film Elaeiroapan nenefirows iesan or mulliayer fm UOAESCRM protel -
lipesames
Irnar lipd Tongua Microneedis Sobd stainless steel coated mecroneadie amray HIV and (valowmin Antigens . . . .
Sublingual mucosa Vaccine delivery system Induced immune response
Buccal Microngedle CMIC coated solld PLA micromesdle arrsy Crvalournin
Oiral muicosn Mlcr ey | Lipogaime leaded dissalving mics omeddle anay BSA

Sublingual vaccination induces both systemic and mucosal Ab responses
Sublingual administration is useful for induction of antibody against Flu
Sublingual administration does not redirect antigens to the CNS
Sublingual vaccination induces genital T/B cell activation

Sublingual vaccination protects mice against genital HPV

',*' *’ ‘ ‘\ . - *} Immune cells ® antigen

Fonctionne bien pour l'allergie ou on recherche de la tolérance _ _
Trincado et al., Vaccines 2021



Intérét des adjuvants pour augmenter I'immunogenicite

Increase the . Alter functionality
magnitude of the IR of the IR

Increase humoral and/or cellular Direct humoral and/or cellular
responses against antigens responses against antigens
All adjuvanted All adjuvanted
... vacines vacines .-~

Broadened IR

.

** Antigen sparing

Provide cross-protection
AS04-(HPV), O/w emulsions
(influenza), Matrix M (influenza )

Increase golbal supply
O/w emulsions (influenza)
Matrix M (influenza & SARS-CoV-2)

Potential Benefits
of Adjuvants in

Overcome immunesenescence Vaccines Dose Sparing
in elderly Representative examples Reduce number of
MF59 (Seasonal Influenza) in blue Immunizations

AS01 (HZV) . AS04 (HPV)

.+~ Prolong vaccine Expand vaccine

protection targets
All adjuvanted Vaccinate against
vaccines nen-infectious

diseases

Challenge tres important car
aucun adjuvant n’est autorisé
par voie muqueuse

Table 1

Mode of adjuvant action in vaccines against infectious disesses,

Agjuvant Descrption Mecharism of acton Immune response Licensed use

Alum mumwmdmmmm Partially defined Depct effect | *- 1/ and  Abs (funcbonaity can vary Routine childhood
phase ¥P sevorad DAMPS and PRAS have baen depending on tha antigen e.g. VRccines and many

implicated, ncluding uric acid [15), host DNA.  purfied peotein 4] ve. inactivated  others
NETS [15.200 iLaTa (17, 1L-33, wirus (5,07 28
NLRP3 72-75] and STING [

MF39 Ok slsions (mainly Jene) Partially defined ATP release from skeletal  Thh cells and NAbs 2; Seascral,
stabilised with poly 80, and  musce celis and Antigen retention by pancemic and avian
citrate bulfer SCSMds in dLNs we invoked (20 50 influenza

Systema biology sugoests a roke for earty
type-l IFN jon '31]. May engage 8
©oalls 10 Increase avidity and beaadth of the Ab
response

AS03 O stsi (mainly squal Partialy d ER stress in monocytes and  Tth cells and NAbs 0 17 Pandemic and avian
comaining polysortiate 80, o Penol anc NF-kB activation have been infusozn
phosphate-buffered salne Mmm.u-'l’ocod-dm “SARS-CoVv-2

mmwmmnv
May ergage raive and memary B cells
directly 1o increass avidity and brasdih of the
Ab response [20.36)

AFO3 Qi-giap sislons (mainly s Unkny Likaly triggers call injary or death  NADRS (57 54 Pardamic influenza
palyoxyethylene-cetostoany! ether, mannitol, that Jeads to DAMP release (never markeled)

and phosp saline

Virosomes (often Dispersed bped vesicles Unknown. Prasence of wial factors NAbs and Th1/Th2 CO4* Tcells (25 Pandemic

referred to as anhances anbigan uplake influanza HAV

liposomes)

