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Abstract: Respiratory syncytial virus (RSV) causes high worldwide infant mortality, as well as a
high disease burden in the elderly. Efforts in vaccine development over the past 60years have
recently delivered three approved vaccines and two monoclonal antibodies (mAbs). Looking
back at the eventful history of RSV vaccine development, several factors can be identified
that have hampered the developmental pathway, including the occurrence of enhanced RSV
disease (ERD] in the first vaccine attempt and the difficulty in characterizing and stabilizing
the pre-fusion F protein as a vaccine target. Moreover, the need for large trials to test
vaccine efficacy, usually done late in development, and the lack of a correlate of protection
(CoP) result in significant uncertainties in RSV vaccine development. The use of controlled
human infection models (CHIMs) may provide a solution for some of these problems: through
swift, cost-efficient and closely monitored assessment of vaccine safety and efficacy in early
clinical phases, vaccines can either ‘fail fast” or show results supporting further investments.
Moreover, CHIMs facilitate the assessment of disease and could assist in the identification of
a CoP supporting late-stage development. Although some factors may affect translatability to
real-world vaccine efficacy, CHIMs can support the clinical development pathway in various
ways. We advocate for, and demonstrate, a conceptual and rational design of RSV vaccine
development. Assessing protective efficacy early on would result in the most cost-efficient
pathway and identification of target populations should be done as early as possible. For
RSV, elderly individuals and people in low- and middle-income countries are high-impact
populations for RSV prevention. While RSV immunization is now available in certain regions,
global access is not accomplished yet, and worldwide prevention does not seem within reach.
Quick and cost-effective assessments of candidates currently in the pipeline could contribute
to future successes in the battle against RSV.

Plain language summary
From setbacks to success: lessons from the journey of RSV vaccine development

Respiratory syncytial virus (RSV) leads to the deaths of many young children worldwide,
as well as severe infections and deaths in the elderly. The search for an effective vaccine
has lasted over 60 years, in which many vaccine candidates were developed and tested.
Only recently, three vaccines and two monoclonal antibodies were approved for medical
use, to prevent disease in newborns, pregnant individuals and the elderly. Several
lessons can be learned from the long and difficult journey of RSV vaccine development.
The efficacy of a vaccine is often only studied in large trials, sometimes with over 10 000
participants; this could also be done, however, in smaller studies in which participants
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receive the vaccine candidate and are given the virus under controlled conditions. Though
these smaller studies may not substitute the larger one, they can still save time and
money, and provide more information about RSV disease and how the immune system
battles the virus. Many RSV vaccine candidates are still being developed; we advocate

for and demonstrate a thoughtful design of the steps to test these vaccines, using the
controlled infection studies to test in a time- and cost-efficient manner.
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Introduction

Respiratory syncytial virus (RSV) is a major cause
of upper respiratory tract infections (URTIs) in
adults, and bronchiolitis and viral pneumonia in
children, affecting 64 million people globally each
year and posing the second highest disease bur-
den in infants.!”? In addition to high infant mor-
tality and a significant number of children facing
long-term health consequences, attention has
been focused more recently on its prevalence in
adults, highlighting the considerable burden RSV
places on society and health care systems.*

After over 60years of strenuous efforts by the sci-
entific community, finally three RSV vaccines
have become available: in 2023, Arexvy® (GSK)
was registered for use in older adults and Abrysvo®
(Pfizer) for use in older adults and pregnant indi-
viduals in Europe and the United States; in 2024,
mRESVIA® (Moderna) was approved for use in
older adults in the US.57 Passive immunization
through monoclonal antibodies (mAbs) was avail-
able already with Synagis®, approved in 1998 for
use in children at high-risk for RSV disease; in
2022 Beyfortus® received market approval by the
Food and Drug Administration (FDA) and
European Medicines Agency (EMA), to protect
neonates and infants.8 The development of effec-
tive vaccines inducing active immunity against
RSV has been hampered by the young age of the
major target population, the occurrence of vac-
cine-induced enhanced RSV disease (ERD), can-
didates failing in late clinical testing stages, and
the late characterization of the pre-fusion F pro-
tein (preF) as an effective vaccine target.%!°
Often, our understanding of the virus and

immunity has come at the expense of failures of
vaccine candidates in clinical testing phases.

