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Functional deficits of innate immune cells
• reduced migration and chemotaxis
• altered cytokine production
• reduced phagocytosis –> impaired elimination of pathogens and 

reduced antigen-presentation
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Changes with age created with BioRender

• reduced output of lymphoid cells from the bone marrow and involution 
of the thymusà less naïve T cells

• accumulation of highly differentiated effector T cells

• effector T cells produce pro-inflammatory cytokines, take up 
immunological space and can impair antibody production

• functional and metabolic changes on a per-cell level
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Changes with age created with BioRenderv

• reduced output of lymphoid cells from the bone marrow 
à less naïve B cells

• defects in isotyp-switch and somatic hypermutation
à impaired antibody responses

• functional and metabolic changes on a per-cell level
• impaired interaction between T cells and B cells
• elevated inflammatory background
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Strategies to improve vaccines for older adults
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meta-analysis of 31 studies (1986-2002)

!"#" !$#B &

'
()
*H
,-
,.
/*
H)
0,
.

N

BN

2N

3N

4N

"NN

5,6.7(
*89*H85(

!"#" !$#B &
'
()
*H
,-
H,
.*
/.
0,
N

2

B2

32

42

52

"22

6,7N8(
*9:*H96(

data from: Goodwin et al., Vaccine, 2006

Standard Influenza vaccines are less immunogenic in older adults
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more antigen

• reactogenicity?
• really higher immune response?
• production/formulation issues?
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randomized clinical trial:  HD-TIV vs SD-TIV

High-dose influenza vaccine: Randomized controlled trial (RCT)

Trivalent 60µg HA per strain instead of 15µg
licensed in the US (2009/2010)
à higher antibody levels, higher seroconversion 
à increased efficacy

Falsey et al., J Inf Dis, 2009
DiazGranados et al., NEJM, 2014

Efluelda in Europe since 2021
quadrivalent
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Table 2. Efficacy of High-Dose Vaccine Relative to Standard-Dose Vaccine against Confirmed Influenza Caused by Any Viral Type or Subtype.*

Variable Laboratory-Confirmed Influenza† Culture-Confirmed Influenza

IIV3-HD 
(N = 15,990) 

IIV3-SD 
(N = 15,993) 

Relative Efficacy 
 (95% CI)

IIV3-HD 
(N = 15,990) 

IIV3-SD 
(N = 15,993) 

Relative Efficacy 
(95% CI)

no. (%) % no. (%) % 

Protocol-defined influenza-like illness 228 (1.4) 301 (1.9) 24.2 (9.7 to 36.5)‡ 206 (1.3) 268 (1.7) 23.1 (7.5 to 36.2)

Influenza A 190 (1.2) 250 (1.6) 24.0 (7.8 to 37.4) 170 (1.1) 222 (1.4) 23.4 (6.0 to 37.6)

A/H1N1 8 (<0.1) 9 (0.1) 11.1 (−159.6 to 70.2) 7 (<0.1) 9 (0.1) 22.2 (−134.7 to 75.4)

A/H3N2 171 (1.1) 223 (1.4) 23.3 (6.0 to 37.5) 156 (1.0) 199 (1.2) 21.6 (2.8 to 36.8)

Influenza B 38 (0.2) 51 (0.3) 25.5 (−15.7 to 52.4) 36 (0.2) 46 (0.3) 21.7 (−23.8 to 50.8)

Modified CDC-defined influenza-like illness 96 (0.6) 121 (0.8) 20.6 (−4.6 to 39.9) 84 (0.5) 110 (0.7) 23.6 (−2.4 to 43.2)

Influenza A 86 (0.5) 104 (0.7) 17.3 (−11.1 to 38.6) 75 (0.5) 94 (0.6) 20.2 (−9.3 to 41.9)

A/H1N1 3 (<0.1) 2 (<0.1) −50.0 (−1696.0 to 82.8) 2 (<0.1) 2 (<0.1) 0.0 (−1280.0 to 92.8)

A/H3N2 77 (0.5) 95 (0.6) 18.9 (−10.7 to 40.8) 69 (0.4) 85 (0.5) 18.8 (−12.9 to 41.8)

Influenza B 10 (0.1) 17 (0.1) 41.2 (−36.0 to 75.9) 9 (0.1) 16 (0.1) 43.7 (−35.2 to 78.1)

Respiratory illness 316 (2.0) 387 (2.4) 18.3 (5.0 to 29.8) 277 (1.7) 339 (2.1) 18.3 (3.9 to 30.5)

Influenza A 262 (1.6) 313 (2.0) 16.3 (1.0 to 29.2) 227 (1.4) 272 (1.7) 16.5 (0.1 to 30.3)

A/H1N1 14 (0.1) 10 (0.1) −40.0 (−252.4 to 42.2) 13 (0.1) 10 (0.1) −30.0 (−231.3 to 47.33)

