
Pr. Stéphane PAUL (GIMAP/CIRI)

Les enjeux de la vaccination muqueuse



Quels sont les enjeux de la vaccination muqueuse?

Les vaccins IM/SC n’induisent pas de réponse muqueuse 

(site d’infection)

L’émergence de virus respiratoires pandémiques est un challenge 

Les vaccins COVID-19 réduisent trop faiblement la transmission

Les vaccins muqueux sont trop faiblement immunogènes 

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



Les muqueuses sont un site majeur d’entrée des pathogènes

Lavelle and Ward, 2022



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

Les muqueuses sont uniques d’un point de vue immunologique

• Major entry site of pathogens

✓ Surface (400 m2)

• Septic medium: Commensal flora

✓ High antigen rate

• Tolerance maintenance / Protection against pathogens

• Ability to discriminate pathogens / commensal



Specific immune features :

- non inflammatory DC and 

macrophages are abundant

- IgA plasma cells

- Treg et Th17 

- Inductive and effector sites

Functions :

- First defense line against antigens and 

pathogens 

- Regulation of immune responses to 

pathogens

- Prevention of immune responses 

against commensal bacteria 

(tolerance)

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

Les muqueuses sont uniques d’un point de vue immunologique



*In absence of bacteria

-Lymphopenia (mainly CD4)

-No Germinal Centers / No Ig

-No ILFs

-Immunodeficiency

-Homeostasy defect of the mucosa

 

*Mechanisms:

TLR

Nod1 etc….

Rôle important de la flore et du microbiote dans la réponse muqueuse

*Colonisation at Birth

*1014 bacteria (mainly anaerobic)

*Density gradient Colon >>> Small intestine

*Metabolic activity

*Activity on the epithelial barrier

*Competition with pathogens

*Required for MALT development

Le microbiote éduque le système immunitaire



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

Epithelial cells

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

Une vaccination muqueuse doit stimuler et traverser l’épithélium



Peyer’s patches (Inductive site)
 

➢ 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)

Lamina propria (Effector site)

➢ IgA plasma cells (green)

➢ Intraepithelial lymphocytes

➢ CD4 and CD8 T cells

➢ Macrophages, polymorphonuclear 

leukocytes

Une vaccination muqueuse doit stimuler l’immunité adaptative



Cellular traffic in organized MALT

A) Naive/memory LT/LB as iDCs enter the mucosa through HEVs. 

B) Some LB/LT cells migrate into microfold (M)-cell pockets

C)  iDCs remain in the SED but a few migrate into the FAE.

D) Ags/microbes transported by M cells are captured by DCs.

E) Ag induces DC maturation and movement into interfollicular T-cell 

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

CCR9 et CCR10

• LyT/B CCR9: intestin grêle

•  Ly B CCR10: colon

Adhesion: 47/MadCam, E7/E-Cadherine

Chimiokines: CCL25 et CCL27

L’immunité muqueuse est compartimentée



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.

Les IgA sont des anticorps pluripotents des muqueuses 

indispensables à une réponse vaccinale efficace 



Caractéristiques 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. Th1 or Th2)



Quels sont les bénéfices d’une vaccination muqueuse?

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

responses; mucosal memory immune responses)

2) Needle-free strategies:

(i) Ease of administration

(ii) Non-invasiveness

(iii) High-patient compliance

(iv) Suitability for mass vaccination

(v) High safety



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 

Quels sont les challenges pour la vaccination muqueuse?

=> Only few licensed mucosal vaccines



Vaccination muqueuse

*Oral (buccal, sublingual and gingival)

*Nasal

*Pulmonary

*Vaginal

*Rectal

*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. 

*Vaccines 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….

Intranasal vaccination is preferred for targeting the respiratory, gastric 

and genital tracts

Oral vaccination is effective in the gut and for induction of mammary 

gland Abs (secreted in milk)

Rectal immunization is best for the induction of colon and rectal 

immunity and to some extent genital tract immunity

Intravaginal vaccination is the most effective for antibody and T cell 

immunity in the genital tract. 