Valuable lessons can be learned from the decades
of RSV vaccine research and development.
Notwithstanding the three approved vaccines, the
current pipeline still contains numerous candi-
dates under development; evaluating the advance-
ments made in the research field can improve the
efficiency of ongoing vaccine development.
Moreover, the availability of the current safe and
effective vaccines may not be sufficient for effec-
tive global prevention of RSV disease; improve-
ment in worldwide vaccine access and healthcare
availability is necessary too.

In this paper, through the analysis of the RSV
vaccine pipeline, we aim to exhibit the lessons
learned from prior failures and advancements and
reflect on how these lessons can be leveraged for
ongoing and future vaccine developments. An
important tool to ameliorate current and future
endeavours is controlled human infection models
(CHIMs). In CHIMs, a well-characterized path-
ogen is administered to healthy volunteers (or, in
some cases, patients) in a controlled setting to
study disease and pathogen characteristics, as
well as the protective effect of a vaccine, under
carefully monitored, safe circumstances. We sum-
marize the benefits and limitations of CHIMs
early in clinical vaccine testing to enable its
rational use; in addition, we illustrate the failure-
prone development pathway of RSV vaccines and
the potential added value of CHIMs, using a
methodology based on critical questions in vac-
cine development and the risks and costs involved.
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Figure 1. The F protein undergoes conformational changes after fusion with the human cell.

Source: Illustration by F. van Meurs.

A long, eventful history of RSV vaccine
development

Efforts to develop RSV vaccines go back to 1966
when a clinical trial using two formalin-inacti-
vated RS-virus (FI-RSV) vaccine candidates was
conducted.!! Immunization of infants with these
vaccines resulted in ERD upon subsequent natu-
ral RSV exposure: 80% of vaccinated children
were hospitalized, compared to 5% in the control
group, and two infants died due to ERD.11-13
After these events, investments in RSV vaccine
development were limited for decades; research
focused on ERD pathophysiology and revealed
several possible reasons for the vaccine failure.!2
Formalin inactivation of the virus presumably
resulted in the induction of a Th2-type immune
response, loss of regulatory T cells and in hypoth-
esized alterations to epitopes of the F and G pro-
teins, resulting in a poor neutralizing capacity of
antibodies that possibly enhanced host cell entry
and viral replication.!3-15

The major target population of RSV vaccine
development has been infants since the peak of
severe RSV cases lies before the age of 6 months. !¢
In this population, vaccine responses are gener-
ally limited, as the adaptive immune system is

still in development, and protection is based on
transplacentally acquired maternal antibodies.
This limitation in vaccine response has proven
to be an additional challenge to RSV vaccine
development.!”>1®8 From the 1970s onwards,
efforts focused on the development of live attenu-
ated vaccines (ILAVs), as they are not associated
with ERD.1°

The identification of the RSV F-protein in the
1990s was a significant step in developing RSV
vaccines, shifting the focus towards an F-protein-
elicited antibody response.2%21 Together with the
G protein and SH protein, the F protein is located
in the viral envelope surrounding the viral nucle-
ocapsid. The F protein facilitates fusion and host
cell entry; in the 2000s, it was discovered that the
F protein undergoes significant conformational
changes during the fusion process (see Figure
1).22 Many antibodies directed at the F protein
can bind both to its pre-fusion (preF) and postfu-
sion (postF) conformation; however, antibodies
binding to sites specific to preF have a signifi-
cantly higher capacity to neutralize the virus.23-25
After managing to stabilize the F protein in its
preF conformation in 2013,23:26 the pursuit of
an RSV vaccine was boosted and a plethora of
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candidates was developed, encompassing various
types such as including LLAVs, recombinant pro-
teins, viral vectors, messenger RNA (mRNA) and
peptide vaccines, but also mAbs, with a rational
design focused on the preF protein.1%27 This his-
tory highlights that insufficient understanding of
the virus and antibodies targeting it has substan-
tially delayed RSV vaccine development.

