
Evidence on vaccine benefit from Human Infection 
Models: insights and considerations

Robert Read
University of Southampton 

United Kingdom



Edward Jenner FRS
Physician and zoologist, 
1749-1823

circa 1796

23 Subjects

Inoculated with Cowpox 
pus

Subsequently injected with 
variolous material

£10,000 grant from Royal 
Society

Widespread vaccination 
with cowpox  begun 1840



Controlled Human Infection Models
Bacterial
Campylobacter
Cholera
E. Coli – (ETEC, EPEC, DAEC, EAggEG)
Francisella tularensis
Gonorrhoea
H. Pylori
Salmonella Typhi and Paratyphi
Shigella

BCG
Bordetella pertussis
Streptococcus pneumoniae
Streptococcus pyogenes
Neisseria lactamica

Viral
Dengue
Influenza
RSV
Norovirus
Rhinovirus
Coronavirus
Rotavirus

Parasitic
Malaria
Giardia
Cryptosporidium
Leishmania

Rickettsial
Rocky Mountain 
Spotted FEver

Helminthic
Hookworm



Ethics and Informed Consent

• Risk of harm
• Immunity, virulence/attenuation, antimicrobial activity, monitoring

• Quality and Value of Research
• Benefit:risk
• Professionalism and competence

• Justice
• Self determination
• Equality



Ethical Considerations: Controlled Human 
Infection

• The objective can be justified

• The minimum adequate sample is used

• The challenge inoculum is the minimum required to provide a clear  
outcome measure

• Induced symptoms can be treated, and treatment is not withheld 
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Controlled Human Infection models

COLONISATION/INFECTION DISEASE

COLONISATION/INFECTION MODEL

DISEASE MODEL



Chen WH, CID 2016

Single-dose Live Oral Cholera Vaccine CVD 103-HgR Protects Against Human Experimental Infection 
With Vibrio cholerae O1 El Tor



Lin et al 2017
Lancet



McCann  2025 NEJM



The nasopharynx…the root of all…..
• Pneumonia
• Otitis Media
• Sinusitis
• Pharyngitis
• Chronic Bronchial 

Sepsis
• Meningitis
• Staphylococcal sepsis

Haemophilus influenzae
Streptococcus pneumoniae
Bordetella pertussis
Moraxella catarrhalis

Neisseria meningitidis
Streptococcus pyogenes
Staphylococcus aureus
Streptococcus agalactiae

Mycobacterium spp.
Fusobacterium spp.
Klebsiella spp
Corynebacterium spp.



Experimental inoculation of S.pneumoniae 6B 
following 13 valent PCV  Collins et al AJRCCM 2015



Pertussis

• Resurgence of Pertussis disease 
despite high vaccine coverage.

• ∼ 24.1 million cases and ∼ 160,700 
deaths annually.

Althouse and Scarpino, BMC Med, 2015.

Yeung et al, Lancet Infect Dis, 2017. 

• Occurring despite high vaccine 
coverage. 
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Clinical Pertussis

Days

0 10 20 30 40 50

Catarrhal stage:
 Conjunctival suffusion
 Nasal congestion and 

rhinorrhoea
 Cough (mild)

Paroxysmal stage:
 Paroxysmal Cough
 Nocturnal Cough
 Post-tussive vomiting
  

Convalescent stage:
 Protracted cough



Controlled Human Infection

Days
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Disease model

ADVANTAGES DISADVANTAGES

Clear Clinical and Regulatory Relevance

Paroxysmal cough is easily detected and measured

Correlate micro/immunology with clinical endpoints

Study the full/mature disease process

Interventions measured against clinical endpoints



Disease model

ADVANTAGES DISADVANTAGES

Clear Clinical and Regulatory Relevance Unable to quantify risk

Paroxysmal cough is easily detected and measured Unable to reverse disease after paroxysmal cough 
onset

Correlate micro/immunology with clinical endpoints Secondary cases

Study the full/mature disease process Risk to nursing staff

Interventions measured against clinical endpoints Reputational risk



Colonisation model
ADVANTAGES DISADVANTAGES

Safe

Detection of bacteria is an objective endpoint

Probably less infection control issues

May be the commonest manifestation of wild 
infection 

Colonisation is pre-requisite to disease so 
Vaccine/Challenge studies would inform herd 
protection estimates



Colonisation model
ADVANTAGES DISADVANTAGES

Safe Bordetella pertussis is difficult to detect in 
asymptomatic people

Detection of bacteria is an objective endpoint The site of colonisation is unknown

Probably less infection control issues Duration of carriage is unknown

May be the commonest manifestation of wild 
infection 

Detection of B.pertussis in an asymptomatic person 
may not imply active biological interaction

Colonisation is pre-requisite to disease so 
Vaccine/Challenge studies would inform herd 
protection estimates

Different carriage states – density?? 