Nasal and Sublingual vaccination are highly attractive routes of vaccination

Playing with compartimentation



Bharat Biotech: Chimpanzee adenovirus-based vaccine 

approved in India for emergency use (2022)

CanSino: Inhaled vaccine against COVID-19 

based on Adenovirus 5 approved in China (2022)

Quels sont les vaccins muqueux licenciés?

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



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

Comment améliorer la délivrance des antigènes par voie muqueuse? 

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

pH, mucus, proteases at the mucosal surfaces (e.g. intestinal 

surfaces, pH differs based on intestinal region)

• Avoid damaging antigen

• Make sure the antigen will be delivered

• Make sure the antigen will target APCs and 

that there will be an activation of immune 

responses in lymph nodes

Mucoadhésion ++++



https://www.sciencedirect.com/science/article/pii/S2211383522003136#undfig1

Il est nécessaire de designer 

des nouveaux vecteurs ou 

systèmes de délivrance 

physiologique voir 

physiopathologique (LAV)

Comment améliorer la délivrance des antigènes par voie muqueuse? 



Lavelle and Ward, 2022

Comment améliorer la délivrance des antigènes par voie muqueuse? 



Infant receiving an oral polio vaccine 

(Image courtesy of PAHO/WHO) 

Intérêts de la voie orale

*Strong gut IR (IgA, IgG, feces..)

*Particulate Ags or Ag delivery systems which target the GALT

*Highly acceptable but with low immunogenicity.

*Needs of strong mucosal adjuvant.

*Needs to target M cells.



Intérêts de la voie nasale

*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+++)

Cahan et al., Nat. Rev. Bioeng. 2023



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

Les devices actuels ne ciblent pas

 le tissus lymphoide NALT….



Intranasal vaccines for COVID-19 better as a booster (hybrid)

Higher IgA response   Meilleure protection

Higher cross-class Nabs   Bloque la transmission

Higher Spike-specific CD4 and CD8

Better memory
Mao et al., Science 2023

Lakhrif et al., NPJ Vaccine 2025 Premier vaccin nasal français



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

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 

Intérêt de la voie sublinguale?

Trincado et al., Vaccines 2021

Patch vaccinal

Fonctionne bien pour l’allergie ou on recherche de la tolérance



Intérêt des adjuvants pour augmenter l’immunogénicité

Challenge très important car 

aucun adjuvant n’est autorisé

par voie muqueuse



Quels sont les candidats adjuvants muqueux?

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)

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

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

dmLT

Flagelline

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


Intérêt du ciblage muqueux pour augmenter l’immunogénicité

Ciblage des cellules épithéliales

(FcRn, M cells, DCs muqueuses)

Ciblage par anticorps

Utilisation de sucres types lectines

Utilisation de mucine / mucoadhésifs



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.23 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 III 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

Comment augmenter la durée de la réponse muqueuse?

example Dukoral and Sanchol (oral vaccines against cholera)

Induire une réponse muqueuse mémoire et notamment par l’induction des cellules 

residentes mémoires (adjuvants, strategies de prime boost mucosal et systémique?)



Etude de la réponse cellulaire muqueuse toujours difficile à 

faire (quel type de prélèvement etc..)

Corrélats de durée de protection? Trm? Brm? 

Isticato, R. Bacterial Spore-Based Delivery System: 20 Years of a Versatile Approach for Innovative 

Vaccines. Biomolecules 2023, 13, 947.

Comment augmenter la durée de la réponse muqueuse?



Quels sont les enjeux de la vaccination muqueuse?

1) La vaccination systémique n’induit pas de réponse muqueuse (sauf chez les préinfectés, Gorochov 

et al., JAMA Net 2024)

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

3) Améliorer l’immunomonitoring des réponses muqueuses et en particulier des réponses cellulaires 

(Trm, Tfh)

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

5) Disposer de modèles d’évaluation in vitro et in vivo notamment pour évaluer l’efficacité sur la 

transmission et sur la mémoire immunitaire muqueuse

Intérêt du CHIM
Echantillons

In vitro models
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