A/H3N2 231 (1.4) 281 (1.8) 17.8 (1.8 to 31.2) 205 (1.3) 246 (1.5) 16.6 (−0.7 to 31.1)

Influenza B 54 (0.3) 74 (0.5) 27.0 (−5.1 to 49.6) 50 (0.3) 67 (0.4) 25.4 (−9.3 to 49.3)

*  CDC denotes Centers for Disease Control and Prevention.
†  Laboratory confirmation of influenza was accomplished by a positive result on culture of a nasopharyngeal swab, a positive polymerase-chain-reaction assay, or both.
‡  The primary end point of the study was the occurrence, at least 14 days after vaccination, of laboratory-confirmed influenza caused by any influenza viral types or subtypes, in associa-

tion with a protocol-defined influenza-like illness.
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add adjuvant

IgG read-out

… also important for 
protection?
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Approved vaccines with adjuvants used in older adults

MF59
oil-in-water emulsion (squalene-based)
seasonal influenza (1997, Europe)

AS01
liposomes + QS21 + MPL
Herpes zoster (2017)
RSV (2023)

Matrix M
nanoparticles from saponins, cholesterol and phospholipids
COVID-19 (2022)
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Li et al., 1950). Intramuscular injection of Alum adjuvant induced sig-
nificant cytokine/chemokine release and rapidly recruited neutrophils,
monocytes, and eosinophils (Calabro et al., 2011; McKee et al., 2009; Lu
and Hogenesch, 2013). Intradermal injection of Imject (an experimental
alum adjuvant) in mouse skin was found to induce infiltration of a high
density of inflammatory cells that lasted for at least four days (Chen and
Wu, 2011). Due to the induction of significant tissue stress and inflam-
mation, Alum adjuvants have a high risk to induce significant local re-
actions following intradermal delivery.

→ AS04 adjuvant

AS04 adjuvant is a combinatorial adjuvant prepared by adsorption of
MPL (3-O-desacyl-4↑-monophosphoryl lipid A) on Alum hydroxide
adjuvant (Fig. 2B) (Nanishi et al., 2020; Laupeze et al., 2019). MPL is a
toll-like receptor (TLR) 4 agonist (Dowling and Mansell, 2016). MPL/
TLR4 binding activates myeloid differentiation primary response 88
(MyD88) and downstream signaling pathways, leading to nuclear factor-
κB (NFκB) and activator protein (AP)-1 activation and proinflammatory
cytokine gene expression (Takeda and Akira, 2005). AS04 was approved
to boost human papillomavirus vaccine efficacy(Garcon et al., 2011).
AS04-adjuvanted vaccines were found to induce higher levels of cyto-
kines and chemokines at local injection site and recruit higher numbers

of monocytes and DCs in the draining lymph nodes than Alum-
adjuvanted vaccines (Laupeze et al., 2019). AS04-adjuvanted vaccines
were found to induce more frequent local reactions, such as pain,
redness, and swelling, than vaccines without adjuvant (Laupeze et al.,
2019). Local adverse reactions were found to resolve in a few days
(Laupeze et al., 2019). AS04 adjuvant was found to induce more
balanced T helper 1 (Th1)/Th2 immune responses (Laupeze et al.,
2019). Our prior study found intradermal injection of MPL/Alum
adjuvant induced erythema and swelling accompanied with infiltration
of large numbers of inflammatory cells in the dermal tissue of the skin
(Chen and Wu, 2011). These data indicated the high risk of AS04
adjuvant to induce significant local reactions following intradermal
delivery.

→ AS01 adjuvant

AS01 is a liposome formulation containing MPL and QS21, a saponin
component purified from the soap bark tree (Quillaja saponaria)
(Fig. 2C) (Laupeze et al., 2019). AS01 adjuvant has been approved to
boost malaria RTS,S vaccine efficacy (Gosling and von Seidlein, 2016;
Laurens, 2020). AS01 adjuvant was found to induce Th1-dominant im-
mune responses with weak induction of Th2 responses (Coccia et al.,
2017).

Table 1
Currently approved adjuvants and their intradermal reactogenicity.

Adjuvants Description Year of
approval

Vaccines Th1/Th2 Particle
size

Intradermal
reactogenicity

Alum Aluminum salts 1930s Tetanus and diphtheria
vaccines, etc.