University of Southampton
Bp Controlled Human Infection Model

• Primum non nocere
• Asymptomatic nasopharyngeal colonisation

• Bordetella pertussis strain B1917

• Clearance with azithromycin

• Potential utilities:
• Biomarkers associated with protection
• Platform for vaccine testing



Dose and Administration

• B.pertussis is highly infectious

• Human-adapted infection

• Natural infection requires <10cfu

• Aerosol transmission



Selected organism

• GMP manufactured by Q Biologicals, Belgium

• B1917, characterised by ptxP3-ptxA1-prn2-fim3-2, fim2-1 MLVA27, PFGE 
BpSR11

• Expresses 
• Pertactin

• Pertussis Toxin

• Filamentous haemagglutinin 

• Representative of current 

isolates in Europe



PERISCOPE Phase A

• Dose ranging study : selected for anti-PT IgG < 20 IU/mL

• Inpatient model : 16-day admission period

• Completed in 2019, n=34



5/5 colonized

3-4/5 colonized

1-2/5 colonized

0/5 colonized

One dose lower

Repeat the same dose

One dose higher

Dose 10x higher

Inoculum 
doses to be 
used in cfu

5 x 102

103

5 x 103

104

5 x 104

105

5 x 105

After 5 
volunteers

9-10/10 colonized

7-8/10 colonized

<7/10 colonized

One dose lower

Repeat the same dose

One dose higher

After 10 
volunteers 
with one dose

To determine the dose of the standard 
inoculum: Dose escalation



Time line dose escalation
Cohort 1
June 2017
 N=5
1000 cfu

None colonized

Cohort 2 
August 2017
N=4
10,000 cfu

3 colonized

0%
Cohort 4
January 2018
 N=5
50,000 cfu

2 colonized

55%

Cohort 5 
March 2018
 N=5
100,000 cfu

4 colonized

40%

80%
Cohort 6 
 June 2018
 N=5
100,000 cfu

4 colonized

Cohort 3
November 2017
 N=5
10,000 cfu

2 colonized

75%

80%
Cohort 7
July 2018
 N=5
100,000 cfu

4 colonized

80%
Standard 

inoculum 

dose:

105 cfu



Phase A – main findings

• Standard inoculum dose 105 CFU

• Colonisation fraction 0.8 (12 of 15 participants colonised)

• Safe

• Azithromycin effective in clearing colonisation

• No shedding detected

• Seroconversion in some colonised participants

De Graaf H. et al Clinical Infectious Disease 2000



Diagnostics – Phase A

• Nasal wash most sensitive 
sampling technique

• Nasal wash culture and PCR 
equivalent

• Pernasal swab- culture 36% 
sensitive versus PCR 77%

• PCR of throat swabs detected 
36% of all PCR positive samples 
(for pernasal swab this was 54%, 
and nasal wash 94%) 



de Graaf H. et al 2026 Lancet Microbe



Primary challenge: Colonisation

• 20 of 50 Challenge volunteers 
colonised

• Colonisation fraction = 0.4

• No difference in inoculum

• 14 contact volunteers enrolled 
• 6 corresponding Challenge 

volunteer colonised
• No transmission detected

Colonised Non-colonised
1×104

1×105

1×106

C
F
U
/m
L

ns



de Graaf H. et al 2026 Lancet Microbe



de Graaf H. et al 2026 Lancet Microbe



Does experimental infection induce an 
immune response?





Colonisation induces Bp-specific 
memory B cell responses
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Hans' slides
Non-colonised versus colonised – serum IgG



Non-colonised versus colonised – serum IgA



Non-colonised versus colonised – serum Bp binding



Non-colonised versus colonised – mucosal fluid  Bp binding





Baseline memory B cell concentrations
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Baseline comparison between T 
helper cell responses in non-

colonised and colonised 
volunteers
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Baseline IL-22+ T helper cell responses
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Overall Summary – PERISCOPE Human 
Challenge Program

•A dose of 105 cfu BP1917 induces:
• In selected participants (PT<20)

• Colonisation Fraction  0.8
• In unselected participants

• Colonisation Fraction  0.4-0.56



Overall Summary – PERISCOPE Human 
Challenge Program

• Minor symptoms occur and are tolerated, even in non-colonised
• Nasal washing is the most sensitive microbiological sampling technique
• Colonisation is detected in most by day 7 and density peaks at Day 14
• Colonisation clears spontaneously but this may take weeks
• Azithromycin clears infection by 48 hours in most cases
• There is no environmental shedding, and transmission has not been 

observed
• The model can be safely conducted in an outpatient environment
• Colonisation induces a `protected` phenotype 



Overall Summary – PERISCOPE Human 
Challenge Programme

• Protection against colonisation is associated with:
• Serum IgG anti-PT, anti-PRN, anti-FHA
• Serum IgA anti-FHA, and IgA binding to Bp
• Nasal mucosal lining fluid IgA binding to Bp
• IL22-expressing T helper cell responses to PT and FHA