AS01 flip based) Cup ipid a TLR4  Partially defined — MPL triggers TLR4 Nab and Thi-biased CD4* T Malaria
ligand and saponin QS-21 signaling. QS-21 accumuates SCSMps onlls (47 HZv

where it promotes caspase-1 activation and
HMGBY relaass [10], Synergatic signaling
between MPL and QS-21, promating IL-12,
IL-18 and SCEM4a drives IFN.y sacretion
from LN-residant NK and CD8* T oalls (417,
This eary pe of IFN-y Is d for
= DC acthvation. M APC
mmnmurﬂl
activabion in dLN [40,.40]

ASO4 Synthetic TLR4 ligand adsorbed to ghanium Partially defined ¥ teems of the alum Nabe- and Thi-bissed CO4* T Hav

hydroxide companent {see above|, MPL triggers TLR4  oells (10 HPV
sgnaing. Alum prolongs the duration of MPL.
signalling (44
CpG ODN (1018) Scluble TLR3 ligand {olganucieotide) TLRY sigraiing NAD- and Thi-bissed CD4* T HBV
oulls (4047 SARS-CoV-2

Table 1 (contnued)

Adjavart Description Mechanism of acton nimure response Ucsrsed use

Lipid nanoparticles Spherical vesicias compraing heiper lipids, Unclear Thia LNP containing SM-102- Th cells and NAbs (45 10, Unclase  SARS-CoV-2

(LNP) containing cholesterdl, polyethylene glycol {PEG) and lonisable  orisable lipids in the mRNA-1273 tether LNPs to SARS-

jonisable ipids Ipas acthates signals 1 and 2 of the NLRF2 CoV-Z mRNA-nduced CDE* T-call

rflammasome i monocytes |10, In contrast,  resporses (50]
the LNP containing MC3-ionisable Ipids only
provices signel 2 for NLRPS activation [13.15

Matrix M P prisng Quilya v | Unknown NADs, Thi- biased CD4* T SARS-CoV-2
and phospholpids onilg [17 A1)

Alhydroxiguim-8 Imidazoguincline IMC! adsorbed on alum Partially defined In terms of the alum NAbs, Th1 CD4 + T cells [ 13.52] SARS-CoV-2

* Uncler IL, interteusian; NETs. neutrophi extraceludar traps; HMGE1, high-mabiity-group bax 1; IRE 1a, incaitol-requiring erzyma-1a; Abs, antibodies:
me HAV. hepatiie-A virus; HBV, hapatitie-B virue; HPV, human papilioma vius; ER, endoplasmic reliculum; imidazoguanoliine, MO,



Classification

Bacierial
adjuvants

Composition

Chodera woxin (CT)

CTA1-DD

Escherichia coli heat-labile moxin
[in

Bacilius anshract Edema Toxin
[EdTx)

Quels sont les candidats adjuvants mugueux?

Target

GM1 gangliosides

It cell recepror

GMT and GM2 asialo-GM1
gangliosides

ANThrax roxin recepors

Monophosphoryl lipsd A (MPL) TLR4
Perrussis moecin (FT) Uinknowen
Lipaprarein/lipopse prade Vanous
Protiarics Vannois
MNueleic acid Cpd oligndecxynucleotides (ODN] - TLRG
adjuvants
Polynosinic acid-polyeyridylic acsd, TLRS
polyl:C
Cytokine IL-1, 1L, IL-4, L1, [L18 Various
adjuvants [FM -z, and [FM-y
Particles Chirosan Tight
adjuvants Junctions
Polyacrylic acid, PAA Unknown
Virus-like particle (VLPs) Unknown
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A dmLT Adjuvant

a M 4
Asubunit % P;' o “[:I/ﬁ':’* Gly 192
28kD; - LR IRTE Sumemary of Main Features

(1) Simple antiger-+adjuvart formulation

dmLT

MIZIT (2) Enhanced aetigon uptaie at muccsal and pacenteral s%os
A (3 Multifaceted adjuvant response, indluding Th17
Bpevamer A 4 Pramanion of mucosal immunity
M5 oxs 4
| LY vacdine studies: LT Phase 1 Trials {IN;: mLl Phase 1 Trisls: dmL | Phase 1/2 Trisls:
aduvants & unacceptable toxkity sate & mmunoprotective, safe & immuncprotective
Imeunoprotect ve with LT, LT6IK but reactogenicity {completed & ongoing)
fanimals) wizh whoke cell antigen
1980 1990 2000
| 1 1 ] .
1 'v)
| miTescdnestudies: | T 1| dmlT vacdne studies:
iibed 1679 K ScERn a0 RISSAZIIA) aciuvanisand
P i e Laitels S| emunopeatective as
' . sublingually, intradenrally |y LT or LY but withcut
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o