In 2023, two subunit vaccines containing preF —
Arexvy® and Abrysvo®- received market approval
in Europe and the United States.>% Most recently,
in 2024, the first mRNA RSV vaccine for older
adults - mRESVIA® — was approved by the FDA
and EMA.7?8 Behind this success of RSV vac-
cines, there is a full graveyard of candidates hav-
ing failed at various testing stages. To date, the
pipeline still contains many candidates aiming to
reach the market successfully. While various
immunization solutions are now available for dif-
ferent populations, gaps remain and sustained
efforts are required to ensure vulnerable popula-
tions can be protected against RSV disease. To
obtain a comprehensive overview of the RSV vac-
cine landscape, we conducted a literature search
combining multiple search strings in Medline,
supplemented by a grey literature search (no pre-
defined search string) and a semi-systematic
search in Globaldata.com (see Supplemental
Materials). Over the last 15years, more than 35
RSV vaccines have been developed and clinically
tested; development was halted for at least 10
candidates, of which 8 due to lack of protective
efficacy. The current pipeline contains over 20
possible candidates in clinical testing phases (see
Supplemental Materials).

Lessons learned on clinical development

Taking into account the decades-long efforts of
the scientific community, several factors can be
identified that have hindered the progress towards
more safe and effective RSV vaccines. Vaccine
development, in general, has a high-cost, high-
risk profile when compared to conventional drug
development.?® Following the traditional road-
map for conventional drug development, drug
safety is assessed in healthy volunteers in phase I
trials, before it is administered to patients to study
efficacy. As pharmaceutics progress through these
early testing phases, costs increase while uncer-
tainty remains concerning the efficacy and real-
world translatability of acquired data.3°

Vaccine development does not seem to fit this
roadmap very well, for various reasons. First, as
the 1966 ERD cases demonstrate, their safety
profiles cannot be fully assessed in the absence of
the pathogen they aim to protect against.
Secondly, as most vaccines are prophylactic —
aimed at preventing rather than treating disease
— large field studies are required to study their
efficacy, with larger populations than for other
therapeutics, where a selected patient population
can be used for drug testing. Traditional drug
phase II/III clinical trials comprise study popula-
tions of 100 to several thousands of patients, gen-
erally recruited through physicians, outpatient
clinics or patient associations. Studying the pre-
ventive capacity of vaccines, however, may require
study populations of up to tens of thousands of
subjects at risk of contracting a naturally encoun-
tered infection followed over a substantial period,
depending on disease incidence. Consequently,
relieving the uncertainty of vaccine effectiveness
comes with significant financial costs and time,
making investments in this area less attractive
when compared to traditional drug development.

An example of this extensive financial risk is the
RSV F nanoparticle candidate, which failed to
meet its clinical endpoints in a phase III trial in
2016.3! In total, 11,850 older adults were enrolled
and followed for a single RSV season; the vaccine
showed no significant effect on attack rates, which
could be explained by a mild RSV season that
year, and pre-existing immunity in the study pop-
ulation. Consequently, while the vaccine did not
meet its clinical endpoints, it cannot be ruled out
that under more advantageous circumstances it
could have demonstrated efficacy.3! The failure
of the RSV F nanoparticle vaccine shows that,
while requiring enormous financial investments,
outcomes of late-phase vaccine trials are highly
uncertain and depend heavily on disease inci-
dence and target population.

Another factor amounting to the uncertainty early
in vaccine development is the discrepancy
between promising early clinical studies and a
poor protective capacity in later testing phases.
Janse et al. identified this discrepancy as the most
common hurdle in vaccine development.32 A
method to reduce this disparity is to assess early
predictors of protective capacity, called correlates
of protection (CoP). CoPs are available for other
pathogens: for SARS-CoV-2, the ability of a
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vaccine to induce virus-neutralizing antibodies
provides up to 95% predictive value of efficacy in
late-stage trials.333* A CoP for influenza was
identified as early as 1949 when the protective
effect of antibodies measured by the hemaggluti-
nation inhibition (HAI) assay was established. An
HALI titre of 1:40 is associated with a 50% reduc-
tion in contracting the virus, with protective effi-
cacy increasing as titres rise.3> The establishment
of a strong correlate of protection is a complex
process as CoPs are defined for a specific end-
point (e.g. infection, disease, severe disease and
hospitalization), may differ between natural infec-
tion and vaccination, and may vary across target
populations. In addition, it is important to differ-
entiate between early putative CoP and those rec-
ognized by regulatory authorities as supportive of
licensure, as the level of supportive evidence to
get from one to the other is substantial.