Th2-dominant 0.5–10
µm

↓↓↓

MF59 Squalene nanoemulsion (Novartis) 1997 Seasonal influenza vaccine Th2-biased
(weak Th1)

160 nm ↓↓

AS04 MPL adsorbed on Alum adjuvant 2009 Human papillomavirusvaccine Balanced Th1/
Th2

0.5–10
µm

↓↓↓↓

AS03 Squalene nanoemulsion (GlaxoSmithKline) 2013 Pre-pandemic H5N1 vaccine Th2-biased
(weak Th1)

160 nm ↓↓

AS01 MPL/QS21 in liposome 2015 RTS,S malaria vaccine Th1-biased
(weak Th2)

106 nm ↓↓↓↓

CpG 1018 22-mer oligonucleotide 2017 Hepatitis B vaccine Th1-dominant – ↓
Matrix-M Two distinctive nanoparticle formulations prepared

from saponin fraction A and C
2022 Protein-based Covid-19

vaccine
Th1-biased
(weak Th2)

40 nm ↓↓

Fig. 2. Illustration of currently approved particulate adjuvants A. Aluminum hydroxide adjuvant. B. AS04 adjuvant prepared by adsorption of MPL (3-O-
desacyl-4↑-monophosphoryl lipid A) on Alum hydroxide adjuvant. C. AS01 adjuvant prepared by encapsulation of MPL and QS21 in liposomes. D. Squalene
nanoemulsion-based MF59 and AS03 adjuvant. E. Matrix-M adjuvant composed of two nanoparticle formulations made from two fractions of saponin extracts
(fraction A and C).

X. Chen International�Journal�of�Pharmaceutics�632��������122559�

3�

Chen, 2023
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RSV preF + AS01
dose-response for antigen and adjuvant
two doses
60-80y

immunosenescence in OAs [35]. A robust and durable 
RSV-specific CMI response is especially beneficial in OAs, giv-
en that waning cellular immunity may prevent efficient virus 
clearance and therefore increase susceptibility to severe RSV in-
fections [9,10,29]. The increased polyfunctional CD4+ response 
indicates that CD4+ T cells may still be recruited in OAs.

A limitation of this study was that the OA participants, with 
minimal medical history, are likely not representative of the ge-
neral OA population that may have more comorbidities. This 
selection may have led to fewer AEs and a better immune re-
sponse to investigational vaccines. Also, >10.0% of OA 

participants were excluded from the PPS for immunogenicity 
analyses. However, analyses on ES and PPS yielded similar re-
sults, so this is unlikely to bias the presented data.

The main strengths of this study are its factorial staggered de-
sign, the stringent oversight by the IDMC to ensure maximal par-
ticipant safety, the number of tested vaccine formulations, and the 
high numbers of enrolled participants for a phase 1/2 study.

In conclusion, the 120-AS01E formulation has been selected 
for further clinical development as a single-dose schedule vac-
cine, based on its ability to boost humoral and CMI responses 
in the target OA population and its clinically acceptable safety 

Figure 5. Prefusion conformation of the respiratory syncytial virus F protein (RSVPreF3)-specific immunoglobulin G geometric mean concentration (A), respiratory syncytial 
virus (RSV) A-specific neutralizing antibody (nAb) geometric mean titer (GMT) (B), and RSV-B-specific nAb GMT values (C ) in part B (older adults [60–80 years of age]) (per- 
protocol set). *The timepoints in months (0, 1, 2, and 3) reflect days 1 (vaccination 1), 31, 61 (vaccination 2), and 91, respectively. Month 14 data derive from the long-term 
evaluation subset. C, The data at timepoint month 1 (day 31) were only tested for formulations with the selected concentration of the RSVPreF3 antigen (120 μg) and placebo; 
the participants were also vaccinated twice and at same timepoints, but the blood samples were not analyzed on day 61. Error bars represent 95% confidence intervals. The 
syringe symbols above the x-axis designate vaccination timepoints. 30 µg, 60 µg, and 120 µg indicate prefusion conformation of the respiratory syncytial virus F protein 
antigen concentration. Abbreviations: AS01B and AS01E, adjuvanted vaccine formulations with the corresponding vaccine adjuvant systems; ED60, estimated dilution 60; 
ELU, enzyme-linked immunosorbent assay unit; GMC, geometric mean concentration; GMT, geometric mean titer; IgG, immunoglobulin G; nAb, neutralizing antibody; 
Plain, unadjuvanted vaccine formulations; RSV, respiratory syncytial virus; RSVPreF3, prefusion conformation of the respiratory syncytial virus F protein.

Adjuvanted RSV Vaccine in Older Adults • JID 2023:227 (15 March) • 769

Immunogenicity with or without adjuvant

Leroux-Roels, JID, 2022

antigen dose dependent no effect of adjuvant

IgG antibody responses
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profile. Future studies, such as the ongoing phase 3 trials of the 
selected RSVPreF3 vaccine formulation (NCT04886596 and 
NCT04732871), will shed further light on the durability and 
protective capacity of the vaccine-induced RSV-specific im-
mune responses in OAs.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so 

questions or comments should be addressed to the correspond-
ing author.