Phe31lis Tl.:u‘?lsur T Ihel?28%er  ProlB3(in
et Ser Alald3Ser

A synthetic glycolipid derived from structure-activity
relationship studies of galactosylceramides isolated
from the marine sponge Agelas mauritianus.

Activation of unconventional T cells:
Alpha-Galactosylceramide which is an
INKT cell activator (oral)

Conppduied and vogueg chnkaad teaks will deaLT adpose®
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Mans: nora pa. Phsaw 1, sacalatirg daee eafsty shuty 15 adulby; exrmrelebsd: nn darastahls SAE
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[T
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Elled [ETwAX] A% &y ar U pp dnly [ME0Esd 16 adade; arepleted
ETEC aukuial un Faww 1, suvalalivg duas sality study L. adudha; sverailing
se) usese]
ETEE whalc- pa Phicco 2b TV phis 10 jg dmlT RAnrish aduh cavelers ro Beni: angobig

kilual [ETRE] [EurlewiT an. 2016-002650-25]

CTA1-DD: non-toxic CT derivative was also
developed as CTA1-DD which is a fusion between
the A subunit of CT and the D-fragment of
the Staphylococcus aureus protein A

Agren et al 2017, J Immunol

Clements et al, 2018, mSphere. 2018 Jul-Aug; 3(4): e00215-18.


https://en.wikipedia.org/wiki/Glycolipid
https://en.wikipedia.org/wiki/Sponge
https://en.wikipedia.org/wiki/Agelas

Interét du ciblage muqueux pour augmenter I'immunogeénicite
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Comment augmenter la durée de la réponse mugqueuse?
example Dukoral and Sanchol (oral vaccines against cholera)

Measures of Immune Response and Duration of Immunity/Protection

Dukoral: The primary immunization series provides short-term protection (6 months) against cholera, with an
overall protective efficacy of 85-90% and 50—-60% for 2 years.?3 For adults and children >6 years of age, protective
efficacy averages 63% over a 3-year period without a booster dose, but drops to <50% after the first year. The
protective efficacy against classic and El Tor cholera is similar in the first 6 months. A large oral inoculum of
bacteria can overwhelm even an optimal response to vaccine. Travelers should be advised to observe careful food
and water precautions, regardless of vaccination status.

Shanchol: Results of clinical trials show a good safety profile, and a large Phase Il efficacy trial in India confirmed
a clinical efficacy of 67% after 2 years. An ongoing investigation will provide data on 5-year efficacy.

Special Adult Travel Vaccines. Joseph Torresi, Herwig Kollaritsch, in Travel Medicine (Third Edition), 2013

Induire une réponse muqueuse memoire et notamment par I'induction des cellules
residentes mémoires (adjuvants, strategies de prime boost mucosal et systémique?)



Comment augmenter la durée de la réponse muqueuse?

origin and recrutiment B residency memory phase C reactivation
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Quels sont les enjeux de la vaccination muqueuse?

1) La vaccination systémique n’induit pas de réponse muqueuse (sauf chez les preéinfectés, Gorochov
et al., JAMA Net 2024)

2) Améliorer les vaccins muqueux (devices, adjuvants, formulation, stratégie, réle du microbiote)

3) Améliorer 'immunomonitoring des réponses muqueuses et en particulier des réponses cellulaires
(Trm, Tfh)

4) ldentifier des corrélats de protection spécifiques des vaccins muqueux (IgA, Trm, Brm, Tth etc..)

5) Disposer de modeles d’évaluation in vitro et in vivo notamment pour évaluer I'efficacité sur la

transmission et sur la mémoire immunitaire muqueuse In vitro models
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