RSV lacks a strong CoP measurement: some vac-
cines inducing neutralizing antibodies have failed
to show protective efficacy against RSV. An
example is MEDI7510, a subunit RSV candidate
which showed promising ability to induce neu-
tralizing antibodies in two phase I trials, both
conducted in adults above 60years of age, yet
failed to show efficacy in protecting older adults
against RSV,36-38

The lack of a CoP has hampered the progress of
RSV vaccines through the developmental pipeline
with many vaccines failing in late-stage clinical
testing at substantial financial costs. In this light,
it becomes clear that the rapid success of mRNA
vaccines against SARS-CoV-2 is by no means
common for all infectious diseases; RSV cannot
be considered a ‘low-hanging fruit’ in this respect.
Forinfections such as RSV, alternative approaches
may be necessary in designing and testing a vac-
cine candidate.

CHIMs for RSV

CHIMs are innovative clinical trials that can be
used for early evaluation of the efficacy of new
interventions, investigating their mode of action
n vivo, as well as understanding disease charac-
teristics.?® The concept of CHIMs has been
widely established within the scientific commu-
nity; however, they have only been used sporadi-
cally for studying RSV vaccines. The EMA and
World Health Organization (WHO) support the

use of CHIMs for the evaluation of vaccines, pro-
vided they are performed according to ethical and
scientific guidelines.%%-4! Qut of all vaccine candi-
dates mentioned in the Supplemental Materials,
only a few were tested for efficacy with a CHIM:
RSVpreF (Abrysvo®), MVA-BN-RSV, AD26.
RSV.PreF and MK1654; for IVX-A12, a CHIM
is planned in the next research phase, and for
MV-012-968 a CHIM was conducted but no
results were published.*?43 For RSV specifically,
CHIMs may solve to a considerable extent the
problems faced during vaccine development, due
to various reasons.

Firstly, CHIMs allow for extensive safety control
and close monitoring of the disease. This is also
particularly important given the possibility of the
development of vaccine-induced ERD. Thus,
assessing safety may preferably be done not only
regarding vaccine administration but also by
exposing vaccinated individuals to the virus.

Secondly, CHIMs allow for a comprehensive
assessment of the immunological response to the
induced disease. This leads to a better under-
standing of disease and possibly to the identifica-
tion of a CoP associated with vaccine efficacy.
Indeed, standardization of study timelines for
sampling of blood, bodily fluids or tissue(s) can
be pre-defined and performed at timepoints most
suitable to assess disease and immune character-
istics. In some cases, the use of these immune
assays may help to gain novel knowledge of inter-
actions between vaccines and the immune
system.*4

Thirdly, CHIMs are less costly and less time-con-
suming compared to large field trials studying
vaccine efficacy. Smaller study populations can
be used in which all participants are exposed to
the virus; incidence of infection is therefore inde-
pendent of RSV seasonality, circulation, or viru-
lence of circulating strains. For healthy elderly,
the annual risk of contracting a wild-type RSV
infection generally varies between 3% and 7%%;
infection rates of up to 77% can be achieved in
RSV CHIMs.46-48 In addition, intervals between
vaccination and inoculation are identical for all
CHIM participants, leading to a high homogene-
ity of data. To further lower costs, Mazur et al.
recently demonstrated that conducting RSV
CHIMs in an outpatient setting is safe and feasi-
ble; ongoing conversations with ethical and
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(a) CHIMs allow for early go/no-go decision
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Figure 2. (a) A conceptual illustration of the time saved to a go/no-go decision for further development of

a compound, by using a CHIM instead of following the conventional pathway of clinical development. (b)
Comparison of the time and costs spent in clinical testing of the RSV F nanoparticle vaccine with GS-5806,
both having failed to meet clinical endpoints. The use of a CHIM has facilitated GS-5806 to ‘fail fast’, saving up

to 4years and over €83M in estimated costs.

regulatory authorities have paved the way for
future outpatient RSV CHIMs (publication
pending).