Notes

Author contributions. B. E., C. Va., J. K., C. Ve., M.-P. D., 
L. F., N. D. S., N. D., F. S., N. M., and J. T. contributed to the 
conceptualization of the study. I. L.-R., E. K., D. C., M. G. D., 
K. S., C. F., C. P. A., M. d. H., B. E., C. Va., N. M., B. S., J. K., 
C. Ve., M.-P. D., N. D. S., J. T., and V. H. contributed to data 
collection or generation. B. S., N. D. S., and J. T. contributed 
to methodology. M.-P. D., L. F., C. V. A., and 
J. T. contributed to formal analysis. I. L.-R., E. K., D. C., 

Figure 6. Geometric mean frequency (GMF) (A) and fold increase (calculated as the ratio of T-cell concentration relative to day 1 values for the corresponding vaccine 
formulation) (B) in prefusion conformation of the respiratory syncytial virus F protein (RSVPreF3)-specific CD4+ T cells expressing at least 2 markersa and geometric mea-
n frequency of RSVPreF3-specific CD4+ T cells expressing at least interferon gamma (IFN-γ)b (C ) in part B (older adults [60–80 years of age]) (per-protocol set). aAt least 
2 of the following in vitro markers: interleukin (IL) 2, CD40 ligand, tumor necrosis factor-α, IFN-γ. bAt least IFN-γ among IFN-γ, IL-13, and IL-17. *The timepoints in months 
(0, 1, 2, and 3) reflect days 1 (vaccination 1), 31, 61 (vaccination 2), and 91, respectively. Month 14 data derive from the long-term evaluation subset. A and C, The syringe 
symbols above the x-axis designate vaccination timepoints; dotted lines represent the assay cutoff of 590. GMF values are plotted as the median; error bars denote the range 
(min, max). 30 µg, 60 µg, and 120 µg indicate RSVPreF3 antigen concentration. Abbreviations: AS01B and AS01E, adjuvanted vaccine formulations with the corresponding 
vaccine adjuvant systems; GMF, geometric mean frequency; IFN-γ, interferon gamma; Plain, unadjuvanted vaccine formulations; RSVPreF3, prefusion conformation of the 
respiratory syncytial virus F protein.

770 • JID 2023:227 (15 March) • Leroux-Roels et al
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Immunogenicity with or without adjuvant

Sars-CoV2 spike protein+ Matrix M
dose-response for antigen and adjuvant
two doses
18-59y

n engl j med 383;24 nejm.org December 10, 20202328

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Figure 3. SARS-CoV-2 Anti-Spike IgG and Neutralizing Antibody Responses.

Shown are geometric mean anti-spike IgG enzyme-linked immunosorbent assay (ELISA) unit responses to recombinant severe acute re-
spiratory syndrome coronavirus 2 (rSARS-CoV-2) protein antigens (Panel A) and wild-type SARS-CoV-2 microneutralization assay at an 
inhibitory concentration greater than 99% (MN IC>99%) titer responses (Panel B) at baseline (day 0), 3 weeks after the first vaccination 
(day 21), and 2 weeks after the second vaccination (day 35) for the placebo group (group A), the 25-µg unadjuvanted group (group B), 
the 5-µg and 25-µg adjuvanted groups (groups C and D, respectively), and the 25-µg adjuvanted and placebo group (group E). Diamonds 
and whisker endpoints represent geometric mean titer values and 95% confidence intervals, respectively. The Covid-19 human convales-
cent serum panel includes specimens from PCR-confirmed Covid-19 participants, obtained from Baylor College of Medicine (29 specimens 
for ELISA and 32 specimens for MN IC>99%), with geometric mean titer values according to Covid-19 severity. The severity of Covid-19 is 
indicated by the colors of the dots for hospitalized patients (including those in intensive care), symptomatic outpatients (with samples 
collected in the emergency department), and asymptomatic patients who had been exposed to Covid-19 (with samples collected during 
contact and exposure assessment). Mean values (in black) for human convalescent serum are depicted next to (and of same color as) 
the category of Covid-19 patients, with the overall mean shown above the scatter plot (in black). For each trial vaccine group, the mean 
at day 35 is depicted above the scatterplot.
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Induction of antibodies against drifted strains

data from Ansaldi et al., Vaccine, 2008
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Summary

• Characteristic age-associated changes in all components of the immune system

• Higher antigen dose can lead to improved immunogenicity and protection

• Adjuvanted vaccines can achieve
- higher antibody levels
- increased T cell responses
- broader antibody repertoire
- dose sparing
- but optimal adjuvant – antigen combinations need to be developed

• Other strategies to improve protection
- rejuvenate immune system / lower inflammatory processes before vaccination
- alternative routes of administration: intradermal, mucosal…
- universal / broader vaccines
- optimal booster strategies
- increased uptake!!
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Thank you!