• Control of colonisation density is associated with:
• Serum IgG anti-PT and anti-FHA
• Nasal mucosal lining fluid IgG binding to Bp
• Bp-specific Memory B cell responses

• Colonisation induces a `protective` immunophenotype 



Mucosal delivery

• Lyophilised formulation

• Nasally administered by 

mucosal atomization device

BPZE1 Vaccine
Live attenuated vaccine

• B. pertussis Tohama I strain

• Genetically modified with 3 

toxins inactivated or 

removed

Characteristics

• Acceptable safety profile

• Transient colonisation

• Protection against rechallenge 

with BPZE1

• Immunogenic

• Mucosal s-IgA 

• Serum IgG and IgA

• Functional

• Serum bactericidal activity 

against PRN+ and PRN- B. 

pertussis

• Pertussis toxin neutralisation 

assay

PT—PertussisToxin

Mutations create 

enzymatically inactive PT

Aerobic gram (-) rod 

DNT—Dermonecrotic Toxin

Removed via allelic 

exchange

TCT—Tracheal Cytotoxin

Gene replaced – reduces TCT 

release to <1%

Jahnmatz et al 2020, Creech et al 2022, Keech et al 2023

47



BPZE1 Vaccine-challenge study
• BPZE1 impact on asymptomatic colonisation
• Anti-PT IgG < 20 IU/mL; Anti-PRN IgG < 30 IU/mL
• Primary endpoint: no colonisation in nasal wash cultures on Dayss9, 11 and 14 post virulent Bp challenge 

BPZE1

Placebo

1 : 1 7 28 C-7 EOSChallenge unit C28

C9 C11 C14 C16

Abx

Safety

Diary

= Nasal wash

Vaccine period Challenge periodBp challenge 

105 CFU
60-120 days 

post vaccine

Planned sample size : 20 evaluable per group

48

Gbesemete D. et al 2025 Lancet Microbe



Colonisation

p-values using Chi-square test 

58.3% 
(38.8, 75.6)

33.3%
(17.1, 54.8)
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B. pertussis burden

Per-protocol Adequate Inoculum 

• BPZE1-vaccinated participants 
had a 98.7% reduction vs placebo

Modified Intent-to-Treat 

• BPZE1-vaccinated participants 
had a 97.1% reduction vs placebo

51

*Geometric means of individual AUCs from C9 through C14 using the trapezoidal rule

Area Under the Curve* 

+/- Geometric standard error of the mean



Immunogenicity
Nasal Mucosal S-IgA against 

BPZE1 Lysate (WCE)

52

• Similar trends in S-IgA antibodies against PRN, FHA, FIM, PT

(geometric mean ratio +/- 95% CI) PT

Day 
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BPZE1

Placebo

Serum PT IgG GMFR

Serum IgG Anti-Pertussis Toxin

(GMFR from BL)(geometric mean fold rise from baseline 

+/- 95% CI)

Challenge

Challenge

BL       D28             C0             C28                             EOS D28               C0                 C28              EOS

BL = baseline; D28 = Day 28 post vaccine; C0 = pre-challenge; C28 = Day 28 post challenge; EOS = End of study; GMR = geometric mean ratio; IgG = immunoglobulin G; mL= millilitre; 
WCE=whole cell extract 



Immune correlates 
(Hill A, Dale A. et al manuscript submitted)
• Vaccination with BPZE1 induced circulating CD4+ T cells of Th17 and Th22 

effector phenotype. 

• These responses correlated positively with BPZE1-induced SIgA responses

• In BPZE1 recipients who developed breakthrough infection following 
virulent B. pertussis challenge, higher vaccine-induced SIgA titres were 
significantly associated with reduced colonisation density (but serum IgA 
and IgG titres were not)

 

• A Th17/Th22-SIgA immune axis as a key feature of BPZE1 vaccination and 
highlight SIgA as a candidate correlate of reduced B. pertussis colonisation 
in humans. 



Thanks to the volunteers, the teams in Southampton and 
Radboud, and our partners within PERISCOPE

Southampton University, UK: Nursing staff, Clinical Research Facility lab, CHIG Technician team, Muktar Ibrahim, Alison R. 
Hill, Diane Gbesetmete, Robert C. Read
RadboudUMC, The Netherlands: Dimitri A. Diavatopoulos, Janeri Fröberg, Hans de Graaf
RIVM, The Netherlands: Annemarie Buisman, Cecile Van Els, Guy A.M. Berbers
UK Health Security Agency, UK: Andrew Gorringe
IAVI, USA: Kent E. Kester
ULB, Belgium: Véronique Corbière, Françoise Mascart

PERISCOPE has received funding from the Innovative Medicines Initiative 2 Joint Undertaking under grant 
agreement No 115910. This Joint Undertaking receives support from the European Union’s Horizon 2020 
research and innovation programme and EFPIA and BMGF.
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