With a pipeline full of candidates, a swift assess-
ment of efficacy in a standardized setting is essen-
tial for selecting the most attractive vaccine to
progress to the next testing phase. A go/no-go
decision to move to a phase III trial to better esti-
mate real-world efficacy should be made in an
early phase and based on preliminary data on effi-
cacy; CHIMs can play a crucial role in this
decision-making.

The value of CHIMs for rapid vaccine testing is
further illustrated in Figure 2(a); a go/no-go deci-
sion can be made early on when compared to the
conventional developmental pathway. In Figure
2(b), the RSV F nanoparticle candidate is taken
as an example, compared to GS-5806, an antivi-
ral aimed against RSV which was tested in a
CHIM in 2012.4° While no estimated trial costs
are available on globaldata.com for the phase I
RSV F nanoparticle vaccine, the estimated costs

of phase II and phase III trials amount up to
€100M (for search terms, see Supplemental
Materials).>° The RSV F nanoparticle candidate
failed to meet its clinical endpoints in the phase
IIT trial, conducted more than 4years after the
start of the phase I trial. GS-5806 showed no
antiviral efficacy in the CHIM, which was exe-
cuted approximately 1year after the start of the
phase I trial. The clinical trials for GS-5806 have
a combined estimated cost of €17M, resulting in
a cost reduction of at least €83M when compared
to the RSV F nanoparticle vaccine. The use of a
CHIM has facilitated GS-5806 to ‘fail fast’, and
saved substantial (financial) resources compared
to the RSV F nanoparticle candidate.

The translatability of a CHIM

A major discussion regards the validity of CHIMs
for their translatability to real-world disease and
intervention. CHIM translatability depends on
several factors, including the challenge agent used
for inoculation. The isolation of a wild-type path-
ogen (from a clinical sample, possibly requiring
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informed consent from the source patient), the
selection of a virus strain suitable to infect a study
population with pre-existing immunity to RSV, as
well as its production under Good Manufacturing
Practice (GMP), are all time-consuming and
expensive processes. When designing a novel
CHIM, this may amount to substantial costs and
can possibly delay the execution of the trial.
Furthermore, the production process and the
time it takes may increase the gap between circu-
lating pathogens and challenge agents used to
induce the target disease.3? This is a major prob-
lem for rapidly mutating viruses, such as influ-
enza; a single influenza season may render a GMP
strain obsolete. For RSV, only a single GMP
challenge strain is currently available: the RSV-A
Memphis-37b strain. It was selected as the only
stable, reproducible and effective challenge agent
from 10 possible strains including 6 RSV-A and 4
RSV-B viruses.’! Although its mutation rate is
much lower than for influenza, this strain could
become outdated with time.3%48 Recent efforts to
select a new RSV-A challenge strain have shown
encouraging results.52 However, in the recent past
the RSV-NICA strain was shown to decrease in
infectivity after long-term cryo-storage, demon-
strating another challenge in challenge strain
development.52 While there are currently none
available, work is ongoing in the Inno4vac sub-
topic CHIMICHURRI to identify and produce
an RSV-B strain for use in CHIMs.>?

Second, there is a possible downside to the advan-
tage of timeline standardization that can make
CHIMs preferable: a standardized, short interval
between immunization and inoculation may result
in an overestimation of the clinical vaccine effi-
cacy. This is particularly the case when disease
incidence or occurrence of outbreaks are unpre-
dictable, and the time between vaccination and
infection is highly heterogeneous. While in tem-
perate climates RSV seasonality is generally sta-
ble, incidence is more variable in (sub)tropical
countries, possibly complicating the timing of
(large scale) immunization.>* For RSV, it has even
been suggested that periodic immunoprophylaxis
with monoclonal antibodies would better suit
(sub)tropical populations than immunization by
vaccines, as these are more fit to induce the neces-
sary year-round high levels of antibodies.>>

Finally, CHIM study populations may conceiva-
bly differ from the real-world population vaccines

are developed for. Firstly, the selection of a popu-
lation suitable for controlled infection with an
RSV challenge virus may be challenging, as many
adults have a high background immunity against
the virus and will develop no or minimal URTI
symptoms.3® Screening for existing immunity may
increase study costs and delay timelines. In addi-
tion, the selection of such a ‘serosuitable’ CHIM
population may lead to sampling error when com-
pared to conventional phase III trials, having
larger study populations that are more representa-
tive of the general population. Moreover, RSV
mainly affects infants and the elderly, leading to
bronchiolitis and viral pneumonia, while RSV
CHIMs conducted in healthy adult populations
mostly lead to mild URTIs. Including children or
vulnerable elderly in CHIMs is generally consid-
ered unethical and translation of results in adults
to these populations is generally unwarranted.>%57
Further, although for many diseases prevalence
and health burden is highest in low-and-middle-
income countries (LMICs), the majority of clini-
cal trials are conducted in high-income countries
(HICs).>® This is also the case for RSV: 99% of
infant deaths occur in LMICs, and this global
inequality calls for a focus on LMICs in RSV
vaccine development.10:59

It is not uncommon that vaccines demonstrate
high efficacy and effectiveness in HIC popula-
tions, while subsequently showing disappointing
results in LMICs. Variability of vaccine responses
in LMICs is determined by socio-economic,
genetic and immunological factors such as expo-
sure to other microorganisms and parasites, and a
different diet and microbiome.® Consequently,
reliable testing of vaccine efficacy requires a con-
siderate selection of study population for clinical
trials, and CHIMs specifically, to increase the
validity of study results for those most in need of
disease prevention. Using CHIMs may, in fact,
contribute to the required focus shift towards
LMIC populations: firstly, because an affordable
development pathway will result in affordable
vaccines; secondly, because conducting a CHIM
in LMICs requires lower financial investments
and operational efforts than large field trials.
Furthermore, as phase III trials are often set up in
multiple countries, efficacy data may be too het-
erogeneous to warrant translatability of data to
the vaccine target populations in LMICs, while
CHIMs can focus on small, immunologically
more homogenous populations.
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As a result of the limitations in CHIM translata-
bility, the question remains whether CHIMs can
replace the traditional large efficacy trials. CHIMs
can provide valuable information that cannot be
generated otherwise. An example is the approval
of the cholera vaccine Vaxchora® in 2017 after its
safety and efficacy were demonstrated in a chol-
era CHIM, without large efficacy trials being con-
ducted in a real-world population.®!:92 For RSV,
however, the predictive value of a CHIM for pro-
tective efficacy in a phase III trial remains unclear,
and promising data from an RSV CHIM does by
no means warrant market approval. It is impera-
tive to keep discussions with regulatory authori-
ties ongoing regarding the role of CHIM data in
vaccine approval; ideally, conclusive CHIMs
should be considered an important part of the
submission dossier, answering questions beyond
phase III trials. In Europe, public-private partner-
ships such as the Innovative Medicines Initiative
have provided a neutral forum for cross-stake-
holder alignment on these regulatory considera-
tions. A recent example is the 2022 Inno4vac
Regulatory Workshop, in which challenge strain
development and GMP production were dis-
cussed by scientific and regulatory experts.®3 This
interaction also furthered the methodological
development of CHIMs and delineated the valu-
able role of CHIMs in vaccine approval.

CHIMs can provide an early indication of vaccine
efficacy and promote further development, or in
case of failure support early termination or inform
candidate redesign. Indeed, in hindsight, the his-
tory of RSV vaccines shows the importance of
allowing ineffective candidates to “fail fast”, pre-
venting large and costly trials.®* An additional
benefit is that substantially fewer people partici-
pate in potentially risky trials, which is desirable
from an ethical perspective.

A conceptual, rational pathway

To further illustrate the failure-prone develop-
ment of RSV vaccines, we use a method that
describes the development pathway through dif-
ferent questions that are essential to answer on
the road towards market approval. A question-
based decision tree, containing the essential
development questions and the order in which
they are assessed, can be generated by the use of a
tool available on https://www.pauljanssenfuture-
lab.eu/our-resources/.* The methodology of

incorporating risks in project valuation and find-
ing optimal, case-based development paths has
been described by de Visser et al., and the tool
was previously applied to vaccine development by
Roestenberg et al.3%:6¢ To illustrate the added
value of RSV CHIMs, we have identified four
questions essential for RSV development, each
with assigned generalized costs and probability of
success (PoS) involved to answer them (Figure 3).

Making an accurate estimation of drug develop-
ment costs and revenue after market approval is
demanding and notoriously obscure; this method
aims to investigate the effect of different distribu-
tions of these costs, rather than the absolute val-
ues. The same holds true for the PoS of a question:
while the exact number cannot be reliably esti-
mated, some questions can be more straightfor-
wardly assessed than others. The PoS reflects the
probability of finding reliable and favourable
results that answer the individual questions; the
combination of PoS and associated cost distribu-
tion defines the optimal order in which questions
are to be addressed. The overall PoS of RSV vac-
cine development can be estimated based on the
data available in the Supplemental Materials,
which shows that three out of the 40 (7.5%) clini-
cally tested RSV vaccines have received market
approval. The probability for therapeutics against
infections to reach approval is estimated at 8% by
Gupta Strategists as well.65

If we distribute the costs and risks equally over
the different questions, all pathways are equally
cost-effective, as is reflected by the equal, positive
project values in Figure 4, for both the optimal
and a random other, user-defined route. The
absolute project values do not necessarily refer to
real-world numbers but can be used to compare
the cost-effectiveness of different pathways.

In reality, however, the risks are not evenly dis-
tributed: for example, while many RSV vaccines
induce an immune response, only a few show
protective efficacy. Assessment of the therapeutic
window concerns an interplay between a vac-
cine’s safety and its efficacy and is to be evaluated
during all phases of clinical testing. Factors affect-
ing vaccine safety and efficacy in the target
population, such as immunological differences,
comorbidities, or age, may result in the need for
additional clinical studies; assessing this question
therefore has a relatively low PoS.
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Immunogenicity

Does the vaccine formulation
induce an immune response?

Protective efficacy

Does the vaccine formulation
confer protective efficacy to the
target disease?

Success rate:

Therapeutic window

What is the lowest dose of the
vaccine which still induces
protective immunity?

Success rate:

Success rate:
52 %

Costs:
20€m

52 %

Costs:
20€m

Pall-i

Target population

How do the sources of
variability in vaccine response in
the target population affect the

development of the product?

Success rate:
52 %

Costs:

20€m

Figure 3. Four essential questions in RSV vaccine development, entered in the question optimizing tool. For
every question, estimated costs and PoS are entered. In this example, we've used a total out-of-pocket project
cost of €80M and an estimated revenue of €800M, based on the numbers used by Roestenberg et al.30

PoS, probabilities of success; RSV, Respiratory syncytial virus.

Shifting the success rates towards a more repre-
sentative distribution for RSV vaccines, keeping
overall PoS fixed at 7.5% (Figure 5), results in
the identification of a pathway that is most cost-
effective (Optimal route). Early assessment of
protective efficacy, as well as identification of var-
iability in vaccine response in the target popula-
tion, is significantly more cost-effective than the
User-defined route in Figure 5, which reflects a
more conventional pathway in which efficacy and
target population are investigated later.

Next, we illustrate the addition of a CHIM in the
development pathway, providing early assess-
ment of protective efficacy. A CHIM can increase
the PoS of protective efficacy; uncertainty is
reduced in an early stage and candidates can be
abandoned at relatively little cost. Moreover,
CHIMs are independent of circulating strains,
while the validity of field trials may vary between
years. CHIMs will, however, lead to an increase

in total project costs, as they can seldom replace
large field trials. Figure 6 shows that an increase
of 4% in PoS outweighs possible additional costs
of €2M.: assessing protective efficacy early is still
the most cost-effective, as is reflected by the high-
est project value.

Using this method, we demonstrate that a thought-
ful and calculated approach, based on the essential
questions in vaccine development, results in an
optimal order of addressed questions that helps
rationalize and guide the clinical development pro-
gramme. Furthermore, it demonstrates the added
value of early CHIMs in RSV vaccine develop-
ment, even if additional costs are introduced.

Worldwide prevention within reach?

Looking back at the history of RSV vaccine devel-
opment, valuable lessons can be learned regarding
the development and testing of vaccine candidates
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PoS Costs
Immunogenicity 52% €20M
Efficacy 52% €20M
Window 52% €20M
Population 52% €20M

mmmm [V/] Optimal route 19.87 €M
mm [V/] User defined route 19.87 €M

Figure 4. A conceptual, question-based approach visualized by a pathway of key questions in vaccine
development. Here, an equal distribution of costs and probability of success is demonstrated, resulting in
equal project values of the different routes (see lower left corner].

PoS, probabilities of success; RSV, Respiratory syncytial virus.

Protective efficocy PoS Costs
Immunogenicity 60% €20M

Protective efficacy Efficacy 43% €20M

Window 58% €20M

Population 52% €20M

Target population

mmmmn (/] Optimal route 26.59 €M
s (V] Second best route 26.49 €M
mmmm (V] User defined route 19.68 €M

Figure 5. Applying the conceptual pathway to the RSV field results in a shift towards a more realistic
distribution of PoS. The most cost-effective route involves early assessment of protective efficacy and the
target population (Optimal route and Second best route). The User-defined route, starting with investigation of
immunogenicity and therapeutic window, results in a significantly lower project value.

PoS, probabilities of success; RSV, Respiratory syncytial virus.
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Protective efficacy

Question-based plan

s (V] Optimal route 28.92 €M
mmms (V] Second best route 28.88 €M
men [V User defined route 25.11 €M

Figure 6.

PoS Costs
60% €20M
47% €22M
58% €20M
52% €20M

Immunogenicity
Efficacy
Window
Population

Using a CHIM may result in higher costs (e.g. €2M], but also increases the PoS of assessment of

protective efficacy (e.g. by 4%). Early assessment of protective efficacy and target population remains more
cost-effective when compared to the User-defined route, in which protective efficacy is investigated in a later
stage. The overall project value in this figure is higher than in Figure 5, demonstrating the added value of using

a CHIM despite an increase in financial investments.

in general. The use of CHIMs can decrease the
costs of clinical trials, shorten development time-
lines and diminish the uncertainties associated
with early phase investments. Furthermore, they
can contribute to the characterization of disease
and CoPs, and help shift the focus of vaccine
research to LMICs. Currently, the development
pipeline contains many RSV vaccine and mAb
candidates. While it seems inconceivable that these
will all be tested in large phase III efficacy trials,
the high failure rate of clinically tested RSV vac-
cine candidates in the past demonstrates the need
for a filled pipeline to succeed in developing a suc-
cessful vaccine. It can be concluded that RSV is no
‘low-hanging fruit’ in vaccine development.
Decades of research and development have
resulted in a graveyard filled with failed candi-
dates, while still a CoP is lacking.

Even though currently three safe and effective
vaccines and two monoclonal antibodies have
received market approval, effective global preven-
tion of RSV disease does not appear to be
within reach. Various barriers may limit the

implementation of an available therapeutic. While
Abrysvo® and Arexvy® show promising cost-
effectiveness in the US, this is highly dependent
on price-per-dose, and availability of the vaccines
in LMICs may significantly be limited due to high
production costs.%%:67 Poor healthcare accessibil-
ity in LMICs may play a role as well, as demon-
strated by the 50%-80% of infant RSV deaths
occurring out-of-hospital.®® Implementation of
an otherwise efficacious vaccine could prove to be
problematic in countries where access to regular
healthcare is insufficient. An intensified interac-
tion between vaccine developers and relevant
local authorities and funders (e.g. GAVI) may
assist in identifying and possibly overcoming
challenges of vaccine introduction and vaccina-
tion programme implementation.5%-71

Conclusion

Examining the lessons learned from the past as
well as the challenges faced in the present, we
advocate for a rational approach to the clinical
testing of RSV vaccine candidates. This rational
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approach comprises various considerations: sig-
nificant uncertainty in early testing phases due to
the lack of a CoP; a considerable probability of
failure and the advantage of ‘failing fast’; the
value of CHIMs in reducing costs and shortening
timelines; and finally, the need for well-defined
target population early in development to define
trial endpoints, optimize clinical relevance and
estimate vaccine demand. Taking into regard
these factors as early as possible allows for an ana-
lytic and conceptual view of the development pro-
cess, as visualized in Figures 3 and 4. Evaluating
this conceptual view after every step made in the
process facilitates a more dynamic developmental
pathway. Undertaking this rational and dynamic
design will prevent the arduous and eventful his-
tory of RSV vaccines from recurring in present
and future efforts, and possibly contribute to
worldwide prevention of RSV disease.
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